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Preface

The first time I was introduced to the field of microbiology was during the year
1982-1987, when I studied in the United States in the Department of Chemical &
Biochemical Engineering of the Graduate and Professional School of Rutgers
University to pursue my PhD degree. I was surprised that bacteria can live in an
environment without air and at a temperature much higher than room tempera-
ture as well as ferment glucose to acetic acid. This study ignited my interest in the
research of microorganisms and enzymes. As soon as I finished my PhD study in
1987, I came back to my alma mater, Chung Yuan Christian University, and
worked as an associate professor in the Department of Chemistry, the place where
I obtained my BS degree in 1974. I decided to continue my PhD research work to
study the enzymatic cellulose hydrolysis for producing glucose using raw materi-
als such as waste paper, dead tree branch, or waste bamboo chopsticks and the
enantioselective bioreduction of ketones catalyzed by whole yeast cells for pro-
ducing chiral secondary alcohols. I also taught a course called bioorganic chemis-
try, which focuses on the chemo-, stereo-, and regioselective enzyme or whole
microbial cell catalyzed organic synthesis.

Ten years ago, I received an invitation from Wiley to write this book. At that
moment I did not realize it is a big challenge for me to write a comprehensive
book concerning enzyme-catalyzed organic synthesis using six classes of enzymes.
With the kind of courage that “the newborn calf is not afraid of tigers,” I accepted
this invitation and wrote a book writing proposal. Fortunately, my proposal was
approved by reviewers and I immediately started writing this book. Then I found
I cannot concentrate my mind on writing this book and it takes me a long time to
finish a chapter due to my teaching loads, my research works, student and family
affairs, and many other trivial things. In fact, I could put all my time and mind on
writing this book only after my retirement from school three and half years ago. I
really appreciate the tolerant heart of Wiley editor to allow me to finish this book
in such a long time. I learned a lot from writing this book, which also opened a
new vision for me in the field of microbes and enzyme-catalyzed organic

Xi
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synthesis. I also deeply understood the meaning of the Chinese proverb “Live and
Learn.” What I did and what knowledge I acquired in my 30 years of academic
career is only a small part of the field, just like a drop in the ocean. However, I
sincerely hope that through this book more people will be interested in the field of
enzyme-catalyzed organic synthesis.

Life originated from single-cell microorganisms, and microorganisms that can-
not be seen by the human eye have existed on Earth since prehistoric times.
Enzymes catalyze diverse chemical reactions in microbial cells from time to time
and silently participate in the progress of life. The life phenomena presented by
the variety of chemistry involved in the microbial cells is like a solemn and brisk
music suite of life. No one would have expected that the relationship between
enzymes and the tiny universe of microorganisms is so close and inseparable.
Microorganisms are also taken as a cell factory by scientists due to their ability to
produce various kinds of useful chemicals for human. However, as a result of the
division of labor in science today, chemists, biochemists, biologists, biomedical
scientists, biochemical engineers, etc., each use their own specialized scientific
expertise to explore this life community, which has led to the difficulty in com-
munication and the inefficient integration among different academic disciplines.
Therefore, one of the goals of this book is to enable researchers from different
disciplines to communicate and gain consensus to achieve integration.

The difference between enzyme-based organic synthesis and traditional organic
synthesis is that it uses a highly selective biocatalyst (enzyme), and the enzyme
selectivity includes reaction substrate specificity, stereospecificity, and regiospeci-
ficity. The selectivity of enzyme also makes the enzyme-based organic synthesis,
particularly the asymmetric synthesis, more easy, convenient, and efficient to pro-
duce specialty chemicals. Because the enzyme-based reaction is usually per-
formed in aqueous solution under mild conditions and in many cases using
sustainable renewable substrates, which demonstrates environmentally friendly,
enzyme-based organic synthesis fulfils the requirements of green chemistry. The
development of enzymatic biotransformation or microbial fermentation has been
over 50 years and has been implemented in numerous industrial applications. The
recent advances in enzyme technology, such as protein engineering, site-specific
evolution, metabolic engineering, and enzyme immobilization, have made
enzyme-based organic synthesis more and more competitive with organic synthe-
sis derived from fossil fuels.

This book contains eight chapters. Chapter 1 is an introduction to enzyme,
coenzyme, enzyme specificity, and the green chemistry. Chapter 2 is about organic
syntheses and their applications using class I oxidoreductases. Chapter 3 focuses
on the transamination, glycosyl-transfer, phosphorylation, and acetyl-group
transfer reactions using class II transferases and their applications. Chapter 4 is
about class IIT hydrolases-based organic syntheses including hydrolysis reactions
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of ester bond, amide bond, phosphate esters, epoxides, hydantoins, glycosidic
bonds with natural polysaccharides, and their applications. Chapter 5 contains
organic syntheses and applications using class IV lyases and concentrates on
carbon-carbon bond formation, carbon-oxygen bond formation, carbon-nitrogen
bond formation, carbon-sulfur bond formation, and carbon-halide bond forma-
tion. Chapter 6 describes organic syntheses using class V isomerases including
racemases and epimerases, cis—trans isomerase, intramolecular oxidoreductases,
intramolecular transferases, intramolecular lyases, and their applications.
Chapter 7 presents class VI ligases-based organic syntheses and their applications
focusing on carbon-oxygen bond formation, carbon-sulfur bond formation,
carbon-nitrogen bond formation, and carbon-carbon bond formation reactions.
The final Chapter 8 shows two major techniques that could assist the advance-
ments of enzyme-based organic syntheses in the future: one is the combinatorial
chemistry and the other is artificial intelligence.

The level of contents of this book is medium to high suitable for readers having
some basic knowledge of chemistry, organic chemistry, biochemistry, biology,
microbiology, and chemical engineering. This book would be a very good refer-
ence book for academic researchers and industrial experts working on research
and development. This book could also be used as a textbook for one semester
course in senior class or graduate school class. Finally, I hope that this book will
be able to “throw a brick to attract jade” to elicit truly outstanding books by experts
and scholars in this field.

Cheanyeh Cheng
Chungli, January 2021
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1

Introduction

1.1 Discovery and Nature of Enzyme

Although the historical discovery of enzyme can be sourced back to Spallanzani
as early as in 1783 with his noting to the liquefied meat by gastric juice of
hawks [1], the discovery of enzyme is in general ascribed to the first “isolation” of
an enzyme by two chemists, Anselme Payen and Jean-Francgois Persoz, who
worked at a sugar factory in Paris. In 1833, they obtained a substance from the
malt extract called diastase (now known as amylase) that can hydrolyze starch to
soluble sugar. Next year, Schwann succeeded in extracting the first enzyme from
animal source, pepsin, which digests meat from stomach wall [2]. Later, he also
identified trypsin, a peptidase in digestive fluids. By 1837, J6n Berzelius made a
remarkable foresight for the catalytic nature of all these biological diastases. In
the 1950s, Louis Pasteur acknowledged that sugar fermentation by yeast to pro-
duce alcohol is catalyzed by “ferments.” Then, in 1860, Berthelot obtained an alco-
hol precipitate from yeast that can convert sucrose to glucose and fructose and
concluded that there was much such ferment in yeast. Not until 1878, the name
enzyme, which means “in yeast,” was proposed by Frederick W. Kiihne for these
biological catalysts. The catalytic activity of enzyme was proved by Eduard Biicher
in 1987 using yeast extract for catalytic alcohol fermentation. One year later,
Duclaux proposed that all enzymes should give the suffix “ase” for an easily
recognition [3].

The intensive studies of enzymes and proteins were both performed by bio-
chemists in the 1800s. However, not until 1926 the protein nature of enzyme was
seriously considered by biochemists that the jack bean urease that was recognized
as a protein was first crystallized and recrystallized by James Sumner showing the
catalytic ability for hydrolysis of urea to CO, and NHj; [4, 5]. However, the crystal
structure of urease which in essence is a nickel-containing enzyme as known
nowadays was obtained by Andrew Karplus from Klebsiella aerogenes [6, 7]

Enzyme-Based Organic Synthesis, First Edition. Cheanyeh Cheng.
© 2022 John Wiley & Sons, Inc. Published 2022 by John Wiley & Sons, Inc.
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almost 70 years later after Sumner’s work. Sumner’s conclusion was widely
accepted in the 1930s, after John Northrop and Moses Kunitz crystallized pepsin,
trypsin, and other digestive enzymes and found to be proteins. Due to the prosper-
ous development of separation and purification technology and corresponding
instrumentation, hundreds of enzymes had been purified and discovered in the
middle of nineteenth century. Nevertheless, the sequencing of proteins and
enzymes was not until the work of William H. Stein et al [8]. who first complete
the sequence of ribonuclease A (an enzyme with only 124 amino acids) in 1960.
Later, in 1972, William H. Stein and Stanford Moore shared the Nobel Prize in
chemistry.

1.2 Enzyme Structure and Catalytic Function

1.2.1 Enzyme Structure

With the exception of a small group of catalytic RNA molecules, all enzymes are
protein. The protein nature of enzyme has been elucidated about a century ago
that has led fast and broad progress in chemistry, biochemistry, and biology, in
addition, led the development of many new fields such as enzymology, bioorganic
chemistry, and molecular biology. In order to understand enzyme and how its
function as a catalyst, one must know the enzyme structure first. Since enzyme is
a kind of protein, its structure follows the four-level structure of protein, namely,
the primary structure, the secondary structure, the tertiary structure, and the qua-
ternary structure.

Protein is a polymer of amino acids that is referred to as peptides or proteins.
Peptides are chains of amino acids joined through a substituted amide linkage,
termed a peptide bond, which is formed by dehydration to remove the elements of
water from the a-carboxyl group of one amino acid and the a-amino group of
another. When a few amino acids (usually, less than 10) are joined in this fashion,
the structure is called an oligopeptide. When many amino acids are joined, the
product is called a polypeptide. Proteins that may have thousands of amino acid
residues are polypeptides. Therefore, “protein” and “polypeptide” are sometimes
used interchangeably. However, molecules with molecular weight below 10 000
are generally, referred to as polypeptides. In a peptide, the amino acid residue at
one end with a free a-amino group is the amino-terminal (or N-terminal) residue,
while at the other end, the residue with a free carboxyl group is the carboxyl-
terminal (C-terminal) residue [9].

Since proteins are large macromolecules, the complexity of their 3D structure can-
not be described easily like small molecules. Therefore, four levels of structure are
used to define the complete 3D structure of protein. The primary structure is the
amino acid sequence of a polypeptide chain that describes the order of all covalent
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Peptide bond
(0] (0] (0] (0]

Il Il I Il

H2N<CH—C—NH—CH--C—NH-—CH—C—NH—CH—C}OH
| | | | n
R, R, R, R,

Scheme 1.1 The primary structure of a polypeptide chain linked by the peptide bond
shows the sequence of amino acids.

bonds, mainly peptide bonds and disulfide bonds, linking amino acid residue in the
polypeptide as illustrated in Scheme 1.1. The importance of primary structure is in
determining the secondary, tertiary, quaternary structures of proteins, and thus their
biological functions, which can be demonstrated by the hereditary disease sickle-cell
anemia of human.

Part of the very long chain polypeptide can be coiled or folded into units by
amino acid residues within a short distance to form recurring structural patterns
of secondary structure such as the a-helix of a-keratin. The helix is a part of the
tertiary structure that is the overall 3D arrangement or folding of a polypeptide.
An example of the tertiary structure is myoglobin, a globular protein with 153
amino acid residues. The secondary structure refers to the spatial arrangement of
amino acid residues that are adjacent in the primary structure, whereas tertiary
structure includes longer-range aspects of the primary structure. When a protein
has two or more polypeptide subunits that are associated with each other or one
another, their arrangement in space is referred to as quaternary structure.
Hemoglobin consisting of four polypeptide subunits is the most well-known pro-
tein with a complex quaternary structure.

1.2.2 Catalytic Function

The folding of long polypeptide chain to form tertiary or quaternary structure is
caused by chemical or physical forces such as disulfide linkage, hydrogen bond-
ing, acid-base interaction (salt bridge), and hydrophobic interaction. Folding of
polypeptides into two or more stable globular units is called domains. Different
domains often play distinct functions, such as binding molecules or interaction
with other proteins. A molecule bound reversibly by a protein is called ligand. The
site on the protein that binds the ligand is called the binding site. When a protein
binds a ligand, the 3D structure of protein is often caused by a conformational
change to permit a tighter binding to the ligand. This kind of binding with struc-
tural adaption between protein and ligand is called induced fit mechanism.
Enzymes have catalytic function that binds and chemically rapidly transforms
other molecules. For enzyme-catalyzed reaction, the molecule bound and acted
by the enzyme is called substrate; the binding site is called the active site or
catalytic site.

3
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Enzyme is an efficient catalyst and is responsible for thousands integrated
chemical reactions of the biological process occurred in the living system. Just like
the usual inorganic catalyst, enzymes catalyze a reaction by lowering the transi-
tion state energy (the activation energy) of the activated complex and by raising
the ground state energy. On the other hand, the catalysis of enzymes, not like
simple inorganic catalysts, proceeds by forming several transition states and each
with low activation energy instead of one activated complex of greater activation
energy. The rate of enzyme-catalyzed reaction for a simple one enzyme, one sub-
strate and one product system with the following mechanism was studied by
Michaelis and Menten in 1913 (Scheme 1.2). In this mechanism, enzyme (E)
binds the substrate (S) to form an enzyme-substrate (ES) complex and subse-
quently the ES breaks down to the product (P).

E+S >~ ES << =~ E+P

Scheme 1.2 The proposed enzyme reaction mechanism by Michaelis and Menten.

According to this mechanism, the enzyme-catalyzed reaction rate equation called
Michaelis—-Menten equation (Eq. 1.1) was derived by Michaelis and Menten with
the second step as the rate-limiting step and derived by Briggs and Haldane using
steady-state assumption. The term Vj is the initial rate, Vi, is the maximum reac-
tion rate, [S] is the substrate concentration, and Ky, is the Michaelis constant.

_ Vo[ 5]
o K, +[S]

For a more common case, enzyme product complexes (EP) release, EP — E + P,
is the rate-limiting step, which is described as the reaction Scheme 1.3.

Therefore, a more general rate constant called the turnover number, kg, is
defined to describe the limiting rate of any enzyme-catalyzed reaction at satura-
tion, that is, Vimax = kealE¢]. In this situation, the Michaelis—Menten equation
becomes Eq. 1.2

y, = K B ][5 12
0=k [ 5] (1-2)

The turnover numbers of several enzymes are given in Table 1.1.

(1.1)

k k k
E+S—— = ES———== EP— 2= E+P

k-1 k-2

Scheme 1.3 A generalized enzyme-catalyzed reaction.
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1.3 Cofactors and Coenzymes

Table 1.1 Turnover numbers for some enzymes.

Enzyme Turnover number K. (s_l)
Catalase 40 000 000

Carbonic anhydrase 400 000
Acetylcholinesterase 140 000

B-Lactamase 2000

Fumarase 800

-Galactosidase 208
Phosphoglucomutase 21

Tryptophan synthetase 2

RecA protein (an ATPase) 0.4

1.3 Cofactors and Coenzymes

Enzymes have protein nature and molecular weights ranging from about 12 000 to
over 1 million. The large molecule of enzymes is flexible for binding natural and
unnatural substrates at their active site. The active site contains moieties consisted
with amino acid residues. Although the activity of some enzymes requires no
chemical groups other than their amino acid residues, others require an addi-
tional chemical component called cofactor. A cofactor, also called a coenzyme,
is either one or more inorganic ions, such as Fe?*, Mg2+, Mn?*, or Zn**
(Table 1.2) [9], or an organic or metallo-organic molecule. Coenzyme are often
derived from vitamins and organic nutrients required in small amounts in the diet
(Table 1.3) [9]. The cofactor binds to the active site, in some cases covalently and

Table 1.2 Some inorganic metal ions as cofactor of enzymes.

Fe* or Fe’*  Cytochrome oxidase, catalase, peroxidase

K* Pyruvate kinase

Mgt Hexokinase, pyruvate kinase, enolase

Mn?** Arginase, ribonucleotide reductase

Ni** Urease

Zn** Carbonic anhydrase, alcohol dehydrogenase, carboxypeptidases A and B

Source: Based on Nelson and Cox [9].
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Table 1.3 Some coenzymes as transient carriers of specific atoms or functional groups.

Coenzyme Chemical groups Dietary precursor in
transferred mammals

Biocytin CO, Biotin

Coenzyme A Acyl group Pantothenic acid and

other compounds

5’-Deoxyadenosylcobalamin H atoms and alkyl Vitamin B,

(coenzyme By;) groups

Flavin adenine dinucleotide Electrons Riboflavin (vitamin B,)

Lipoate Electrons and Acyl Not required in diet
groups

Nicotinamide adenine Hydride ion (:H™) Nicotinic acid (niacin)

Dinucleotide

Pyridoxal phosphate Amino groups Pyridoxine (vitamin Bg)

Tetrahydrofolate One-carbon groups Folate

Thiamine pyrophosphate

Aldehydes

Thiamine (vitamin B;)

Source: Based on Nelson and Cox [9].

in others noncovalently, which serves as transient carriers of redox equivalents,
such as NAD(P)H or chemical energy (ATP) and is essential for the catalytic
action of those enzymes that require cofactors.

For some enzymes, a coenzyme is required for their activity. A coenzyme or
metal ion that is bound to the enzyme protein at the active site is called a pros-
thetic group. The protein part of such an enzyme is called the apoenzyme or apo-
protein, and the entire enzyme is called a holoenzyme. Most of these cofactors are
relatively unstable molecules. We will consider various coenzymes throughout
the text in more detail for those related enzyme-catalyzed reactions.

1.4 Molecular Recognition and Enzyme Specificity

The science by which molecules interact via geometric orientations of atoms is
called molecular recognition. The specific geometry of a molecule controls how it
will react with other substances. Nearly, all enzymes are made up of more than
100 amino acid residues. However, an enzyme binds a substrate molecule at the
catalytic active site that is just a small pocket or cleft region of the enzyme. The 3D
structure of the active site is surrounded by amino acid side chains that come
from different parts of the linear amino acid sequence. Water is usually excluded
unless it is a reactant. The nonpolar character of much of the cleft enhances the
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binding of substrate. However, the cleft may also contain some polar residues that
create a microenvironment essential for catalysis and extraordinary enzyme speci-
ficity. The specificity of binding of atoms in a substrate to the active site leads the
proposed lock-and-key model of interaction between the substrate and enzyme by
Emil Fischer in 1894 that points out the binding of a substrate to an enzyme just
like the relationship of a key to a lock. The lock-and-key model is now modified to
the induced fit model by Daniel Koshland in 1958 with the evident that the
enzyme and substrate must adjust to fit one another to take up a configuration to
stabilize the transition state [10, 11].

However, to assure the necessary geometric accuracy of the substrate binding
and the orientation of catalytic functional group for enzyme interaction, the
number of specific binding sites or points needed between the substrate and the
active site of enzyme depends on the size of a molecule. For a large molecule
such as glycyl tyrosine, a dipeptide, can bind carboxypeptidase A through total of
five points at the active site [10, 12]: the electrostatic force, two hydrogen bonds,
the hydrophobic interaction, and the coordination bonding to perform the
hydrolysis of peptide bond of glycyl tyrosine. For small molecule such as carbon
dioxide and water can coordinative bind carbonic anhydrase with only one point
through the cofactor zinc ion and react to form bicarbonate or the reversible
reaction [10]. Another example for small molecule is the binding of a covalent
adduct formed between pyruvate and nicotinamide adenine dinucleotide (NAD")
to lactate dehydrogenase (LDH) to produce lactate in which only two binding
points, namely, the carbonyl group and the carboxylate group, of pyruvate are
used to bind with the LDH [12]. The number of binding sites of an enzyme to
the substrate is important in determining the type of enzyme specificity.
The molecular recognition for enzyme specificity has been categorized into
three major types of specificities: substrate specificity, regiospecificity, and
stereospecificity [13].

1.4.1 Substrate Specificity

As a catalyst, the most distinguished property of enzyme is its substrate specific-
ity. This kind of specificity determines its unique biological function. Many
enzymes catalyze only one particular biological substrate. Enzymes with this
kind of specificity are, therefore, called having absolute substrate specificity. For
example, glucose-6-phosphatase binds only glucose-6-phosphate (G6P) to hydro-
lyze catalytically the phosphate moiety from the G6P. Therefore, the substrate
specificity of glucose-6-phosphatase is absolute substrate specificity. Other
enzymes possess a broader substrate specificity called relative group specificity
that takes a group of biological molecules of similar chemical structure as sub-
strate. As an example, acid and alkaline phosphatase can form phosphate ester

7
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bond for a variety of substrates. Therefore, acid and alkaline phosphatase presents
wider relative group specificity.

Whether an enzyme has absolute substrate specificity or relative group specificity
depends on the number of binding sites of the enzyme-substrate complex. Figure 1.1
illustrates the number of binding sites of an enzyme to the substrate makes the
enzyme absolute substrate specificity or relative group substrate specificity. There is
only one specific molecule that can attach the enzyme with four binding sites as
shown in Figure 1.1a that gives absolute substrate specificity for the enzyme. The
number of biding sites for the enzyme with substrate shown in Figure 1.1a—c is three,
two, and one, respectively, that makes a variety of different groups available for the
unbound group in the substrate to produce a relative group specificity for the enzyme.
The substrate specificity of enzyme brings the advantage of reducing the possible
side reactions, thus eliminating the laborious purification and separation works.

Figure 1.1 The number of binding sites of a substrate with enzyme determines the type
of enzyme specificity: (a) Absolute substrate specificity of enzyme, (b—-d) relative group
specificity of enzyme.
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1.4.2 Regiospecificity

Some of the enzymes may selectively catalyze one functional group at certain
region of the molecule among several similar functional groups located at dif-
ferent regions of the same molecule. This kind of substrate specificity is called
regiospecificity or diastereospecificity [13]. Example of regiospecificity in
organic synthesis has been found since 1986 that the regioselective deacyla-
tion of methyl 2,3,4,6-tetra-O-acyl-D-hexopyranosides gives the 6-OH deriva-
tives in high yields using the lipase from Candida cylindracea [14]. The
enzyme-catalyzed regioselective O-acylation of ribo-, arabino-, xylo-, rham-
nopyranosides, and aryl pyranosides is reviewed, and the methodology is
applied to the total synthesis of the naturally occurring rhamnopyranoside by
Bashir et al [15]. Regioselective biotransformation of dinitrile compounds 2-,
3-, and 4-(cyanomethyl) benzonitrile can be performed by whole bacterium
cell Rhodococcus rhodochrous to the corresponding 2-(cyanophenyl) acetic
acid, 3- or 4-(cyanomethyl) benzoic acid with high yield [16]. Whole cell bac-
terium Bacillus cereus has also been used for regioselectively converting
2-phenylenediamine to 2-aminoacetanilide with a76% molar yield [17]. Other
than bacterium, monooxygenase in the phytopathogenic fungi Colletotrichum
gloeosporioides and Botrytis cinerea has been found having the ability of regi-
oselective hydroxylation of the C-H bonds to yield the corresponding
diols [18]. Enzyme in cultured plant cells of Phytolacca Americana can reduce,
and regioselectively hydroxylate and glucosylate, raspberry ketone and zinge-
rone to their B-glycosides [19]. Ginkgo biloba cell suspension cultures were
used to regio- and stereoselectively convert sinenxan A, 2a,50,100,14f-tetra-
acetoxy-4(20), 11-taxadiene, a taxoid isolated from callus tissue cultures of
Taxus spp., in Taxol synthesis [20]. The regioselective oxidation of
(-)-verbenone, an important component of the essential oil from rosemary, to
(-)-10-hydroxyberbenone with human liver microsomes has been investigated
by Miyazawa et al [21]. Although regioselective oxidation of terpenoids is dif-
ficultby chemical methods, regioselective oxidation of (+)-and (-)-citronellene
was recently performed with Spodoptera litura, a larvae of common cutworm,
to (2R,3S)-3,7-dimethyl-6-octene-1,2-diol (yield: 89.7%) and (2S,3R)-3,7-
dimethyl-6-octene-1,2-diol (yield: 56.3%) [22]. These examples of enzyme-
catalyzed regiospecificity clearly elucidates that the specific enzyme-substrate
binding configuration at the active site allows only one of several similar
function groups in different regions of the substrate molecule reacts to pro-
duce the product. The number of binding points of enzyme-substrate com-
plex for regioselective molecular recognition must be a “multi-point” binding
case to match the complexity of the substrate molecule.

9
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1.4.3 Stereospecificity

The most magnificent specificity of enzyme is its distinguishable ability for only
one enantiomeric structure of racemic substrate molecules. The molecular recog-
nition of an enzyme for enantiomeric molecules is called enantiospecificity or
stereospecificity. The stereospecificity is an intrinsic property of enzyme which is
due to the chirality of active site of the enzyme. Except for a few cases, all enzymes
are chiral catalysts because they all made from L-amino acids, thus the binding of
asymmetric substrate at the active site is stereoselective. Since the stereospecific-
ity of enzyme involves enzyme-substrate complex formation with only one enan-
tiomer of a racemate, only one product is formed from the enzyme-catalyzed
reaction. Therefore, enzyme-catalyzed reactions are in great favor of the organic
asymmetric synthesis [23].

The theoretical explanation for the stereospecificity of enzyme was based on the
rationale of three-point attachment rule [24, 25]. This rule suggests that at least
three different binding points should occur between enzyme and substrate at the
active site to make recognition for the correct stereostructure of substrate mole-
cule as illustrated in Figure 1.2. However, the three-point attachment is not strict
for the stereospecificity of enzyme to asymmetric molecules. As shown in
Figure 1.3, the recognition of the stereostructure of asymmetric molecules with
enzyme can be accessed by two-point binding of enzyme-substrate complex,
under the situations that the stability of the enzyme-substrate complex is greatly
influenced by the formation of two different 3D tetrahedral structure of enzyme-
substrate complex or the ability of interaction for the two unbinding groups of the
substrate with enzyme at the active site is obviously different. With only two-point
binding of the enzyme-substrate complex, one of the two substrate enantiomers
possessing greater stability of the enzyme-substrate complex will have enough
time to react to form product, but this situation will not happen for the other sub-
strate enantiomer.

The preparation of enantiopure compounds is highly demanded by indus-
tries, particularly, in pharmaceutical and agrochemical applications because
of the different biological activities of drug enantiomers. As a result of
advances in asymmetric synthesis and separation technologies, there were
many cases in using the stereospecificity of enzyme for the production of sin-
gle enantiomer to allow the study of its pharmacodynamics and pharmacoki-
netic properties. For example, in the case of total synthesis of D-biotin, the
novel enantioselective synthesis of the optically active (3aS,6aR)-lactone (the
key D-biotin intermediate) was through kinetic resolution by inexpensive
microbial lipase instead of pig liver esterase [26]. In Scheme 1.4, optically
active (3aS,6aR)-lactone 1 was enantioselectively produced with high
enantiomeric excess.
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Figure 1.2 Three-point attachment rule shows that only one enantiomer of the
asymmetric molecule can successfully bind with enzyme at the active site to produce
the stereospecificity of enzyme.

(ee > 98%) and conversion ratio (> 40%) by dry microbial cells of Aspergillus oryzae
WZ007 on racemic acid 1 (1,3-dibenzyl-5-(hydeoxymethyl)-2-oxo-4-imidazolidineca
rboxylic acid) that was obtained via chemical hydrolysis of racemic lactone 1.

Recently, an indirect strategy was used for the synthesis of (R)-phenylephrine
(an oy-adrenergic receptor agonist) that is widely used in over-the-counter drugs
to treat the common cold. An amino alcohol dehydrogenase gene isolated from
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Figure 1.3 The stereospecificity of enzyme for two substrate enantiomers by
two-point binding.

I I )(L
BnN)kNBn BnN NBn BnN NBn
A.oryzae
H H — 8 —  » H H + Hinme Lol H
HOH,C COOH o HOH,C COOH
(0]
Rac acid 1 Lactone 1 Acid 2

Scheme 1.4 Enantioselective synthesis of (3aS,6aR)-lactone.

Rhodococcus erythropolis BCRC 10909 was expressed in Escherichia coli NovaBlue,
which is able to convert 1-(3-hydroxyphenyl)-2-(methylamino) ethanone
(HPMAE) to (S)-phenylephrine with more than 99% enantiomeric excess (ee) and
78% yield as shown in Scheme 1.5 [27]. The (S)-phenylephrine was subsequently
converted to (R)-phenylephrine by Walden inversion reaction [28]. Since enantio-
pure vicinal diols are useful and valuable intermediate for pharmaceutical pro-
duction, a simple and green method for preparing several enantiopure 1,2-diols
was developed via regio- and stereoselective concurrent oxidations of the race-
mates with microbial cell Sphingomonas sp. HXN-200.

As shown in Scheme 1.6, concurrent biooxidations of racemic 3-O-benylglycerol
1 with resting cells gave (S)-1 in 99.2% enantiomeric excess (ee) and 32% yield.
Similar biooxidations of racemic 1-(4-chlorophenyl)-1,2-ethanediol 2, 1-(4-methylp
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Scheme 1.5 The enantioselective conversion of HPMAE to (S)-phenylephrine.
Source: Lin et al. [27].
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Scheme 1.6 Regio- and stereoselective concurrent oxidations of racemic vicinal diols
to enantiopure 1,2-diols.

henyl)-1,2-ethanediol 3, and phenyl-1,2-ethanediol 4 gave (R)-2 in 98.4% ee and 48%
yield, (R)-3 in 99.6% ee and 45% yield, and (R)-4 in 98.7% ee and 36% yield,
respectively [29].

1.5 Enzyme Classes and Nomenclature

Since Duclaux proposed that all enzymes should give the suffix “ase” for an easy
recognition [3], the suffix “ase” has been added to the name of many enzymes
according to their substrate or to a word or phrase for describing the activity. For
example, glucose oxidase catalyzes the oxidation of glucose to produce gluconol-
actone, and cellulase catalyzes the hydrolysis of cellulose to form glucose.
However, enzymes such as pepsin and trypsin have names that do not relate with
their substrates or functions. Because more and more enzymes are discovered
accompanied with the progress of scientific researches, the name of new enzyme
may have two or more names, or two different enzymes may be given the same
name. To avoid the ambiguity for naming enzymes, a systematic method for nam-
ing and classifying enzymes should be used and agreed globally.

In 1960s, the Commission on Enzyme Nomenclature was formed by International
Union of Biochemistry (IUB) to classify enzymes into six major classes according

13
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Table 1.4 Six major classes of enzyme.

No. Class

Catalytic function or reaction

1 Oxidoreductases Transfer of electrons (hydride ions or H atoms), e.g.

2 Transferases

3 Hydrolases

4  Lyases

5 Isomerases

6 Ligases

Il
H3CCH20H —— H3CCH + 2H-

Group-transfer reactions, e.g.

) | . .
R-CH-C00™ + R—C—C00~ <= R-C—C00™ + R—CH—C00

NH; NH;
Hydrolysis reactions (transfer of functional groups to water), e.g.
o)
R—O—!:D—O" + HOH —» R-OH + HPO.~
o

Addition of groups to double bonds, or formation of double bonds
by removal of groups, e.g.

R-CH2CHR' <= RCH=CHR' + NHj
|
NH,

Transfer of groups within molecules to yield isomeric forms, e.g.

L-Alanine === D-Alanine

Formation of C-C, C-S, C-0, and C-N bonds by condensation
reactions coupled to ATP cleavage, e.g.

Il _ Il
CH;CCOO + CO, + H,O + ATP === "OOCCH,CCOO™ + ADP +P,

Source: Based on Armstrong [2]; Nelson and Cox [9]; Kula [30].

to the type of reaction catalyzed as indicated in Table 1.4 [2, 9, 30]. Each of the six
major classes is further divided into subclasses and subgroups.

By international agreement, the catalytic reaction is assigned and identified by a
group of four-digit number according to the enzyme classification system. For
example, the enzyme catalyzes the transfer of a phosphoryl group from ATP to
D-glucose is named as ATP:glucose phosphotransferase. The enzyme is classified as

Transferase Main class 2
Phosphotransferase Subclass 7
Using a hydroxyl group as acceptor Subgroup 1

D-Glucose as the phosphoryl-group acceptor The serial number 1
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The serial number of the last digit of an enzyme is identified by the first three
entrees. Therefore, the Enzyme Commission number (E.C. number) of this
enzyme is 2.7.11 denoted as E.C. 2.7.1.1. However, a trivial name, hexokinase, is
more commonly used for this enzyme.

1.6 Enzyme and Green Chemistry

Green chemistry, also known as sustainable chemistry, is an emerging field in
chemistry and is highly advocated by global researchers recently. Green chemistry
emphasizes the design of products and chemical processes that reduce or elimi-
nate the use or production of hazardous substances [31]. Whereas sustainability
has been defined as “meeting the needs of the present generation without com-
promising the ability of future generations to meet their needs.” Therefore, green
chemistry can also be thought as a critical tool in attaining sustainability by devel-
oping new technologies in all kinds of applications such as food and drink, medi-
cine, energy, biofuels, plastics, and nanotechnology. Also, the long-term
entanglement of the “three E’s” problems - Energy, Economy, and Environment -
could be solved by applying the 12 principles of green chemistry to assure a sus-
tainable society in the future.

The 12 principles of green chemistry listed in Table 1.5 [31, 32] were proposed
by Paul T. Anastas and John C. Warner in 1998 that has become the index to
implement the green/sustainable chemistry. How chemical synthesis catalyzed
by enzyme is related with green chemistry? As mentioned before, the substrate
specificity of enzyme greatly reduces the formation of byproducts, thus greatly
increases the atom economy of the reaction. Enzymes are biodegradable natural
material that does not threat human health and make environmental pollution.
The regioselectivity, particularly, the stereoselectivity of enzymes can be used to
design and produce safe drugs of no toxicity and without side-effects by raising
the enantiomeric excess (%ee) value or yield. The reaction conditions for enzyme-
catalyzed reaction are mild, usually at low temperature and under atmospheric
pressure, and the solvent used is innocuous water that makes an energy efficient
and clean synthetic process. The substrate for enzyme can be either renewable or
nonrenewable source that gives the enzyme reaction wide and flexible applica-
tions. Various specificities of enzyme show great advantage in avoiding the use of
blocking groups, protection/deprotection, or temporary modification of physi-
cal/chemical processes, thus reduce the synthetic steps for a final target product
to a minimum that saves a lot of chemical reagents and generates minimal
wastes. Immobilized enzyme-catalyzed reaction is most feasible to couple an
online analytical technique to perform real-time monitoring and control of haz-
ardous substances [33, 34].

15



http://chemistry-chemists.com

16 | 1 Introduction

Table 1.5 Twelve principles of green chemistry.

1) Prevention: It is better to prevent waste than to treat or clean up waste after it has

been created.

2) Atom Economy: Synthetic methods should be designed to maximize the

incorporation of all materials used in the process into the final product.

3) Less Hazardous Chemical Syntheses: Wherever practicable, synthetic methods

4)

5)

6

Ny

7

8)

9

10)

11)

12)

should be designed to use and generate substances that possess little or no toxicity to
human health and the environment.

Designing Safer Chemicals: Chemical products should be designed to affect their
desired function while minimizing their toxicity.

Safer Solvents and Auxiliaries: The use of auxiliary substances (e.g. solvents,
separation agents) should be made unnecessary wherever possible and innocuous
when used.

Design for Energy Efficiency: Energy requirements of chemical processes should be
recognized for their environmental and economic impacts and should be minimized.
If possible, synthetic methods should be conducted at ambient temperature and
pressure.

Use of Renewable Feedstocks: A raw material or feedstock should be renewable
rather than depleting whenever technically and economically practicable.

Reduce Derivatives: Unnecessary derivatization (use of blocking groups, protection/

deprotection, and temporary modification of physical/chemical processes) should be
minimized or avoided, if possible, because such steps require additional reagents and
can generate waste.

Catalysis: Catalytic reagents (as selective as possible) are superior to stoichiometric
reagents.

Design for Degradation: Chemical products should be designed so that at the end of
their function they break down into innocuous degradation products and do not
persist in the environment.

Real-time Analysis for Pollution Prevention: Analytical methodologies need to be
further developed to allow for real-time, in-process monitoring, and control prior to
the formation of hazardous substances.

Inherently Safer Chemistry for Accident Prevention: Substances and the form of a
substance used in a chemical process should be chosen to minimize the potential for
chemical accidents, including releases, explosions, and fires.

Source: Based on Anstas and Warner [31]; Hill et al. [32].

Probably, the greatest disadvantage of free-enzyme catalyzed reaction for green
chemistry is only one time usage of the expensive purified enzyme due to the
difficulty of enzyme recovery. To overcome this drawback, the enzyme-catalyzed
reaction can be performed by using whole microbial cell. However, the use of
whole cell catalyzed reaction can be considered convenient against the free
enzyme reaction under three situations: (i) as the enzyme is intracellular; (ii) as
the enzyme needs a cofactor to carry out the catalysis; and (iii) the formation of
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product through a multienzymatic processes. The other strategy is to perform the
enzyme reaction with immobilized enzyme that can be recovered and reused
many times. However, the maintenance of activity for the recovered enzyme is a
big challenge in present technology. Nevertheless, this is probably the fundamen-
tal approach for enzyme-catalyzed reaction to fulfill green chemistry.

To encourage and propel the implementation of green chemistry, the Presidential
Green Chemistry Challenge Award was established by the United States govern-
ment in 1996. The following are several award winners that can be used as models
in green chemistry by using enzyme and related microbe for production of
chemicals [35].

The winner of year 2011: Production of Basic Chemicals from Renewable
Feedstocks at Lower Cost

Genomatica has developed a microbe using sophisticated genetic engineering
to make 1,4-butanediol (BDO) (a high-volume chemical building block used to
make many common polymers, such as spandex) by fermenting sugars. When
produced at commercial scale, Genomatica’s Bio-BDO will be less expensive,
require about 60% less energy, and produce 70% less carbon dioxide emissions
than BDO made from natural gas.

1.7 The Winner of Year 2010: Greener Manufacturing
of Sitagliptin Enabled by an Evolved Transaminase

Merck and Codexis have developed a second-generation green synthesis of sit-
agliptin, the active ingredient in Januvia, a treatment for type 2 diabetes. This
collaboration has led to an enzymatic process with transaminase that reduces
waste, improves yield and safety, and eliminates the need for a metal catalyst.
Early research suggests that the new biocatalysts will be useful in manufacturing
other drugs as well.

1.8 The Winner of Year 2009: A Solvent-Free
Biocatalytic Process for Cosmetic and Personal
Care Ingredients

Esters are an important class of ingredients in cosmetics and personal care prod-
ucts. Usually, they are manufactured by harsh chemical methods that use strong
acids and potentially hazardous solvents; these methods also require a great deal
of energy. Eastman’s new method uses immobilized enzymes to make esters, sav-
ing energy, and avoiding both strong acids and organic solvents. This method is so
gentle that Eastman can use delicate, natural raw materials to make esters never
before available.

17



http://chemistry-chemists.com

18| 1 Introduction

References

1

o

10
11

12

13

14
15

16

17
18

19
20
21

22

23

24
25

Segal, I.H. (1975). Enzyme Kinetics. Behavior and Analysis of Rapid Equilibrium
and Steady-State Enzyme Systems. New York: Wiley.

Armstrong, F.B. (1989). Biochemistry. Oxford: Oxford University Press.
Silverman, R.B. (2002). The Organic Chemistry of Enzyme-Catalyzed Reactions.
Amsterdam: Academic Press.

Sumner, J.B. (1926). J. Biol. Chem. 69: 435-441.

Sumner, J.B.J. (1926). Boil. Chem. 70: 97-98.

Jabri, E., Carr, M.B., Hausinger, R.P., and Karplus, P.A. (1995). Science 268:
998-1004.

Jabri, E. and Karplus, P.A. (1996). Biochemistry 35: 10616-10626.

Hirs, C.H.W., Moore, S., and Stein, W.H. (1960). J. Biol. Chem. 235: 633-647.
Nelson, D.L. and Cox, M.M. (2000). Lehninger Principles of Biochemistry.

New York: Worth Publishers.

Lubert, S. (1988). Biochemistry, Thirde. New York: W. H. Freeman and Company.
Mathews, C.K., van Holde, K.E., and Ahern, K.G. (2000). Biochemistry, Thirde.
San Francisco: Addison Wesley Longman, Inc.

Zubay, G. (1988). Biochemistry, Seconde. New York: Macmillan Publishing
Company.

Faber, K. (2004). Biotransformations in Organic Chemistry, A Textbook, Fifthe.
Berlin: Springer-Verlag Berlin Heidelberg.

Sweers, H.M. and Wong, C.-H. (1986). J. Am. Chem. Soc. 108: 6421-6422.
Bashir, N.B., Phythian, S.J., Reason, A.J., and Roberts, S.M.J. (1995). Chem. Soc.,
Perkin Trans. 1: Org. Bio-org. Chem 18: 2203-2222.

Dadd, M.R., Claridge, T.D.W., Walton, R. et al. (2001). Enz. Microbial Technol.
29: 20-27.

Takenaka, S., Mulyono, Sasano, Y. et al. (2006). J. Biosci. Bioeng. 102: 21-27.
Bustillo, AJ., Garcia-Pajon, C.M., Aleu, J. et al. (2003). Tetrahedron.: Asymmetry
14: 3755-3760.

Shimoda, K., Harada, T., Hamada, H. et al. (2007). Phtochem. 68: 487-492.

Dai, J., Ye, M., Guo, H. et al. (2002). Tetrahedron 58: 5659-5668.

Miyazawa, M., Sugie, A., and Shindo, M. (2002). Biosci. Biotechnol. Ciochem. 66:
2458-2460.

Miyazawa, M., Marumoto, S., Masuda, A. et al. (2009). J. Agric. Food Chem. 57:
7800-7804.

Sih, C.J. and Wu, S.-H. (1989). Topics Stereochem. 19: 63-125.

Ogston, A.G. (1948). Nature 162: 963.

Jones, J.B. (1976). Biochemical Systems in Organic Chemistry: Concepts, Principles
and Opportunities. In: Applications of Biochemical Systems in Organic Chemistry
(ed. J.B. Jones, C.J. Sih and D. Perlman). New York: Part I. Wiley.



26
27

28

29

30

31

32

33

34
35

http://chemistry-chemists.com

References

Zheng, J.-Y., Wang, Z., Zhu, Q. et al. (2009). Mol. Catal. B 56: 20-23.

Lin, W.-D., Chen, C.-Y., Chen, H.-C., and Hsu, W.-H. (2010). Process Biochem. 45:
1529-1536.

Dorokhova, M.I., Somolina, N.E., Tikhonova, Y.O., and Mikhalev, V.A. (1974).
Pharm. Chem. J. 8: 209-211.

Jia, X.; Xu, Y.; Li, Z. (2011) ACS Catal. 1, 591-596.

Kula, M.-R. (1995). Introduction. In: Enzyme Catalysis in Organic Synthesis: A
Comprehensive Handbook, Volume I (ed. K. Drauz and H. Waldmann). New York:
VCH Publishers, Inc.

Anstas, P. and Warner, J. (1998). Green Chemistry: Theory and Practice. New York:
Oxford University Press.

Hill, .W.; McCreary, T.W.; Kolb, D.K. (2010) Chemistry for Changing Times,
Twelfth Edition, Pearson Education, Inc., New Jersey: Upper Saddle River.

Cheng, C., Chen, C.-S., and Hsieh, P.-H. (2010). J. Chromatogr. A 1217: 2104-2110.

Cheng, C. and Chang, K.-C. (2007). Anal. Scis 23: 305-310.
FedCenter.gov. Presidential Green Chemistry Challenge Awards. https://www.
fedcenter.gov/Bookmarks/index.cfm?id=1205&printable=1.

19



http://chemistry-chemists.com

2

Organic Synthesis with Oxidoreductases

2.1 Oxidation Reactions

Enzymatic and microbial oxidations can be dated back to 2000 BCE with vinegar
production that is based on the oxidation of ethanol by acetic acid bacteria.
Enzymes involved in the biocatalyzed oxidations are dehydrogenases and oxidases.
The more common coenzymes associated with dehydrogenases are nicotinamide
adenine dinucleotide/nicotinamide adenine dinucleotide hydrogen (NAD™'/
NADH), nicotinamide adenine dinucleotide phosphate/nicotinamide adenine
dinucleotide phosphate hydrogen (NADP*/NADPH), and flavin adenine dinucleo-
tide/flavin adenine dinucleotide hydrogen (FAD/FADH,), whereas oxidases are
usually assisted by flavoproteins for transferring electrons to molecular oxygen.
Dehydrogenases can be found in aerobic and anaerobic organisms or microorgan-
isms; however, oxidases are not present in strictly anaerobic species. Nowadays,
dehydrogenases and oxidases have been extensively used for selective oxidations
and as an alternative synthetic strategy for conventional oxidations with the advan-
tages of being environmentally friendly and highly chemo-, regio-, and stereoselec-
tive. Nevertheless, due to poor stability of the two enzymes at high substrate/
product/organic solvent concentration and temperature, large-scale bio-oxidation
processes were few. The functional groups involved in those bio-oxidations include
hydroxyls of primary and secondary alcohols, carbonyls of aldehydes, saturated
C-C bonds, C-N bond of amino acids, amines, nitroalkanes, and thiols [1].

2.1.1 Oxidation of Alcohols and Aldehydes

Since primary alcohols can be oxidized to aldehydes and further to carboxylic
acids, which are versatile building blocks in organic synthesis, the selective oxi-
dation of primary alcohols using enzymes to produce corresponding aldehydes
is important for both fundamental and industrial research. Benzaldehyde, which

Enzyme-Based Organic Synthesis, First Edition. Cheanyeh Cheng.
© 2022 John Wiley & Sons, Inc. Published 2022 by John Wiley & Sons, Inc.
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is important and widely applied in cosmetic, flavor, and pharmaceutical indus-
tries [2, 3], is generally prepared by oxidation of toluene or hydrolysis of benzyl
chloride. Due to environmental concern, scientific reports have shown that
Gluconobacter oxydans can be used for the selective oxidation of benzyl alcohol
to obtain benzaldehyde in an organic/aqueous biphasic system to substitute for
these environmentally unfavorable processes [4, 5]. Optimization of the immo-
bilization parameters for G. oxydans not only improves the bioconversion of the
selective oxidative process but also increases the stability of immobilized cells so
that the immobilized cells can be used repeatedly for 10 cycles and a 53.2% of
the oxidative activity of the immobilized cells compared with that of free cells
was retained [6].

Fourteen commercial alcohol oxidases, 33 selected commercial alcohol dehy-
drogenases (ADHs), and 218 microorganisms were tested for the oxidation of ben-
zyl alcohol for the production of benzaldehyde via different types of hydrogen
transfer [7]. If alcohol oxidases were used for the oxidation, the reaction just
required molecular oxygen as oxidant and hydrogen peroxide was produced as a
side product, which subsequently is decomposed disproportionately by a catalase
to form water and molecular oxygen (Scheme 2.1). If isolated ADHs or lyophilized
microorganisms were employed for the oxidation of benzyl alcohol, the hydrogen
acceptor of the hydrogen transfer reaction could be acetaldehyde (Scheme 2.2),
chloroacetone, or acetone.

Direct oxidation of simple primary alcohols such as methanol and ethanol to
corresponding aldehydes using either free whole cell or immobilized whole cell
was also reported in literature. For methanol oxidation to formaldehyde, methanol
oxidase (MOX) in the yeast Hansenula polymorpha was involved for the biotrans-
formation [8]; for ethanol oxidation to acetaldehyde, ADH in Saccharomyces cere-
visiae was employed for the biotransformation. In these studies, the immobilization

CH,OH ADHs CHO

or
CH,OH CHO microbial cells

Oxidase © ; ;
; ~ NAD(P)* NAD(P)H
(0] H,0. © o
2 22
1, S o

H R
Catalase 5C
R =H, CHg, CH,CI

H,0 +1/2 0,

Scheme 2.2 Oxidation of benzyl
Scheme 2.1 Oxidation of benzyl alcohol alcohol via alcohol dehydrogenases or
using an oxidase and a catalase. microbial cells.
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of microbial cells was found to be of great help for both the cell activity and
stability [9].

The stereoselective oxidation of secondary alcohols to produce ketones is of great-
est interest in organic synthesis for its applications in pharmaceutical industries.
Simple sec-alcohol, 2-butanol, has been oxidized to butanone by the immobilized
yeast S. cerevisiae with a 45% yield [9]. Three screened yeast, Williopsis californica,
Williopsis saturnus, and Pachysolen tannophilus, have been used for the oxidation of
six cycloalkanols with different ring size including cyclobutanol, cyclopentanol,
cyclohexanol, cycloheptanol, cyclooctanol, and cyclododecanol. The results show
that W. californica and P. tannophilus are active against all six cycloalkanols and can
be thought as nonselective, while W. saturnus is active against cycloalkanols of four,
five, and six carbon atoms and is selective for small cyclohexanols [10]. These three
selected strains have also been employed for exploring the stereoselectivity of sev-
eral sec-alcohols such as (1R)-(2-furyl)-ethanol, (1S)-(2-furyl)-ethanol, (1R)-phenyl-
ethanol, (1S)-phenolethanol, (1R)-tetrahydronapthol, (1S)-tetrahydronapthol,
(=)-neo-menthol ((1R,2R,5S)-2-isopropyl-5-methyl-cyclohexanol), (+)-menthol
((1S,2R,5S)-2-isopropyl-5-methyl-cyclohexanol), and iso-menthol ((1S,2R,5R)-2-
isopropyl-5-methyl-cyclohexanol). The results indicate that all the strains are stere-
oselective toward the S-enantiomer [10].

The application of primary alcohol oxidation is proved to be valuable for the
preparation of enantiopure 1,2-diols [11]. Several enantiopure 1,2-diols were pro-
duced via a simple and green regio- and stereoselective concurrent oxidation of
the racemates using Sphingomonas sp. HXN-200 (Scheme 2.3). For the four tested
1,2-diols, this concurrent oxidation process demonstrates better enantioselectivity
than any other known biocatalytic processes.

Another method used for the preparation of enantiopure (S)-1-phenyl-1,2-
ethanediol from the racemic (R,S)-1-phenyl-1,2-ethanediol was performed with
the  whole-cell yeast Candida parapsilosis. In  this method,

OH
/?\/OH Fast OH OH

R Cell « o Fast . 1)

OH R — R

OH

R/k/ Slow H OH
1. R = CH,OBn, 99.2% ee (S), 32%
2.R = 4-CI-Ph, 98.4% ee (R), 48%
3. R =4-Me-Ph, 99.6% ee (R), 45%
4.R=Ph, 98.7% ee (R), 36%

Scheme 2.3 Regio- and stereoselective concurrent oxidations of (¥)-1,2 diols.
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OH OH
©/'\/OH Candida parapsilosis ©/k/OH
—_—
(S)-1-phenyl-ethanediol Candida parapsilosis
(S)-specific carbonyl
+ reductase
OH o
T oH Candida parapsilosis OH
_
(R)-specific alcohol
dehydrogenase
(R)-1-phenyl-ethanediol 2-Hydroxyacetophenone

Scheme 2.4 Deracemization of racemic 1-phenyl-1,2-ethanediol by C. parapsilosis
through an oxidation-reduction sequence.

(R)-1-phenyl-1,2-ethanediol ~ is  first  stereoselectively = oxidized to
2-hydroxyacetophenone by a (R)-specific ADH, and subsequently the intermedi-
ate is stereoselectively reduced by an (S)-specific carbonyl reductase to form (S)-1-
phenyl-1,2-ethanediol (Scheme 2.4). The catalytic activities of the two key
enzymes in C. parapsilosis responsible for the deracemization were significantly
enhanced by the increase of dissolved oxygen concentration with higher agitation
speed [12].

Enantiopure sec-alcohols and a-hydroxyketones (acyloins) are popular and
important synthons for the asymmetric synthesis of many bioactive com-
pounds [13-15]. A biocatalytic racemization is proved to be a useful tool for the
preparation of enantiopure simple alcohols and acyloins via an enzymatic oxida-
tion-reduction process with the formation of a nonchiral ketone or a-diketone
intermediate, respectively, using whole lyophilized cells of various bacteria, fungi,
and one yeast [16]. The kinetic resolution process was applied for three selected
sec-alcohols (2-octanol, 6-methyl-5-heptene-2-ol, and 1-phenylethanol) and three
selected acyloins (benzoin, phenyl acetylcarbinol, and 2-hydroxy-1-indanone) in
which phenyl acetylcarbinol and derivatives are key intermediates for industrially
manufacturing (—)-(pseudo)ephedrine, antidepressants, and smoking cessation
agents [17-20], and 2-hydroxy-1-indanone is used for the synthesis of several
human immunodeficiency virus (HIV)-protease inhibitors [21, 22]. Sec-alcohol
dehydrogenases and a-diketone reductases are responsible for the equilibrium-
controlled enzymatic oxidation-reduction sequence, respectively, and the racemi-
zation protocol gives (S)-enantiomers (Scheme 2.5).

Glucose dehydrogenases, glucose oxidases, and gluconate dehydrogenases
have been exploited for the oxidation of aldoses on large-scale applications and
biosensors [1]. For instance, glucose oxidase (GOy) has been widely employed in
enzymatic kits for fast glucose determination and for the industrial production
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Scheme 2.5 Biocatalytic racemization of sec-alcohols and acyloins using lyophilized
microbial cells.

of gluconic acid from glucose, which was carried out using whole cells of
Aspergillus niger. The industrial production of gluconic acid from glucose can be
also performed by a membrane-bound dehydrogenase from G. oxydans. A more
recent industrial application of GOy is the direct oxidation of D-glucosamine to
D-glucosaminic acid with the combined use of catalase to degrade the H,0,
produce.

Direct oxidation of heterocyclic and aromatic aldehydes to the corresponding car-
boxylic acids can be accomplished by Acetobacter rancens IFO3297, Acetobacter pas-
teurianus IFO13753, and Serratia liquefaciens LF14 [1, 23]. For instance, oxidation of
furfural by A. rancens IFO3297 can produce 110gL™" of 2-furoic acid with a 95%
yield. 5-Hydroxymethyl-2-furancarboxylic acid obtained from corresponding alde-
hydecanbeobtainedbywholecellsLF14.Isophthalaldehyde, 2,5-furandicarbaldehyde,
2,5-thiophenedicarbaldehyde, and 2,2'-biphenyldicarbaldehyde can be converted to
the corresponding formylcarboxylic acid with 86-91% yields by both IFO13753 and
LF14. The aromatic carboxylic acids such as vanillic acid, p-hydroxybenzoic acid,
and syringic acid can be produced by the oxidation of corresponding aromatic alde-
hydes using whole-cell Burkholderia cepacia TM1 [1, 24].

The oxidation of alcohols and aldehydes to form corresponding aldehydes,
ketones, and carboxylic acids has also been used by cells to produce important
intermediates or precursors during the biosynthetic pathways. In the biosynthesis
of depside atranorin from acetate using immobilized lichen cells Evernia prunas-
tri, the most probable precursor, an aldehyde-substituted phenolic aldehyde, hae-
matommic acid, is produced by oxidation of an alcohol intermediate as shown in
Scheme 2.6 [25]. In another example, resting cells of Nocardia iowensis DSM
45197 have been selected for the synthesis of vanillin and vanillic acid from the
starting material isoeugenol. Three possible pathways used by N. iowensis have
been suggested for the conversion of isoeugenol to vanillic acid and vanillin.
®0-labeling studies showed that most likely route appears to be the initial side-
chain olefin epoxidation of isoeugenol, epoxide hydrolysis to a vicinal diol, fol-
lowed by diol cleavage to vanillin and subsequently oxidation of the aldehyde
group of vanillin to vanillic acid by an aldehyde oxidase (Scheme 2.7) [26].
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COOH COOH
L|chen cell CHsy OH
CH,O0H 2 NAD* 2 NADH CHO
OH

Haematommic acid

Scheme 2.6 Oxidation of an alcohol intermediate to the precursor of atranorin in the
biosynthetic pathway of lichen cells.

CH
x 8 H OX|dase
RO

OCH3 OCH, OCHjy
Isoeugenol Vanillin Vanillic acid

Scheme 2.7 Bioconversion of isoeugenol to vanillin and vanillic acid by N. iowensis.

2.1.2 Hydroxylation of Alkanes

Alkanes are saturated hydrocarbons that constitute about 20-50% of crude oil,
and living organisms, such as bacteria, plants, and some animals, also produce
them. They are chemically quite inert, low value, and usually burned as energy
source to produce carbon oxides. Thus, there are two main reasons to carry out the
catalytic hydroxylation of inert C-H bonds in alkanes for chemical industry appli-
cations. The first one is the providing of high-value compounds from the low-
value oil refinery products such as the manufacturing of solvents, plasticizers, and
surfactants. The second one is the removal of pollutants from the environ-
ment [27, 28].

Because carbon and hydrogen atoms have almost equal electronegativity, the
activation of alkanes by the hydroxylation process, especially at the terminal posi-
tions, remains a challenging topic in synthetic chemistry. Despite the use of high-
temperature heterogeneous catalysts or environmentally unfriendly organometallic
catalysis for the selective hydroxylation of alkanes, biocatalysts provide an alterna-
tive approach that has the advantages of high selectivity, mild reaction conditions,
and low by-product formation [29]. Nature has demonstrated the ability of biocata-
lysts for the hydroxylation of alkanes that many microorganisms have evolved
enzymes for activating alkanes by oxidation of one of the terminal methyl groups
to generate the corresponding primary alcohol in the presence of oxygen. The for-
mation of primary alcohol with oxidative enzymes can be further oxidized to fatty
acid by dehydrogenases and further metabolized. Oxidative enzymes are called
oxygenases that can catalyze the selective insertion of oxygen atoms into a wide
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range of organic compounds. Oxygenases such as methane monooxygenase,
alkane hydroxylase, and cytochrome P450 are the common biocatalysts used for
the oxidation of a variety of alkanes [30].

The diversity of alkane oxygenases evolved in prokaryotes and eukaryotes has
been strategically used in synthetic chemistry to catalyze the chemo-, regio-, and
stereoselective oxygenation of alkanes and many other compounds for the production
of useful alcohols, aldehydes, epoxides, and carboxylic acids [31]. In particular,
cytochromes P450 are external monooxygenases that convert a broad variety of sub-
strates and catalyze many interesting chemical reactions including the hydroxylation
of hydrocarbons [32, 33]. As an example, cytochrome P450 BM3(CYP102A1) iso-
lated from Bacillus megaterium catalyzes the hydroxylation of gaseous alkanes, such
as methane, ethane, propane, and butane, and cyclohexane to corresponding pri-
mary alcohols and 2-propanol and 2-butanol together with a dummy substrate per-
fluorocarboxylic acids of different alkyl chain length (8-14 carbon atoms) [34]. The
screening of the mutant library revealed that cytochrome P450 BM3 F87a/A328V
mutant has the ability to effectively hydroxylate cyclooctane, cyclodecane, and cyclo-
dodecane to corresponding alcohols. Cytochrome P450 BM3 F87V/A328F mutant
demonstrated the ability to hydroxylate acylic n-octane to 2-(R)-octane with 46% e.e.
and high regioselectivity of 92% [35]. For cytochrome P450 catalysis, the nicotina-
mide adenine dinucleotide cofactor in its reduced form (NADH or NADPH) is
needed to provide the electrons necessary for the catalytic cycle. However, the trans-
fer of electrons cannot be made directly and a cytochrome P450 reductase must be
present to shuttle the electrons from NAD(P)H to the hydrolase domain (Figure 2.1).
It was discovered that cytochrome P450 BM3 was the first natural self-sufficient
P450, which still makes it one of the most efficient cytochromes to date [36].

Medium-chain alkanes (Cs—Cy4) are usually oxidized by heme-iron-containing
cytochrome P450 monooxygenases (P450s or CYPs) or by integral-membrane non-
heme diiron monooxygenases (Alk B) [37, 38]. Alkane hydrolases of the CYP153A
from Mycobacterium marinum (CYP153A16) and Polaromona sp. (CYP153A P. sp.)
were examples to catalyze regioselectively w-hydrolation of C¢—C;; alkanes, alk-
enes, cycloalkanes, and alicyclic compounds [39, 40]. The cloned and expressed
CYP153A16 and CYP153A P. sp. monooxygenases were capable of performing the
w-hydroxylation in vitro with Cs—Cy, alkanes and C¢-C;, primary alcohols into
their corresponding primary alcohols and o,w-diols [37]. However, a soluble

R-H 0, NAD(P)H
/ e
QLo > Crea D
R-OH H,0 NAD(P)*

Figure 2.1 Hydroxylation of alkanes by cytochrome P450 monooxygenase (CYP).
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three-component diiron monooxygenase, butane monooxygenase (sBMO), has
been purified from the gram-negative -proteobacterium Pseudomonas butanovora
(ATCC 43655), which was capable of hydroxylating Cs—Cg linear and branched ali-
phatic alkanes (propane, butane, pentane, hexane, isobutene, and isopentane) at
the terminal carbon atom mostly (=80% regiospecificity) to produce primary alco-
hols with only small fractions of secondary and tertiary alcohols [41].

Since long-chain alkanes are more persistent in the environment than shorter
alkanes, the degradation of long-chain alkane is an important topic in synthetic
chemistry for dealing with the crude oil contamination in environment. Enzymes
used for the activation of alkanes with long chain length (>Cy4) by hydroxylation
have been found including yeast P450s [42], integral-membrane monooxygenases
(AlkM) [43], flavin-containing alkane monooxygenases (LadA) [44], and dioxyge-
nases [45]. It was acknowledged that thermophilic bacillus Geobacillus thermod-
enitrificans NG80-2 degrades the long-chain alkane (C;5-Cs¢) by utilizing a
terminal oxidation pathway to convert long-chain alkanes to their corresponding
primary alcohols (Scheme 2.8). It is also found that LadA is the key initiating
enzyme in the terminal oxidation pathway of G. thermodenitrificans NG80-2 [46].
However, studies on the bacterial strain Acinetobacter venetianus 6A2 show that
this bacterial strain can utilize n-alkanes with chain lengths ranging from decane
(C1oHyy) to tetracontane (CyoHgy) [47]. Two genes of the AlkB-type alkane hydroxy-
lase homologous, alkMa and alkMb, isolated from A. venetianus 6 A2 were involved
in the utilization of alkanes with chain lengths ranging from C10 to C18 implying
that other enzyme(s) should be required for the utilization of C20-C40 alkanes.

In addition to the notorious cytochrome P450 monooxygenase for alkane
hydroxylation, a group of novel extracellular heme-thiolate peroxygenases
secreted by fungal Agrocybe aegerita have been demonstrated to catalyze effi-
ciently the H,O,-dependent hydroxylation of a variety of alkanes, which include
linear, branched, and cyclic saturated hydrocarbons. As shown in Scheme 2.9, lin-
ear C3-C16 alkanes can be hydroxylated at either 2- or 3-positon of the carbon
chain to yield corresponding secondary alcohols. For example, n-propane and
n-butane were hydroxylated regioselectively to produce 2-propanol and 2-butanol,
whereas n-heptane and n-octane were hydroxylated both stereoselectively and
regioselectively to give 99.9% e.e. (R)-enantiomer and the corresponding 3-alcohol.
Branched alkanes such as 2,3-dimethylbutane were hydroxylated regioselectively

to 2,3-dimethylbutane-2-ol and isobu-

LadA tene was oxidized to 2-methyl-propan-

RCH; + O, — RCH0H 5 4] While cyclic alkanes of C5-C8 gave
monohydroxylated products [48], there
are also non-heme enzymes that are

Scheme 2.8 Terminal hydroxylation of ~ capable of catalyzing the hydroxylation
long-chain alkanes by LadA. of alkanes [49]. Studies showed that

R:CHg-(CHp);,  (13<n<34)
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Scheme 2.9 Hydroxylation of alkanes by fungal peroxygenase.

non-heme alkane hydroxylase involves high-valent oxoiron moiety to catalyze the
initial H abstraction from alkane followed by the rebound mechanism of FeOH/
radical species. Examples are the enzyme taurine:o-ketoglutarase dioxygenase
(TauD) toward the cyclohexanol and cyclopentanol from cyclohexane and cyclo-
pentane, respectively [50], and the diiron alkane monooxygenase of Pseudomonas
oleovorans (AlkB) hydroxylates 2-methyl-1-phenylcyclopropane to produce only
1-phenyl-3-buten-1-ol and norcarane to produce approximately 85% cis- and
trans-2-norcaranol [51].

2.1.3 Hydroxylation of Aromatic Compounds

Oxidative enzymes performing the introduction of one or two oxygen atoms on aro-
matic compounds is important in industrial applications [52, 53]. The four classes of
enzyme: oxygenases, hydroxylases, peroxidases, and laccases are the most represent-
ative enzymes to perform the hydroxylation of aromatic compounds. The four classes
of oxidative enzymes differ in many aspects, such as the metal present in the active
site, the number of electrons transferred for the reaction, and the kind of reductive
cofactor [54]. The most common hydroxylases are the cytochrome P-450-dependent
hydroxylases and the flavoprotein phenol hydroxylases [55]. Since hydroxylations
introduce the hydroxyl group into organic compounds primarily via the substitution
of functional groups or hydrogen atoms, it is a great challenge to organic chemists to
perform the direct and selective introduction of the hydroxyl group into aromatic ring.

One of the well-known industrial applications with hydroxylase for the hydrox-
ylation of aromatic ring is the catalytic production of tyrosine from phenylalanine
by phenylalanine hydroxylase and the subsequent hydroxylation of tyrosine yield-
ing the catecholamine neurotransmitter L-dihydroxyphenylalanine (L-DOPA), as
in Scheme 2.10 [53, 55].
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Phenylalanine

H H
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Scheme 2.10 The catalytic hydroxylation of L-phenylalanine and L-tyrosine by phenyl
hydroxylase and tyrosine hydroxylase, respectively, to produce corresponding L-tyrosine
and L-DOPA.

Recently, a microsomal P450 designated as PcCYP65a2 that was derived from
the white rot fungus Phanerochaete chrysosporium can catalyze 3’-hydroxylation
of naringenin to yield eriodictyol in the culture of the recombinant S. cerevisiae
AH22/pG65a2 cells (Scheme 2.11) [56].

Isoliquiritigenin (2',4’,4-trihydroxychalcone) is a chalcone found in licorice
root and other plants, which has shown potent antioxidant, anti-inflammatory,
phytoestrogenic, tyrosinase inhibitory, and antitumor activity in vitro. However,
when prepared in vivo, aromatic hydroxylation of isoliquiritigenin on the A or B
ring was found by the metabolism of human liver microsomes to produce
2',4'4' 5'-tetrahydroxychalcone or butein, respectively (Scheme 2.12) [57]. The
enzyme involved in the formation of the hydroxylated metabolites of isoliquiriti-
genin was cytochrome P450.

Amphetamine was once extensively used for weight reduction, and it has been
employed in treating mild depression and narcolepsy as well. The administration of
amphetamine may cause excitability, restlessness, tremors, insomnia, dilated pupils,
increased pulse rate and blood pressure, hallucinations, and psychoses. Since
amphetamine is inexpensive, it has been a drug of abuse. The biotransformation of
d-amphetamine into p-hydroxyamphetamine (HA) by cytochrome P450 occurs in

OH
OH OH
Recombinant S. cerevisiae
HO l 0] expressing PcCYP65a2 HO l (0]
OH O OH O
Naringenin Eriodictyol

Scheme 2.11 Hydroxylation of naringenin in the culture of the recombinant S. cerevisiae
expressing P. chrysosporium PcCYP65a2 to produce eriodictyol.
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Scheme 2.12 Hydroxylation of isoliquiritigenin in human liver by cytochrome P450.
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Scheme 2.13 Hydroxylation of d-amphetamine by cytochrome P450 to give
p-hydroxyamphetamine.

human and mouse (Scheme 2.13) [58]. The urinary excretion of HA not only is a
biomarker of exposure but also gives an insight into d-amphetamine reactivity.

2.1.4 Dihydroxylation of Aromatic Compounds

The initial degradation of aromatic compounds by bacteria often involves the cis-
dihydroxylation, which is catalyzed by Rieske non-heme iron dioxygenases to
yield cis-dihydrodiol derivatives. This type of reaction leads to a permanent dis-
ruption of aromaticity and offers a strategy for regio- and stereoselectivity in
organic syntheses to a variety of useful natural and unnatural compounds [59].
The first report in literature for the arene cis-dihydroxylation to produce cis-
dihydrodiol metabolite was with the use of bacterium Pseudomonas putida F1 and
the substrate was benzene [60]. Later developments of this synthetic strategy
extend the use of monosubstituted arenes such as toluene, chlorobenzene, phe-
nol, etc.; polycyclic arene such as naphthalene; and biphenyl as the starting mate-
rial to produce various kinds of cis-1,2-dihydrodiols that in turn have been used as
chiral synthons for the generation of valuable biologically active products through
sequential chemoenzymatic steps. The following examples show the wide appli-
cations of this synthetic strategy.

It is noted that the hybrid toluene/biphenyl dioxygenase (TDO/BPDO) in
Escherichia coli encoded by the todC1 gene of P. putida F1 and the bphA2A3A4
genes of Pseudomonas pseudoalcaligenes KF707 was able to biotransform mono-
cyclic aromatic compounds including benzene, toluene, styrene, p-xylene, ace-
tophenone, propiophenone, butyrophenone, and trifluoroacetophenone to their
corresponding cis-dihydrodiols (Scheme 2.14). Subsequently, these cis-
dihydrodiols were bioconverted by the bphB (dihydrodiol dehydrogenase)
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Scheme 2.14 (atabolic pathways of monosubstituted benzene to diol via cis-dihydrodiol.

expressed in E. coli cells in addition to todC1-bphA2A3A4 to produce their
monocyclic arene-diols [61].

Alkaloid pancratistatin is tested as anticancer, antiviral, and antiparasitic
agents. The cis-dihydroxylation of bromobenzene by TDO from the bacterium
strain P. putida 39/D to produce cis-bromocyclohexadienediol was utilized to
chemically synthesize the key intermediate bromoazide (Scheme 2.15) for the
preparation of pancratistatin analogs [62]. (—)-Conduramine C-4 was also synthe-
sized in six steps from the whole-cell fermentation of bromobenzene with
P. putida 39/D in 23% overall yield [63].

The same chemoenzymatic method has been used for the synthesis of certain
alkaloids and terpenoids by starting with the whole-cell biotransformation of a vari-
ety of monosubstituted benzene to form the corresponding cis-1,2-dihydrocatechol
using TDO expressing P. putida 39-D or E. coli IM109 (pDTG601) [64, 65]. E. coli
IM109 (pDTG601) was also used for the dihydroxylation of methyl 2-iodobenzoate
to give two cis-dihydrodiol metabolites in a molar ratio of 4:1 (Scheme 2.16) [66].
The minor product in the diol mixture was further chemically transformed to
an alcohol intermediate for the asymmetric preparation of kibdelone C and its
congeners.

Ten 1,4-disubstituted benzene substrates using P. putida UV4 as a source of TDO
have been biotransformed to yield the corresponding cis-dihydrodiol metabo-
lites [67]. The yields of these cis-dihydrodiols were generally lower than those
obtained from the corresponding monosubstituted benzene substrates. The

Br Br

TDO in OH Chemo- Chemo-

P. putida F39D syntheS|s /@: >< synthesis
OH

o R = H, COOEt

Broman|de Phenanthrldone
alkaloid analogs

Scheme 2.15 Chemoenzymatic preparation of pancratistatin analogs.
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Scheme 2.16 Whole-cell fermentation of methyl 2-iodobenzoate for organic synthesis.

HO™

enantiomeric excess (ee) values were determined by a combination of methods to
show their enantiopurity. The cis-dihydroxylation of meta-substituted phenols (m-
phenols) catalyzed by TDO, an arene dioxygenase from mutant strain of P. putida
UV4, yields the corresponding cyclohexenone cis-diol metabolites and several of
their cyclohexene and cyclohexane cis-triol derivatives [68]. Using the same bacte-
rium strain and p-xylene as the substrate, the major biotransformation product was
the corresponding cis-1,2-dihydrodiol (95% relative yield) along with the two minor
products, catechol (1% relative yield) and cyclohexenone cis-diol (4% relative yield)
via the intermediate p-xylenol (Scheme 2.17). Another metabolite of p-xylenol with
TDO present in P. putida UV4 was o-quinol dimmer (Scheme 2.17) [69]. However,
p-xylene was first catalyzed to cis-p-xylene dihydrodiol and further undergone dehy-
dration to give 2,5-dimethylhydroquinone by a novel o-xylene dioxygenase from
Rhodococcus sp. strain DK17 [70]. cis-Dihydroxylation of aromatic carboxylic acid
such as benzoic acid with mutants of Alcaligenes eutrophus B9 or P. putida U103
produces a diol containing a tertiary alcohol moiety is another interesting case for
enantioselective synthesis, which demonstrates two stereogenic centers can be
introduced simultaneously during organic synthesis [71]. A series of benzoate esters
have been studied for the enzymatic dihydroxylation by whole-cell fermentation
with E. coliJM109 (pDTG601) to produce their corresponding cis-cyclohexadienediols
except for n-butyl and t-butyl benzoates [72]. The diols obtained from the enzymatic
dihydroxylation of benzoate esters serve as intermediates for the synthesis of
pseudo-sugars, amino cyclitols, and bicyclic ring systems.

Naphthalene dioxygenase (NDO), a Rieske dioxygenase [73, 74], from
Pseudomonas strain NCIB9816-4 catalyzes the cis-hydroxylation of
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Scheme 2.17 Toluene dioxygenase catalyzed cis-dihydroxylation of phenols toward
catechol, cyclohexenone cis-diol, and o-quinol dimmer metabolites.

naphthalene to cis-(1R,2S)-dihydroxy-1,2-dihydronaphthalene (naphthalene
cis-dihydrodiol) (Scheme 2.18) [75, 76]. Incubation of naphthalene with E. coli
BL21(DE3) harbored with a recombinant expression plasmid of the Rhodococcus
sp. strain DK17 o-xylene dioxygenase also produces cis-1,2-naphthalene dihy-
drodiol [70]. In the same manner, the recombinant E. coli JM109(DE3)
(pDTG141) expressing the NDO from Pseudomonas sp. NCIB9616-4 has been
used for the whole-cell biotransformation of a series of azaarene compounds.
The study showed that several bicyclic azaarenes can be catalyzed well by NDO
to give cis-dihydrodiol derivatives [77]. In addition, the DK17 o-xylene dioxyge-
nase catalyzes the cis-dihydroxylation of biphenyl to form cis-2,3-biphenyl
dihydrodiol (Scheme 2.19) [70]. BPDOs from mutant bacterial strains that lack
the corresponding diol dehydrogenase enzymes can be utilized to transform
polycyclic arenas such as anthracene and benz[a]anthracene to cis-hydrodiols

Scheme 2.18 Naphthalene dioxygenase NDO
catalyzed cis-dihydroxylation of o)
2 OH

naphthalene.
OH

Naphthalene Naphthalene cis-dihydrodiol
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Scheme 2.19 Regioselective
oxidation of biphenyl by the
Rhodococcus sp. DK17

Rhodococcus sp. DK17 o-xylene

dioxygenase. l

Bipheny! cis-2,3-Biphenyl dihydrodiol

and acetonide derivatives of the cis-dihydrodiols of biphenyl and phenanthrene
to enantiopure bis(cis-dihydrodiol) metabolites [78]. The produced cis-diols in
turn have been widely used for organic synthesis.

2.1.5 Epoxidation

The cytochromes P450 (CYPs) catalyzed a wide variety of reactions including the
oxidation of alkenes to form reactive epoxides. The oxidations of propene,
cyclohexene, and styrene for producing their corresponding epoxides have been
reported by P450cam from P. putida and P450 BM-3 variant 139-3 [79, 80].
A mutant, T252A P450cam, prepared from the water-soluble camphor-
hydroxylating P450cam of P. putida has been used to catalyze the epoxidation of
more complex 1R-camphor [81]. CYP153 enzymes expressed in P. putida GPo12
also showed the ability of epoxidation for styrene, octene, and cyclohexene in a
large scale [40]. Except for one CYP153 produced (R)-epoxide, others yielded (S)-
epoxide with up to 80% e.e. The CYP450 was further used for the epoxidation of
tea tree oil ingredient p-cymene to form thymol by a postulated enzymatic reac-
tion mechanism that involves the epoxidation of one of the n-double bonds in the
benzene moiety followed by an National Institutes of Health (NIH) shift as
shown in Scheme 2.20 [82]. Dihydrochalcomycin (DHC) is a 16-membered mac-
rolide antibiotic that is clinically applied in the treatment of bacterial infections
against gram-positive as well as gram-negative bacteria except against E. coli.
Two CYP450 enzymes, gerPI and gerPII, were characterized for the hydroxylation
at the Cg position by the gerPII P450 followed by the epoxidation reaction by

CH3 CH3 CHS CHs
H o) , OH
CYP450 o _CYP450 NIH shift
H by

p-Cymene Tymol

Scheme 2.20 Postulated reaction mechanism for the formation of thymol from
p-cymene through arene epoxidation.
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)&R\)\ + NADPH + 0, FSA% \ R\)\ + NADP* + H,0

o
Squalene (3S) 2,3-oxidosqualene

Scheme 2.21 The epoxidation reaction catalyzed by squalene epoxidase (SE).

gerPI P450 at the C;,-Cy3 position in the biosynthetic pathway for DHC from
Streptomyces sp. KCTC 0041BP [83].

Squalene monooxygenase (squalene epoxidase, SE, E.C. 1.14.99.7) converts the
squalene by regio- and stereospecifically forming an epoxide on the C-C double bond
to yield (35)2,3-oxidosqualene that requires molecular oxygen, FAD, and depending
on the organism, either NADH or NADPH (Scheme 2.21) [84]. This reaction is a key
step in eukaryotes for sterol biosynthesis. Since SEs are essential for the synthesis of
cholesterol in mammals and ergosterol in fungi, SE is an important target to lower
cholesterol levels, thus, for hypercholesterolemia and antifungal therapies [85]. Study
of SE in the squalene epoxidation shows that it is involved in the biosynthesis of both
the antitumor clavaric acid, an inhibitor of the human Ras-farnesyl transferase, and
sterols in the basidiomycetes Hypholoma sublateritium [86]. Sterol biosynthesis by
prokaryotes is very rare. However, through functional expression of both SE and
lanosterol synthase, which are from the methanotrophic bacterium Methylococcus
capsulatus, in E. coli, lanosterol can be formed from squalene [87].

The one-pot epoxidation of cyclohexene and N-benzyloxycarbonyl-3,4-
dihydroxy-pyrrolidine by Novozym 435 gave cyclohexene oxide and (3R,4R)-N-
benzyloxycarbonyl-3,4-epoxy-pyrrolidine, respectively, which were subsequently
trans-dihydrolyzed by resting cells of Sphingomonas sp. to produce corresponding
trans-vicinal diols in high enantiomeric excess values and high yields [88]. The
silicone composites of Novozym 435 (silicoat-NZ435) have been used in the
solvent-free three-phase system chemoenzymatic epoxidation of 1-dodecene to
demonstrate the ability of the most difficult terminal alkene epoxidation [89]. The
reaction showed an 80% yield with almost 100% selectivity and is better than the
native Novozym 435 (NZ435).

Growing cells and resting cells of recombinant E. coli containing the styrene
monooxygenase StyAB were used for enantioselective styrene epoxidation to effi-
ciently produce (S)-styrene oxide in an organic/aqueous two-liquid-phase system
and batch or fed-batch reaction [90-93]. Styrene monooxygenase (StyAB) from
Pseudomonas sp. VLB120 is composed of an FAD-dependent monooxygenase
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component (StyA) that catalyzes the epoxidation reaction and an NADH-dependent
reductase component (StyB) that delivers the reducing equivalents from NADH to
StyA via FADH, [94]. The enzyme StyAB catalyzes the specific (S)-epoxidation of
a broad range of m- and p- as well as a- and p-substituted styrene derivatives [95].
Since the motif of enantiopure 1,2-amino alcohol is present in alkaloids, amino
sugars, enzyme inhibitors, and antibiotics, various enantiopure 2-phenyl, 2-amino
ethanols were prepared chemically through the nitrogen nucleophilic addition to
the epoxy group of a number of styrene epoxide derivatives (Scheme 2.22) [96].
However, the formation of various styrene epoxide derivatives was performed
enzymatically by using the recombinant E. coli to oxidize various styrene deriva-
tives. The bioconversions were performed in an aqueous buffer using an organic
phase to separate both the epoxide product and unreacted styrene derivatives. The
enantiomeric excess values for epoxide products are quite high (>95% e.e.) except
the epoxide derived from 1-phenyl, 2-methyl propene.

Two reasons cause monooxygenase catalyzed epoxidation reactions using
whole cells rather than isolated enzyme more attractive, which are the very unsta-
ble monooxygenase in vitro and the easy regeneration of the cofactor for NAD(P)
H-dependent monooxygenase in whole cell. The epoxidation of ally phenyl ether
(APE) for producing chiral phenyl glycidyl ether (PGE) with an enantiomeric
excess of 86% has been investigated by encapsulating whole-cell Mycobacterium
M156 in water-in-oil reverse micelles [97] as in Scheme 2.23.

Scheme 2.22 The synthesis of enantiopure 2-amino-1-phenyl and 2-amino-2-phenyl
ethanols through enantioselective enzymatic epoxidation of styrene derivatives.

" (0]
M M1 7
Qo—m:cm +0,+ NAD(P)H + H* Moo @0 ~GH-CH, + H,0 + NAD(P)*

Ally phenyl ether Pheny! glycidy! ether

Scheme 2.23 Epoxidation of ally phenyl ether for producing chiral phenyl glycidyl ether.
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The epoxidation  of  cis-
propenylphosphonic acid (cPPA) by
bacterium Bacillus simplex strain
S101 has been used for the prepara-
tion of fosfomycin that is more deli-

1ab 2ab cate, environmentally friendly, and
a:Ry, Ry = CHy has a higher conversion yield
b: Ry = CHg, Ry=H (81.3%) than the large-scale indus-

trial process (<20%) [98]. The bio-
logically active unsaturated bicyclic
y-lactones (4,4,6-trimethyl-9-oxabic
yclo[4.3.0]non-2-en-8-one (1la) and
4,4-dimethyl-9-oxabicyclo-[4.3.0]non-2-en-8-one (1b)) were stereoselectively
transformed into the corresponding trans-epoxylactones (2,3-epoxy-4,4,6-trimeth
yl-9-oxabicyclo[4.3.0]nonan-8-one (2a) and 2,3-epoxy-4,6-dimethyl-9-oxabicyclo[
4.3.0lnonan-8-one (2b)) by the strain Absidia cylindrospora as shown in
Scheme 2.24 [99]. These epoxylactones can be further converted to yield hydroxy-
lactones with the secondary hydroxy group. Oleic acid in the lipophilic extractives
can be oxidized with Pycnoporus cinnabarinus laccase in the presence of
1-hydroxybenzotriazole (HBT) to form an epoxy oleic acid at the Cy and C;y dou-
ble bond. The conversion was 88% after a two-hour treatment [100].

Scheme 2.24 Stereoselective epoxidation of
unsaturated bicyclic y-lactones.

2.1.6 Sulfoxidation Reactions

There are natural organosulfur compounds such as sulfur containing amino acids
(cysteine, methionine, and cystine), allicin, lipoic acid, and unnatural organosul-
fur compounds such as dibenzothiophene in petroleum products or penicillin in
pharmaceutical products. Among the variety of organosulfur compounds, chiral
organic sulfoxides (COSs) are useful chiral building blocks or stereodirecting
groups in asymmetric synthesis of important pharmaceuticals that contain a
functional sulfinyl group attached to the alkyl moieties [101, 102]. However, the
preparation of COSs also can be obtained through sulfoxidation by the high regi-
oselectivity and stereoselectivity of enzymes [103]. For example, the purified
catalase-peroxidase (KatG) characterized as a heme-containing protein from the
bacterium Bacillus pumillis was employed for stereoselective oxidation of
B-lactams, represented by penicillin-G, penicillin-V, and cephalosporin-G to their
R-sulfoxides [104].

The use of co-expression system that is the co-expression of formate dehydroge-
nase from gene originated from Candida boidinii and the cyclohexanone monoox-
ygenase (CHMO) gene cloned from Acinetobacter calcoaceticus NCIMB 9871 in
E. coli BL21 has been used as the whole-cell biocatalyst to selectively synthesize
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~

chiral R-phenyl methyl sulfoxide (R- o 3
PMSO) from thioanisole. In this reaction SCH; AS‘\CHS
system, NADPH has also been regenerated
to improve the catalytic efficiency [105].
Another strategy was utilized to selectively
synthesize  corresponding  S-sulfoxide Cl @]
from p-chlorothioanisole as shown by
Scheme 2.25 [106]. In this investigation,
the asymmetric oxygenation of sulfide to
S-sulfoxide was with co-expressed E. coli that contains the P450SMO gene from
Rhodococcus sp. and the glucose dehydrogenase gene from Bacillus subtilis. In this
study, NADPH was efficiently regenerated when glucose was supplied to the
reaction.

The enantioselective sulfoxidation of benzyl methyl sulfide to its corresponding
S-sulfoxide was performed by phenylacetone monooxygenase (PAMO) from
Thermobifida fusca in a nonconventional Tris-HCI buffer medium containing
hydrophilic organic solvents such as polyethylene glycol (PEG), methanol
(MeOH), acetonitrile, iso-propanol, and alcohol with high conversion rate and
moderate e.e.% [107]. The reaction also used glucose 6-phosphate/glucose-6-
phosphate dehydrogenase (G6P/G6PDH) as secondary ancillary system for regen-
erating the NADPH cofactor. An alternative method for producing enantiopure
sulfoxides by direct asymmetric oxidation of prochiral sulfides was the optical
resolution of racemic sulfoxides [108]. Therefore, S-phenyl methyl sulfoxide
(S-PMSO) accompanied by a by-product sulfone was formed at 93.7% ee(S) in a
fed-batch reaction with the use of bacterium Rhodococcus sp. ECU0066. For other
substrates such as para-substituted (methyl and chloro) PMSOs and ethyl phenyl
sulfoxide, an S-enantioselectivity (ee(S)) larger than 99.0% was also obtained.

E. coli

Scheme 2.25 Synthesis of optically
pure S-sulfoxide by co-expressed E. coli.

2.1.7 Baeyer-Villiger Reactions

Baeyer-Villiger (BV) oxidation of ketones is the insertion of a molecular oxygen
into the Baeyer-Villiger monooxygenases (BVMOs) [109-111]. BVMO catalyzes
the carbonyl group in a compound to form esters, or lactones, from ketones, often
with great enantioselectivity [112]. It has been used as an intermediate step for the
production of 11-hydroxyundec-9-enoic acid, a precursor for synthesizing
Nylon-11, from ricinoleic acid via recombinant E. coli (Scheme 2.26) [113]. A vari-
ety of secondary metabolites of plants, oxygenated unsaturated carboxylic acids,
which are difficult to synthesize were also explored by designing an artificial
biotransformation pathway consisting of fatty acid double-bond hydratases,
ADHs, BVMOs, and esterases. In this case, y-linolenic acid that contains three
double bonds in the carbon skeleton has been used as the substrate for the
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Scheme 2.26 The multiple enzyme biosynthesis of w-hydroxyundec-9-enoic acid from
ricinoleic acid via Baeyer-Villiger oxidation.

recombinant E. coli whole-cell biocatalysis to efficiently produce the target prod-
ucts (6Z,9Z)-12-hydroxydodeca-6,9-dienoic acid, (Z)-9-hydroxynon-6-enoic acid,
(Z2)-dec-4-enedioic acid, and (6Z,92)-13-hydroxyoctdeca-6,9-dienoic acid [114].

Recombinant E. coli expressing CHMO has been extensively used to investigate
BV oxidation of cyclohexanone to e-caprolactone (Scheme 2.27), which can be
influenced by not only the efficient regeneration of NADPH but also a sufficient
supply of oxygen [115]. The study of the crystal structure of CHMO reported that
two crystal structures are found to bind e-caprolactone: the CHMOrjg, and
CHMOy g0sc structures [116]. The CHMOrjgp, Structure determines the substrate
acceptance and stereospecificity, and the CHMOys. is the first structure where
the product is solvent accessible. Three regiodivergent BVMOs expressed in E. coli
strains have been applied to enantioselectively oxidize a series of cyclic o,f-
unsaturated ketones to produce either chiral enol-lactones or ene-lactones, which
broadens the scope of BVMO activities [117].

The S-selective altered CHMO mutant 1-K2-F5 (Phe432Ser) from Acinetobacter
sp. NCIMB has been tested in the BV oxidative desymmetrization of a number of
structurally different ketones with excellent enantioselectivity [118]. An asym-
metric BV bio-oxidation reaction catalyzed by E. coli has been scaled up to a pilot
plant (kg) scale using a new “resin-based in situ substrate feeding and product
removal (SFPR)” methodology with nearly enantiopure form (ee >98%) and good
yield [119]. In this application, racemic bicycle[3.2.0]hept-2-en-6-one was regiodi-
vergent parallel kinetic resolution to two regioisomeric lactones that the

0] Scheme 2.27 The Baeyer-Villiger oxidation of cyclohexanone

CHMO o toe-caprolactone by recombinant E. coli expressing
E—— cyclohexanone monooxygenase (CHMO).



http://chemistry-chemists.com

2.1 Oxidation Reactions

O = OO cé

(+/-)-Bicyclo[3.2.0] hept-2-en-6-one —)-(1S,5R)-lactone —)-(1R,5S)-lactone
(ee > 98%) (ee > 99%)

Scheme 2.28 Enantiopure asymmetric microbial Baeyer-Villiger oxidation of rac-
bicyclo[3.2.0]hept-2-en-6-one.

(+)-bicycle[3.2.0]hept-2-en-6-one enantiomer is converted into the “expected”
(—)-(1S,5R) lactone and (—)-bicycle[3.2.0]hept-2-en-6-one is converted into the
“unexpected” (—)-(1R,5S) lactone as indicated by Scheme 2.28. The formation of
“expected” lactone means that the oxygen is inserted into the more substituted
carbon-carbon bond of the substrate ketone.

2.1.8 Peroxidation Reactions

In mammalian cells, hydrogen peroxide and organic hydroperoxides are synthe-
sized continuously during aerobic metabolism. Peroxides can damage the cell
components by their formation of highly reactive hydroxyl radicals that can initi-
ate lipid peroxidation, to oxidize amino acid side chains in proteins, and to cause
DNA strand breaks and base modification [120]. Therefore, peroxides must be
detoxified continuously to prevent oxidation of cellular components by peroxides
or peroxide-derived reactive oxygen species (ROS). In addition, the generation of
peroxides in cells consumes oxygen, which causes the disposal of peroxides par-
ticularly important for human brain because brain cells utilize 20% of the oxygen
used by the body [121]. In cells, H,0, is produced by the disproportionation of
superoxide generated through the mitochondrial respiratory chain as a by-product
with superoxide dismutases (SODs). Besides, H,0, can also be produced by the
reactions using oxidases such as monoamine oxidases [122]. Stereospecifically
defined organic peroxides are generated in cells through the pathways of prosta-
glandins and leukotrienes by cyclooxygenases and lipoxygenases. Hydroperoxides
are also formed by unspecific oxidation of polyunsaturated fatty acids in mem-
branes by radical-mediated lipid peroxidation [123].

Although not too many enzymatic syntheses of peroxides can be found in litera-
ture because of their substrate-dependent processes, peroxides are of interest to
synthetic chemists due to their potent antimalarial and antimicrobial proper-
ties [124-126]. Crude enzyme from marine green algae, Ulva pertusa, has been
used for the enantioselective a-hydroxylation of long-chain saturated and unsatu-
rated fatty acids to corresponding (R)-2-hydroperoxy acids (Scheme 2.29) with
>99% e.e. enantiopurity. The product of the same hydroperoxylation performed
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U. pertusa
R~ OO extract R~ COeH
OOH
Long-chain fatty acids (R)-2-Hydroperoxy acids
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Scheme 2.29 Enantioselective 2-hydroperoxylation of saturated and unsaturated
long-chain fatty acids with crude enzyme of U. pertusa.

with either brown or red algae on palmitic acid was also (R)-2-hydroperoxy acid in
>99% e.e. enantiopure.

Lipid peroxidation has long been thought as a deleterious process. However, lipid per-
oxidation is a normal physiological process for eicosanoid synthesis or cell maturation in
cell mediated reactions [123]. Furthermore, lipoxygenase-catalyzed lipid peroxidation
has been found highly enantioselective. For instance, the 2,2"-azobis(2-amidinopropane)
hydrochloride initiated peroxidation of linoleic acid in the presence of human serum
albumin has been proved to be regio- and stereoselective with a large amount of
13(S)-hydroperoxy-(9Z,11E)-octadecadienoic acid [127]. Soybean lipoxygenase, the
most studied of the lipoxygenase, has been used to catalyze the highly enantioselective
and regioselective insertion of oxygen into the ®-6 position of polyunsaturated fatty
acids to form diene hydroperoxides [128-132]. A regioselective and stereoselective syn-
thesis of 1-stearoyl-2-[13’-(S)-hydroperoxy-(9'Z,11'E)-octadecadienoyl]-sn-glycero-3-ph
osphoch-oline was also performed without contamination by any regio- and stereo-
chemical isomers by a combination of lipoxygenase-catalyzed peroxidation,
lipase-catalyzed stearoylation, and dicyclohexyl carbodiimide-mediated esterification
[133]. In this enzymatic peroxidation, linoleic acid is catalyzed by soybean lipoxy-
genase to give corresponding peroxide and is followed by treatment with diazomethane
to produce methyl ester in 36% overall yield (Scheme 2.30).

Lipoxygenase,

(@)
? CHN, N N

HOO /
>'cooH >'coome

Linoleic acid

Scheme 2.30 Peroxidation of linoleic acid with soybean lipoxygenase and subsequent
production of its methyl ester.
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Scheme 2.31 Mn-LO mediated peroxidation of linoleic acid.

Manganese lipoxygenase (Mn-LO) from the fungus Gdumannomyces graminis
has been reported for the peroxidation of linoleic acid to give a major product (13R)-
hydro-peroxy-(9Z,11E)-octadecadienoic acid (13R-HPOD) and a new minor prod-
uct (11S)-hydroperoxy-(9Z,12Z)-octadecadienoic acid(11S-HPOD) in a ratio of 1:5
(Scheme 2.31) [134]. An initial abstraction of the pro-S hydrogen from C-11 of lin-
oleic acid is proceeded by Mn-LO to produce a linoleoyl radical. This radical is
reversibly oxygenated at C-11 and further converted into (11S)-HPOD. Alternatively,
this radical is irreversibly oxygenated at C-13 position to form (13R)-HPOD. Similar
transformations with lipoxygenase enzymes have been described by other research
groups [129, 130]. An iron mini-lipoxygenase from Cyanobacterium Cyanthece sp.
(CspLOX2) was also reported by Feussner et al. to catalyze similar reactions [135].

Instead of the direct synthesis of enantiomerically pure hydroperoxides, enanti-
oselective kinetic resolution using enzymes for racemic hydroperoxides is another
effective method to reach the goal. The kinetic resolution of racemic hydroperox-
ides by horseradish peroxidase (HRP)-catalyzed reduction for aryl hydroperoxides
shows that both the catalytic efficiency and the stereoselectivity of HRP are highly
dependent on the structure of the hydroperoxides (Scheme 2.32) [124, 136]. Other

OOH OOH

gl e}
I

o
)

R1 R2 R1 R2 R1 R2
R! R2

Ph (>99%, S-e.e.) Me  (>99%, R-e.e.)

Ph (93%, S-e.e.) Et (95%, R- e.e.)

Ph (<5%, S-e.e.) n-Pr  (<5%, R-e.e.)

Ph (15%, R- e.e.) i-Pr  (14%, S-e.e.)

Ph (37%, R-e.e.) i-Bu  (48%, S-e.e.)

Et (97%, R-e.e.) COsMe (97%, S-e.e.)

i-Pr (79%, R- e.e.) CO,Me (64%, S-e.e.)

Scheme 2.32 Kinetic resolution of aryl hydroperoxides by HRP.
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OOH OOH OOH
1 :
Q)\ R Selenosubtilisin g N /©/'\R‘
H2 R2 H2
a.R'=Me, R2=H 52%, R-e.e. 60%, S-e.e.
b. R = Me, R2=Cl 48%, R-e.e. 56%, S-e.e.
c.R'= CH,OH, R?=H 98%, S-e.e. 98%, R-e.e.
d.R'=CH(CHg),, R2=H 40%, S-e.e. 42%, R-e.e.

Scheme 2.33 Enantioselectivities of the selenosubtilisin-catalyzed kinetic resolution
of hydroperoxides [137].

enzymes such as selenosubtilisin was also used for catalyzing the reduction of aryl
hydroperoxides with thios via the catalytic cycle of glutathione peroxidase [137].
This reaction has also been applied for the kinetic resolution of racemic aryl
hydroperoxides to form enantiopure hydroperoxides and alcohols [138, 139], and
their corresponding enantioselectivity of enantiopure hydroperoxides and alco-
hols are shown in Scheme 2.33 [137].

2.2 Reduction Reactions

2.2.1 Reduction of Aldehydes and Ketones

Chiral alcohols are important building blocks and among the most valuable key
intermediates for the production of pharmaceuticals and fine chemicals [140-143].
As an alternative to chemical processes, an efficient and powerful method to pre-
pare enantiopure alcohols is the use of NAD(P)H-dependent ADHs to perform the
asymmetric hydrogenation of prochiral ketones without protective groups that are
common in traditional organic synthesis [144, 145]. Although asymmetric reduc-
tion of ketones to optically pure alcohols has become quite mature in asymmetric
synthesis during the last decade, it is still the most interesting strategy in preparing
single enantiomers of alcohols by recent advancement in genetic engineering, cou-
pled enzyme reaction, reaction design, and the availability of a variety of ADH. At
least 150 different ADHSs are available from various commercial sources, which
allow the most suitable ADH to be selected for a specific substrate to access the
desired (S)- or (R)-enantiomer. The following are a concise introduction of the syn-
thetic strategies used for the preparation of optically pure alcohol recently.

Since serine-threonine kinase, a polo-like kinase 1 (PLK1), is a key regulator of
mitotic progression and cell division in eukaryotes and is highly expressed in tumor
cells, it is considered a potential target for cancer therapy. To synthesize the most
promising PLK1 inhibitor candidates, thiophene-benzimidazole and imidazopyri-
dine, for chemotherapy, enantioselective reduction of o-chloroacetophenone is
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Scheme 2.34 Asymmetric reduction of ketone precursor o-chloroacetophenone
with recombining microorganism toward chiral alcohol product.

preferred to produce the chiral key intermediate, (S)-1-(o-chlorophenyl)-ethanol, for
their synthesis (Scheme 2.34) by whole-cell catalyst of recombining E. coli and recom-
bining S. cerevisiae [146]. The recombinant xylose reductase was from Candida tenuis.
Aprepitant (Emend ), a trichiral compound, is a neurokinin-1 (NK-1) receptor
antagonist that has been approved by the United States and Europe to treat mod-
erately and highly emetogenic chemotherapy for the prevention of acute and
delayed chemotherapy-induced nausea and vomiting. According to its structure
(Figure 2.2), 3,5-bis(trifluoromethyl) acetophenone was used as the starting mate-
rial to synthesize asymmetrically the key intermediate, chiral (1R)-[3,5-
bis(trifluoromethyl)phenyl] ethanol, of aprepitant (Scheme 2.35) [147-149]. In
the synthesis, a novel bacterial strain Leifsonia xyli HS0904 was isolated from soil
that exhibits R-stereospecific carbonyl reductase. Under the optimal conditions,
the best yield of 62% and an enantiomeric excess of 99.4% for the product was
obtained with resting cells.
An intermediate of amphetamine and
amphetaminil, (S)-1-phenyl-2-propanol, has
been prepared from the simple ketone, ’(
1-phenyl-2-propanone, via bioreduction with
99% e.e. but low productivity through growing
cells of R. erythropolis. The substrate inhibi-
tion of the biotransformation with growing Figure 2.2 Structure of aprepitant.

il )
I
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. CFy
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CF3

[¢] OH
FsC FsC H
CHs | eifsonia xyli CHg
CFy CF3
3,5-bis(trifluoromethyl) (1R)-[3,5-bis(trifluoromethyl)phenyl]
acetophenone ethanol 62% yield, >99% ee

Scheme 2.35 The asymmetric synthesis of 3,5-bis(trifluoromethyl) acetophenone to
(1R)-[3,5-bis(trifluoromethyl)phenyl] ethanol.
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cells was solved by stepwise feeding, while product inhibition was solved by
repeated removal of product using methods such as centrifugation, absorption
with resin, and second phase. Higher productivity can be obtained for the reduc-
tion of 1-phenyl-2-propanone with resting cells through cofactor regeneration and
recycling by the addition of glucose and permeabilized cells of B. subtilis [150].

The family of imidazole derivatives, including miconazole, econazole, isocona-
zole, ketoconazole, sertaconazole, and sulconazole, is well known for antifungal
imidazolium compounds. Miconazole and econazole are usually employed in the
treatment of vaginal diseases and several fungal infections in the skin of both
human and animals by interfering with ergosterol biosynthesis of fungal organ-
isms. Since the therapeutic efficacies of their enantiomers were usually different,
the demand for synthesis of optically pure compounds rather than their racemates
is required. However, the synthesis of miconazole and econazole single enantiom-
ers with asymmetric chemical transformations [151-154] was rarely reported.
Recently, a simple and novel bioreduction of prochiral ketones using ADHs has
been applied for the synthesis of the precursors of miconazole and econazole sin-
gle enantiomers. Then the target fungicides miconazole and econazole were pro-
duced from corresponding enantiomeric pure precursors by a series of chemical
modifications. The best results were the synthesis of enantiopure precursor, (R)-2-
chloro-1-(2,4-dichlorophenyl)ethanol, from 2-chloro-1-(2,4-dichlorophenyl)etha-
none using screened ADHs under very mild conditions (Scheme 2.36) [155].

The use of S. cerevisiae (baker’s yeast) for the reduction of ketones or aldehydes
may result in mixtures of products due to the existence of a variety of reductases
possessing overlapping substrate specificity and mixed stereoselectivity [156].

X Alcohol X Scheme 2.36 Bioreduction of
dehydrogenase . a-haloketones in aqueous
o) HO medium using different alcohol
dehydrogenase followed by a
cl cl cl cl series of chemical modifications
X=Cl (R)-2-chloro-1-(2,4-dichlorophenyl) g optically pure miconazole or
Br ethanol >99% yield, >99% ee
l econazole.
A series of l
chemical 1
modifications l
N
)
R Nt
O
cl cl cl

R = ClI (R) or (S)-Miconazole
R =H (R) or (S)-Econazole
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Scheme 2.37 E. coli or S. cerevisiae catalyzed reduction of bicycle[2.2.2]octane-2,6-dione
to (-)-(1R,45,65)-6-hydroxy-bicyclo[2.2.2]octane-2-one and (+)-(15,4R,6S5)-6-hydroxy-
bicyclo[2.2.2]octane-2-one.

Therefore, S. cerevisiae and the gram-negative bacterium E. coli were overexpressed
with gene encoding the NADPH-dependent aldo-keto reductase YPR1 and com-
pared for producing optically active alcohols through whole-cell bioreduction. The
NADPH-dependent carbonyl reduction of bicycle[2.2.2]octane-2,6-dione to pro-
duce optically pure (—)-(1R,4S,6S)-6-hydroxy-bicyclo[2.2.2]octane-2-one was used
as a model reaction (Scheme 2.37). High purity of the (—)-keto alcohol (>99% e.e.,
97-98% de) was obtained for both engineered microorganisms. However, E. coli
had higher initial rate but S. cerevisiae continued the reaction longer to give a
higher substrate conversion (95%). S. cerevisiae also demonstrated higher viability
during reaction than E. coli [157].

The asymmetric reduction of B-ketoesters mediated by microorganisms has
become a standard method for the synthesis of chiral p-hydroxyesters [158, 159].
Recently, the immobilization of ADH from permeabilized brewer’s yeast on derived
attapulgite nanofibers through glutaraldehyde covalent binding for the bioreduc-
tion of ethyl 3-oxobutyrate (EOB) to ethyl (S)-3-hydroxybutyrate ((S)-EHB) was
investigated. The effect of immobilization on ADH activity for the bioreduction
shows that the immobilized ADH retained higher activity over wider ranges of pH
and temperature than those of the free enzyme. The optimum temperature and pH
of the immobilized ADH were 7.5 and 35 °C, respectively. Under the optimum con-
ditions, the immobilized enzyme retained 58% of the original activity after 32 hours
of incubation. The conversion of substrate (EOB) and the enantiomeric excess value
of (S)-product reached 88 and 99.2%, respectively, within two hours. The immobi-
lized ADH retained about 42% of the initial activity after eight cycles [160]. Also,
although the yields and the enantioselectivity are low to moderate, the enantioselec-
tive bioreduction of ethyl benzoylacetate and their p-nitro and p-methoxy substi-
tuted derivatives to form corresponding chiral ethyl 3-hydroxy-3-phenylpropionate
and substituted derivatives (Scheme 2.38) has long been of interest in pharmaceuti-
cal industry for synthesizing the key chiral building blocks of many compounds
such as fluoxetine [161], chloramphenicol [162], and diltiazem [163]. However, the
coupling of simple screening procedures and reaction engineering strategy can
increase the (S)-enantioselectivity to 99% e.e. and shows a significant improvement
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Scheme 2.38 Yeast mediated enantioselective reduction of ethyl benzoylacetate and
substituted derivatives.

in the yields to around 85%. In this way, yeasts Pichia kluyveri, Pichia stipites, and
Candida utilis were screened and better yields and e.e.s for ethyl benzoylacetate,
p-nitrobenzoylacetate, and p-methoxybenzoylacetate can be achieved by the addi-
tion of glucose, a-chloroacetophenone as inhibitor, and immobilization of the yeast
in alginate beads, respectively. These processes can also be implemented on a
preparative scale and still maintain the same yield and e.e. [164].

Although water is the first choice as solvent for biocatalysis, the low solubility
of organic compounds in water, difficult product separation, and potential side
reactions caused by other enzymes in the cell have led to alternative solvents
being sought. Since optically pure (S)-1-(4’-methoxyphenyl) ethanol ((S)-MOPE)
is a potential synthon for the preparation of cycloalkyl [b] indoles in clinical treat-
ment of general allergic response, whole microbial cells have been used to synthe-
size for enantiopure (S)-MOPE from 4’-methoxyacetophenone (MOAP) in
aqueous systems [165]. Recently, the bioreduction of MOAP to (S)-MOPE has
been successfully performed in a hydrophilic ionic liquid (IL) containing cosol-
vent system using immobilized Rhodotorula sp. AS2.2241 cells. The novel IL
1-(2’-hydroxy)ethyl-3-methylimidazolium nitrate (C,OHMIM*NO;) gave the best
results. Under the optimized conditions of pH 8.5, a temperature of 25 °C, and an
optimal C,0OHMIM*NO; content of 5.0% (v/v), 12mM, the initial reaction rate,
the maximum yield, and the product e.e. were 9.8 pmolh"1 (gcell)'l, 98.3%, and
>99%, respectively. Also, the cells exhibited excellent operational stability with
the cosolvent system. Moreover, the established system has been highly efficiently
applied for the reduction of many other aryl ketones [166]. Immobilization of
whole cell of Geotrichum candidum onto an ion exchange resin with polyal-
lylamine was used for the enantioselective bioreduction of various ketones, such
as acetophenone, ortho-fluoro and para-fluoro acetophenone, ortho-methyl,
2-phenylethyl methyl ketone, and phenyl trifluoromethane ketone, in aqueous
and supercritical CO, (scCO,) solvents. The immobilization of the cell improved
not only the enantioselectivity but also the stability and enabled a continuous-flow
reaction in aqueous solution. Recycling of the immobilized cell accompanying scCO,
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depressurization and continuous-flow reaction was also made when the reaction
was performed in scCO, [167]. Hydrophobic ketone such as phenyl n-propyl
ketone has been used as a model compound to survey ADH activity in S. cerevi-
siae. The enantioselectivity of yeast mediated reduction toward the product (R)-
(4)- or (S)-(—)-1-phenyl-1-butanol was found to depend on the hexane-to-water
volume percentage of biphasic cell culture and the cofactor zinc ion [167]. Without
Zn** ion the biphasic cultures of middle to high hexane-to-water volume percent-
age possessed (R)-enantiomeric excess (54% to >99%) and (S)-enantiomeric excess
(15-47%) for low hexane-to-water volume percentage. With Zn>* ion in the bipha-
sic cultures, the enantioselectivity was exclusively (S)-enantiomeric excess (28%
to >99%). The bioreduction mediated with the yeast C. utilis of aqueous cultures
showed an (S)-enantiomeric excess of 79-95% [144]. Glycerol is a nontoxic, biode-
gradable, and recyclable liquid and has a high boiling point and negligible vapor
pressure that make it an ideal green reaction medium for many catalytic and non-
catalytic organic syntheses. The high polarity of glycerol favorably facilitates the
simple baker’s yeast mediated reduction of benzaldehyde and ethyl acetoacetate
because glycerol can dissolve glucose and ethyl acetoacetate and suspend baker’s
yeast. The use of glycerol as reaction medium for baker’s yeast mediated reduction
produced a high product yield and >99% enantioselectivity with either free or
immobilized cells [168].

The ADH obtained from Thermus sp. ATN1 (TADH) is an NAD(H)-dependent
enzyme, which shows a very broad substrate spectrum including aldehydes, ali-
phatic ketones, cyclic ketones, and double-ring systems and produces exclusively
the (S)-enantiomer in high enantiomeric excess (>99%) for ketones. TADH can be
used in the presence of 10% (v/v) water-miscible solvents like 2-propanol or ace-
tone, which plays as sacrificial substrate in substrate-coupled cofactor regeneration
reactions. TADH retained 80% of its activity when water-insoluble solvent like hex-
ane or octane is used as cosolvent that forms an aqueous/organic biphasic reaction
medium to allow the reaction of low-water-soluble substrates [169].

Asymmetric reduction of ketones to pure alcohols has been applied for material
chemistry. For example, by carefully selecting the right ADH, the enantiomerically
pure(S)- and the (R)-monomers were biosynthesized from the p-vinylacetophenone.
Then, varied ratio of (S)- and (R)-monomers can be polymerized to prepare differ-
ent polymers via free-radical polymerization. The polymers formed from the (S)-
and (R)-monomer mixtures had a number-average molecular weight (Mn) of
5000-6000gmol " and a polydispersity of 1.7-2.1. The thermal properties of the
polymer material (T) can be further fine-tuned by enantioselective grafting of the
(R)-alcohol groups with vinylacetate by a lipase (Scheme 2.39). Therefore, a
decrease of T for the acetylation modified polymers was shown by the differential
scanning calorimetry (DSC) analysis [170].
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Scheme 2.39 Asymmetric reduction of ketones and polymerization of the optically pure
monomers for application in material chemistry.

2.2.2 Reduction of (=C Bonds

The asymmetric bioreduction of activated C=C bonds with the generation of up
to two stereogenic centers is one of the most widely employed synthetic strategies
for producing chiral molecules [171, 172]. Enoate reductases (ERs), NAD(P)
H-dependent flavin mononucleotide (FMN)-containing oxidoreductases from the
“Old Yellow Enzyme (OYE)” family (E.C. 1.6.99.1) [171, 173], are widely distrib-
uted in microorganisms such as bacteria [174], yeast [175], and filamentous
fungi [176] and in higher plants [177] and stereoselectively catalyze the reduction
of activated C=C bonds containing electron-withdrawing groups (EWG) such as
o,B-unsaturated ketones, aldehydes, nitroalkenes, carboxylic acids, and deriva-
tives (ester, anhydride, lactone, and cyclic imide), thus, affording the production
of fine chemicals, pharmaceuticals, and agrochemical intermediates. Note that
EWGs such as halogen, oxime, sulfoxide, or sulfone usually enhance the reaction
rates but are not sufficient to activate a C=C bond alone [178]. The overall stere-
oselective reduction of activated double bond catalyzed by the OYE family has
been investigated in great detail. The reaction proceeds in a two-stage bi-bi ping-
pong mechanism: the OYE flavin cofactor is first reduced at the expense of a nico-
tinamide cofactor NAD(P)H, which is followed by hydride transfer to the Cp of
the substrate (the reductive half reaction), whereas a tyrosine residue of the ER
adds another proton to Ca of the double bond from the opposite side (the oxida-
tive half reaction), with both reductive and oxidative substrates binding within
the active site. This mechanism results in a trans addition of [2H] to the double
bond of the substrate with absolute stereospecificity (Scheme 2.40).

In the past, the complexity of cofactor recycling has made the majority of the
asymmetric reduction of activated C=C performed using whole fermenting cells,
mostly baker’s yeast and anaerobic bacteria. For example, whole cell of baker’s
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Scheme 2.40 Asymmetric reduction of activated alkene substrates catalyzed by OYE
enzymes.

yeast (S. cerevisiae) has been broadly used for the stereospecific reduction of many
compounds containing activated carbon-carbon double bond such as monoterpe-
nes and sesquiterpenoids [179]. Since terpenes and terpenoids exhibit a wide vari-
ety of pleasant and floral scents, these properties make them extensively used in
the perfumery and food industries. Monoterpenes and sesquiterpenoids, the chief
components of the essential oils, not only act as precursors for new flavor deriva-
tives but also are important building blocks for the preparation of new biologically
active natural product drugs.

ERs used for asymmetric reduction of electronically activated C=C bonds, with a
few exceptions, almost exclusively are isolated from Saccharomyces spp. yeasts, par-
ticularly, from the domesticated species S. cerevisiae. However, baker’s yeast just
represents a small fraction within the vast yeast kingdom. Recently, Buzzini et al.
carried out a screening on 23 so-called nonconventional yeasts (NCYs) belonging
to 21 species of the genera Candida, Cryptococcus, Debaryomyces, Hanseniaspora,
Kazachstania, Kluyveromyces, Lindnera, Nakaseomyces, Vanderwaltozyma, and
Wickerhamomyces for the whole-cell bioreduction of a,f-unsaturated ketones and
aldehydes. Results show that extremely high yields (>90%) or even total bioconver-
sion yields for the asymmetric reduction of the conjugated C=C bond of ketoiso-
phorone (KIP) and 2-methyl-cyclopentanone (2-MCPO) were catalyzed by ERs in a
few NCYs. The catalytic efficiency of these NCYs declined for aldehydes [(S)-(—)-
perillaldehyde ((S)-PA) and a-methyl-cinnamaldehyde (MCA)]. The NCY whole
cells were in lyophilized form and glucose was used for NAD(P)H cofactor recycling
system [180].
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Although the use of whole fermenting cells for the asymmetric reduction of
activated alkenes can avoid the difficulty of cofactor recycling, the chemoselectiv-
ity for C=C was often low by the competing reduction of C=0 with the carbonyl
reductases in the cell. Therefore, purified ERs accompanied by the necessitating
regeneration system for the nicotinamide cofactor [NAD(P)H] were employed to
solve the problem of low chemoselectivity. The efficiency of the cofactor recycling
is thus an important factor to determine both the yield and selectivity of the asym-
metric bioreduction of activated C=C. A highly efficient, inexpensive, and robust
ADH-coupled NADH-recycling system has been developed recently based on the
concurrent oxidation of a sacrificial sec-alcohol 2-propanol to acetone by the
solvent-stable ADH Rhodococcus ruber thereby providing a hydride via NADH to
recycle the flavin cofactor of the ene-reduction catalyzed by ERs [181]. This highly
NADH-recycling system has been applied to a variety of activated alkenes: o-
methylmaleic acid dimethylester, 4-ketoisophorone, 2-methylcyclohexanone,
2-methylcyclopentenone, 2-methylpent-2-enal, and citral. For a-methylmaleic
acid dimethylester, the conversion is quantitatively (>99%) and highly stereose-
lectively reduced to (R)-dimethyl-a-methyl-succinate with an excellent e.e. (>99%)
by employing Zymomonas mobilis nicotinamide-dependent cyclohexenone reduc-
tase (NCR) reductase; the conversion is 90% and an e.e. > 99% is obtained by
employing B. subtilis YqjM (Scheme 2.41).

It was reported that indirectly regenerating YqjM or NemA (N-ethylmaleimide
reductase from E. coli) of reduced nicotinamide cofactors can be simplified by an
efficient and convenient direct regeneration of catalytically active reduced flavins
with the cell-free bioreductions of activated conjugated C=C double bonds. In this
process, reducing equivalents are provided via photocatalytic oxidation of a lot of
simple sacrificial electron donors such as phosphite, formate, ethylenediaminetet-
raacetate (EDTA) [182]. Even when using crude cell extracts, the chemoselectivity
of the photoenzymatic reduction was exclusive, only C=C double bond reduction
without altering the ketone or aldehyde groups was observed. Up to 65% rates of
the NADH-driven reaction can be got while still preserving enantioselectivity.

Due to the production of 1 : 1 product mixture and unfavorable equilibria, dispro-
portionation reactions generally are rarely used in organic synthesis. However, recent
study shows that the nicotinamide-independent disproportionation of enones can be

o] Zymomonas mobilis o Scheme 2.41 Asymmetric
NCR reductase or reduction of a-methylmaleic

o~ Bacillus subtilis YjM o~ S .
o acid dimethylester with
~ o< Z. mobilis or B. subtilis.
o} (o]
a—Methylmaleic acid R-Dimethyl-a—methyl-succinate

dimethylester
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used as a co-substrate for the asymmetric bioreduction of activated C=C bonds to
eliminate the need for an NADH-recycling system. In this simplified system, the acti-
vated C=C bonds were catalyzed by a single flavoprotein and a sacrificial 2-enone or
1,4-dione was used as hydrogen donor for a direct hydrogen transfer without the
requirement of nicotinamide cofactor. This strategy has been successively applied for
the reduction of C=C bond in citraconic acid dimethylester to produce (R)-dimethyl-
2-methylsuccinate with either 3-methylcyclohex-2-enone or cyclohexane-1,4-dione as
co-substrate (Scheme 2.42) [183]. Other substrates such as 4-ketoisophorone and
N-phenyl-2-methylmaleimide have also been successfully tested for the applicability
to produce (R)-levodion and (R)-N-phenyl-2-methylsuccinimide, respectively.

A novel ER isolated from the bacterium Z. mobilis termed NCR reductase and
OYEs 1-3 from yeast of Saccharomyces spp. were extended to use for the asym-
metric reduction of a variety of activated C=C substrates. The activating groups in
the investigated substrates include aldehyde, ketone, imide, nitro, carboxylic acid,
and ester moieties. To control the stereospecificity of the reaction, strategies such
as variation of the main substrate structure (cyclic vs. acylic), switching the (E/Z)
configuration of the alkene moiety, modifying the substitution pattern (mono- vs.
di-, a- vs. B-), or proper selection of the enzyme are utilized to allow the access to
the opposite enantiomeric products. Results showed that reaction rates and stere-
oselectivities can be varied by different substrate type. The “substrate-based ste-
reocontrol” is related with the ring size of cycloalkenones, position of substituents
on the C=C bond, and its E/Z configuration. The “enzyme-based stereocontrol”
was observed with nitroalkene in which the opposite enantiomeric products can
be obtained by both NCR reductase and OYEs 1-3 [184].

Baker’s yeast (BY) catalyzed enantioselective reduction of an EWG substituent
activated double bond such as a,f-unsaturated aldehydes and ketones are gener-
ally very efficient with high enantioselectivities and conversions. However, it is

\[002Me \[COQMe
Enoate reductase

CO,Me COo,Me

NAD(P)H-free
Citraconic acid dimethylester (R)-Dimethyl-2-methylsuccinate
H-D t
o o onor system OH OH
@\ i} ¢ @\or ©
o OH

3-Methylcyclohex-2-enone

3-Methylphenol

Cyclohexane-1,4-dione Hydroquinone

Scheme 2.42 Asymmetric bioreduction of citraconic acid dimethylester via a coupled-
substrate system.
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Scheme 2.43 BY fermentations and OYEs 1-3 mediated bioreductions of substrates 1-6.

necessary to explore the synthetic capability of the yeast-based ER for other acti-
vated substrates to make the enantioselective synthesis toolbox more fruitful and
advantageous for implementation in industrial manufacturing processes.
Therefore, the enantioselective reduction of the activated C=C substrates on some
(Z)-methyl a-halo-p-arylacrylates was investigated and performed by baker’s yeast
fermentation or OYEs 1-3 mediated biotransformations to prepare (S)-a-halo-p-
arylpropionic acid derivatives in high e.e. and with good yields. The fermentation
medium promotes ester hydrolysis, but the isolated enzymes preserve the ester
functionality (Scheme 2.43). Particularly, when aromatic ring was substituted by
an EWG, high e.e. and conversion values were observed [185].

The reduction of the double bond associated with a,p-unsaturated ketones and
catalyzed by microorganisms, animal, and plant cell cultures has long been studied
and known by synthetic organic chemists. However, a strain of filamentous fungus
identified as Aspergillus versicolor and named A. versicolor D-1 was isolated and used
for the reduction of the y,5-double bond of the conjugated lactone in securinine to
produce 14,15-dihydrosecurinine with high stereospecificity (Scheme 2.44) [186].
The NADPH-dependent securinine reductase found in A. versicolor D-1 is a cytosolic
enzyme and is highly inducible in growing/resting cultures for securinine reduction.
Moreover, it will not reduce the a,f-double bond in 14,15-dihydrosecurinine further.
It was also found that the reductase is thermally unstable.

o Scheme 2.44 The reduction
of y,5-double bond of the
conjugated lactone in
securinine.

QTR

Securinine 14,15-Dihydrosecurinine
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3

Organic Synthesis with Transferases

3.1 Transamination with Aminotransferases

The use of transaminases, or aminotransferases, as a catalyst for the organic syn-
thesis of chiral amino compounds from the corresponding keto acids, ketones, or
aldehydes has been known a very powerful method since last decade. Their
immense potential in the industrial applications can be due to not only their con-
cise reaction, excellent enantioselectivity and environmental friendliness but also
their easy combination with other existing enzymatic or chemical methods. The
catalytic process for the transfer of an amino group from the amino donor to the
amino group acceptor in general involves two steps: (i) the release of an amino
group from the amino donor (deamination) and (ii) the addition of the amino
group to the amino acceptor (amination). For this kind of transamination reac-
tion, a vitamin Be-based pyridoxal 5’-phosphate (PLP) is required as a cofactor for
transaminase to act as an intermediate amine acceptor and electron sink. Since
the cofactor releases the amino group and restores its initial state at the end of the
transamination, there is no need to carry out additional cofactor regeneration for
the enzyme [1, 2]. However, the use of transaminases in organic synthesis still
suffers from the problem of unfavorable reversible reaction equilibrium. This
problem is especially serious when an amino acid is used as amino donor in the
asymmetric synthesis of amines.

To shift the reaction equilibrium to the product side of the transamination reac-
tions catalyzed by transaminase, a conventional strategy that has been commonly
used is to provide an excessive amount of the amino donor. Scheme 3.1 illustrates
an example in which an excess amount of isopropyl amine was applied to push
the transamination of acetophenone to 1-phenylethylamine toward complete con-
version and an enantiomeric excess of >99% [3]. In addition to the method of

Enzyme-Based Organic Synthesis, First Edition. Cheanyeh Cheng.
© 2022 John Wiley & Sons, Inc. Published 2022 by John Wiley & Sons, Inc.
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o NH,  using excessive cosubstrate for shift-
Transaminase ing the equilibrium toward the prod-
N uct side, other methods such as
removal of product or coproduct by

NH, o) o .
)J\ vaporization, extraction, autodegrad-
ing smart coproducts, and biochemi-

Scheme 3.1 The transamination between cal cascade reactions were also

acetophenone and excessive isopropyl amine utilized in many cases [1].
with transaminase. Source: Truppo et al. [3]. Another smart synthesis strategy is
the combination of transaminase

with other biocatalysts to form enzymatic cascade reactions that have been used to
efficiently produce unnatural amino acids, optically pure amines, imines, second-
ary amines, and amides, or for the amination on the -OH or -CHj; functional
group, or for the amines with two stereocenters. The enzymatic cascade reactions
in organic synthesis give the advantages of shortening reaction routes, avoiding
unstable or toxic intermediate, increasing the atom efficiency, and reducing the
amount of wastes [1]. Most importantly, the enzymatic cascade reactions involving
transaminases show prominent potential for many industrial applications [2].

There have been many examples to demonstrate the use of ®-transaminase
(o-TA) for producing unnatural amino acids such as L-tert-leucine and
L-phosphinothricine [4]. One of the many examples employing coupled enzyme
reactions for synthesizing the unnatural amino acids was the production of the
unnatural L-homoalanine from L-threonine by combining a threonine deaminase
(TD) with the w-TA and using an one-pot reaction process (Scheme 3.2) that
resulted a 91% conversion [5]. The source of TD was from a cloned and overex-
pressed Escherichia coli and the (S)-specific ®-TA was from Paracoccus denitrifi-
cans. The formation of N-benzylacetamide from benzaldehyde through an
efficient one-pot biocatalytic amine transaminase/acyl transferase cascade using
methyl acetate as acyl donor is shown in Scheme 3.3 [6].

The conversion of the amide product in this enzymatic cascade reaction was up
to 97% with an acyl transferase (AcT) from Mycobacterium smegmatis and an
amine transaminase from Silicibacter pomeroyi.

OH O OH O o]
TD (S)- _o-TA
30)\HJ\OH = HSCMOH \ H o/\‘)k
NH,

NH,

L-Threonine 2- Oxobutync L-Homoalanine
e

Scheme 3.2 Enzyme cascade reactions for the conversion of L-threonine to L-homoalanine
using a one-pot reaction process. Source: Modified from Park et al. [5].
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Iz

AcT ©/\
Benzaldehyde /\ Benzylamlne N-Benzylacetamide
COOH Hac COOH

NH2 o

Scheme 3.3 The formation of N-benzylacetamide from benzaldehyde through an
efficient one-pot biocatalytic amine transaminase/acyl transferase cascade. Source:
Based on Land et al. [6].

Instead of compounds with one stereocenter, chiral amino alcohols with two
stereocenters can be synthesized by the enzymatic cascade reactions without
using protection step for the first stereocenter before the production of the second
stereocenter. Scheme 3.4 shows an example of the enzymatic cascade route toward
all four diastereomers of 4-amino-1-phenylpentane-2-ol started from a racemic
1,3-hydroxy ketone [7].

"n 1 _38,5

62
10 SN
(S)-selective y 9 7 OH NH,

8
(2R,4S)-4-amino-1-

phenylpentane-2-ol

OH (0] \
R)-selective TA

11654321 OH NH,

10w (S)-KRED + (2R 4R)-4-amino-1-
BuJELL amino-
9 7 OH O phenylpentane-2-ol

8

rac-4-hydroxy-5-phenylpentane-2-one
(6] (6]
l(R)-KRED ©/Y\:/
(S)-selective'V 7 OH NH,

(2S,4S)-4-amino-1-
phenylpentane-2-ol
OH O

(R)-selectlve%\
OH NH,

(2S,4R)-4-amino-1-
phenylpentane-2-ol

Scheme 3.4 The enzymatic cascade route toward all four diastereomers of 4-amino-1-
phenylpentane-2-ol from a compound with two stereocenters. Source: Modified from
Kohls et al. [7].
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The first synthesis step of these four 1,3-amino alcohol diastereomers was
through the kinetic resolution for a racemic 1,3-hydroxy ketone by applying using
an (S)-selective keto reductase (KRED) to regioselectively provide the optically
pure (R)-hydroxyl ketone (86% e.e.) and the corresponding diketone. Further
transamination of the (R)-hydroxyl ketone using either an (R)- or an (S)-selective
TA yields the (2R,4R)- and (2R,4S)-1,3-amino alcohol diastereomers.

The diketone was then used to prepare the remaining two diastereomers,
(25,4S)- and (2S,4R)-1,3- amino alcohol, by first converting the diketone to (S)-1,3-
hydroxy ketone and subsequently using either an (R)- or an (S)-selective TA to
stereoselective amination of the (S)-1,3-hydroxy ketone to (2S,4R)-1,3-amino alco-
hol and (2S,45)-1,3-amino alcohol, respectively.

The industrial applications of enzymatic cascade reactions can be demonstrated
by the in vitro biosynthesis of the nylon-6 monomer 6-aminohexanoic acid (hydro-
lyzed e-caprolactam) from cyclohexanol as illustrated by Scheme 3.5 [8]. In addi-
tion to transaminase, this enzymatic cascade route additionally involves a
Baeyer-Villiger monooxygenase (BVMO) and an esterase that all these biocatalysts
can function independently in a one-pot synthesis under mild conditions. Two
cofactor self-sufficient cascade modules are involved in this route. One is for the
production of e-caprolactone from cyclohexanol, the other is the subsequent pro-
duction of 6-aminohexanoic acid. This biosynthesis route thus shows advantages
over chemical approaches that require sophisticated transition-metal catalysts and
high temperature and pressure.

Generally, the asymmetric amination of prochiral ketones with an amine donor
employing o-transaminases (w-TAs) is performed in aqueous medium. Since most

Cycloheexanol 0
OH OH Esterase
NHo
H,O MeOH
6-aminohexanoic acid
NADP
AlaDH
O NHj
NADPH NAD NADH
0 Esterase oM
OH ADH
0, BVMO H,0

Scheme 3.5 The oxidation/transamination cascade reactions for the biosynthesis of
6-aminohexanoic acid from cyclohexanol. Source: Based on Sattler et al.[8].
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ketones are lipophilic with only moderately soluble in aqueous solution, the trans-
formations involving ®-TAs require the addition of an organic cosolvent, and
enzyme engineering might be necessary to let it stand the harsher reaction condi-
tions. In addition, the amination of prochiral ketones with w-TAs is commonly
employed at pH < 10; the product amines are generally protonated necessitating
the basification of the reaction mixture and the extraction with organic solvents.
As a result, it would be desirable to employ ®-TAs for the transamination exclu-
sively in organic solvents. Mutti et al. employed nine different lyophilized crude
cell-free extracts of (R)-selective and (S)-selective w-TAs for the asymmetric ami-
nation of ketones in organic solvents with 2-propylamine as amine donor. The
best enzyme activity for the transamination was found for methyl fert-butyl ether
(MTBE) at a water activity of 0.6 that allowed excellent stereoselectivity of opti-
cally pure amines (e.e. > 99%) and a conversion rate > 99% [9].

The use of organic solvent MTBE has also been applied for the production of
optically pure 1,2-amino-alcohols such as valinol from corresponding prochiral
hydroxyl ketone using o-TAs [9]. Chiral 1,2-amino-alcohols are common build-
ing blocks embedded in many synthetic and naturally occurring molecules hav-
ing biological activity, and valinol is a typical example of the versatile vicinal
amino alcohols. Thus, the reductive amination of isopropyl methyl alcohol
ketone can be performed in MTBE using 2-propyl amine as amino donor to
yield either (R)-valinol or (S)-valinol by the choice of (R)- and (S)-selective w-
TAs. The use of (R)-selective ®-TA purified from Bacillus megaterium afforded
the (R)-valinol with an ideal optical purity (>99% e.e.), although a low conver-
sion rate of 15%. The (S)-selective o-TA originating from Arthrobacter sp. can
produce the (S)-valinol with a much better conversion rate (95%) and a perfect
stereoselectivity (>99% e.e.) [10].

A pharmaceutical industrial application of the @-transaminase was the synthe-
sis of antidiabetic compound sitagliptin. The synthesis protocol was the use of a
stable (R)-selective amine transaminase and DMSO/water system to perform the
transamination between prositagliptin ketone and isopropyl amine that gives an
excellent stereoselectivity (99.95% e.e.) [11]. Later, the synthesis protocol was
modified by immobilizing the transaminase on polymer-based resins, and the
immobilized enzyme activity of the transamination was evaluated in neat organic
solvent isopropyl acetate that results 91% sitagliptin production yield and >99%
enantioselectivity (Scheme 3.6) [12].

The immobilized enzyme enables the use of flow reaction system to give high
throughput, clean production, high enzyme stability, and excellent mass recov-
ery. E. coli cells containing the overexpressed (R)-selective ®-TA from Arthrobacter
and the cofactor pyridoxal 5'-phosphate (PLP) were immobilized on methacrylate
polymeric resin beads that were used for continuous flow applications to produce
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F
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0] 0] Immobilized (R)-transaminase
in isopropyl acetate

o 7/
FsC F.C o
s Ketoamide )\ )J\ 8 Sitagliptin

Scheme 3.6 Synthesis of sitagliptin from prositagliptin ketone using immobilized
transaminase in organic solvent. Source: Truppo et al. [12].

chiral amines continuously by asymmetric transamination of ketones using a
packed-bed reactor in organic solvent methy tert-butyl ether (MTBE). The use of
organic solvent helps in the suppression of PLP leaching from the cells. Non-
natural a-alkoxy- and a-aryl acetones were transformed under flow conditions
using isopropyl amine as the amine donor with excellent enantioselectivity
(>99% e.e.) [13].

3.2 Glycosyl-transfer with glycosyltransferase

The glycosylation reactions play a central role in the synthesis of well-defined car-
bohydrates and glycoconjugates and in the understanding of their roles and struc-
ture—function relationships in a variety of biological areas such as infections, signal
transduction, cell-cell interactions, host-pathogen interactions, inflammation,
immune recognition, targeting proteins to their correct destination, tumor propa-
gation, and metastasis. The high information density coded in the sequence and
linkage of carbohydrates on the molecular scale has led to an increased interest in
the generation of new pharmacological agents as well [14]. Therefore, glycosyla-
tion is considered to be an important method for structural modification of com-
pounds with useful biological activities in the pharmaceutical industries. Lipophilic
compounds can be converted to hydrophilic ones through glycosylation to improve
their pharmacokinetic properties. Sometimes, the attachment of a sugar moiety to
a drug molecule can change its pharmacodynamics properties or obtain novel and
more effective drug delivery systems (prodrugs). The applications of enzymes in
sugar chemistry are indeed simple and the modification of carbohydrates by
enzymes is also one of the most intensely exploited areas of enzyme applications.
Especially, in the glycosylation of complex biologically active substances, enzy-
matic glycosylation methods are particular useful in comparison with chemical
methods where generally harsh conditions or use of toxic (heavy metals) catalysts
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are undesirable. The enzymatic glycosylation is sometimes also superior to the syn-
thetic chemistry for the synthesis of food additives [15].

The ubiquitous glycosyltransferases (GTs) are responsible for the synthesis of
the diverse and complex array of oligosaccharides and glycoconjugates found in
nature. The chemical diversity and complexity of glycoconjugates, reflecting the
various chemical moieties, epimer at each chiral center, anomeric configuration,
linkage position, and branching, require that the enzymes that catalyze their syn-
thesis, degradation, and modification need to be highly specific [16]. The synthe-
sis of most cell-surface glycoforms in mammalian systems is performed by
Leloir-type glycosyltransferases. They usually show environmental conditions
sensitive and often demand special buffers or detergents for solubilization [15,
17, 18]. A large number of eukaryotic Leloir glycosyltransferases have been
cloned to date [14, 19, 20] to give highly regio- and stereospecific with respect to
glycosidic linkage formation and provide products in high yield. In addition,
these enzymes exhibit substrate specificity that transfers a given carbohydrate
from the sugar nucleotide donor substrate to a specific hydroxyl group of the
acceptor sugar.

The worldwide example of glycosylation is the p(1—4)-galactosylation by p-1,4-
galactosyltransferase ($-1,4-GalT) as shown in Scheme 3.7 where the feedback
product inhibition by the nucleoside diphosphates (NDP) has been solved by
using phosphatase into the reaction to breakdown the NDP product [14, 15, 18].
The other problem associated with this glycosylation is the sugar nucleotide
expense that can be a burden for large-scale production.

However, this problem was also solved by the in situ UDP-Gal regeneration
from inexpensive starting sugar through multiple enzyme system (Scheme 3.8) [21].

OH OH_oH OH
HO Q_,OH &O 0 Q_,OH
HO HO HO
OH OH
OH_oH p1.4-GalT Phosphatase o
e} UDP Uridine + 2P;

HO
O-UDP

Scheme 3.7 Galactosyltransferase catalyzed glycosylation with UDP-2-d-Gal as donor.
Source: Based on Wohlgemuth [14]; Kfen and Thiem [15]; Koeller and Wong [18].
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Scheme 3.8 Method for avoiding product inhibition in GalT-catalyzed glycosylation by in
situ regenerating and recycling of sugar nucleotides. Source: Modified from Wong et al. [21].

Some natural products of nonsugar substances such as complex glycosides
of ergot alkaloids required for immunological studies can also be prepared by
glycosylation using GalTs. For example, bovine p-1,4-GalT was used for cata-
lyzing UDP-Gal and elymoclavine 17-O-p-D-glucopyranoside (R = OH) or ely-
moclavine 17-O-(2-acetamido-2-deoxy-p-D-glucopyranoside) (R = NHACc) to
produce the corresponding lactose and lactosamine derivatives
(Scheme 3.9) [15, 22, 23]. In this reaction scheme, UDP-Gal was generated in
situ from UDP-Glc by the use of UDP-Gal 4’-epimerase originated from yeast.
It is interesting to note that glucose in the form of UDP-Glc can be concomi-
tantly transferred to give in parallel p-1,4-D-glucopyranosyl elymoclavine 17-
O-(2-acetamido-2-deoxy-p-D-glucopyranoside) by f-1,4-GalT [15, 22].
Following this protocol, other natural glycosides such as the sweetener stevio-
side and its congener steviolbioside can be transformed with good degree of
conversion to their monogalactosyl derivatives with absolute regioselectivity
and site-selectivity [23].

There are a group of non-Leloir glycosyltransferases such as cyclodextrin
glucosyltransferase (CGTase). CGTases are cultivated and produced from
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Scheme 3.9 (-1,4-GalT catalyzed galactosylation of natural glycosides and concomitant
transfer of glucose. Source: Based on Kien and Thiem [15]; Kfen [22]; Riva [23].

microorganisms [15, 24]. They catalyze four different kinds of reactions: cycliza-
tion, disproportionation, coupling, and hydrolysis so that cyclodextrins (CDs) can
be formed from amylose or starch through the intramolecular circularization
reaction; a linear malto-oligosaccharide is cleaved and one part is transferred to
an acceptor sugar molecule in the disproportionation reaction; CD ring is opened
and the resulting linear malto-oligosaccharide is transferred to a sugar molecule;
and the glycosidic linkages in starch can be hydrolyzed to form oligosaccha-
rides [25]. Since CDs of CDg, CD;, and CDg (a-CD, B-CD, and y-CD) have been
extensively used in the food, cosmetic, and pharmaceutical industries, the synthe-
sis of CD by CGTases from starch is important. However, the formation of CD by
native CGTases has the major advantage of lacking product specificity that they
produce a mixture of CDg, CD5, CDg, and larger-ring CD (=CDy) and make the
separation difficult. To solve the product specificity problem, CGTases from
Paenibacillus sp. A11 and Bacillus macerans was crosslinked imprinted, thus
the size of the CD products formed was shifted toward CDg and >CDy, and the
overall CD yield was increased. The crosslinked imprinted cyclodextrin
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glycosyltransferases also showed better stability in organic solvents and can be
recycled several times [24].

Glycogen is a branched polysaccharide using glucose as monomer that contains
a series of a-1,4-glycosidic linkages with branch points about every 10-13 glucose
residues through the formation of a-1,6-glycosidic linkages. The synthesis of glyco-
gen is as of other biological polymers a two-step process: the initiation stage and
the elongation stage. The initiation stage of glycogen synthesis is catalyzed by gly-
cogenin in an autocatalytic manner. The elongation stage is catalyzed by glycogen
synthase in synergy with the branching enzyme. Glycogenin is a member of the
glycosyltransferase family 8 (GT-8) that is a metal (Mn*") dependent retaining
enzyme responsible for the synthesizing 6-10 a-1,4-linked glucose residues using
UDP-GIc as the substrate donor during glycogen synthesis [26, 27]. The two-step
reaction scheme is illustrated by Scheme 3.10 [27, 28]. In the first reaction step, the
role for the aspartate residue at position 159 (Asp-159) of glycogenin serves in
binding and activating the acceptor oligosaccharide chain that is covalently
attached to the tyrosine residue at position 194 (Tyr-194), and the aspartate
residue at position 162 (Asp-162) serves the role of chemical reaction of
glucosyltransferase [27-29].

Protein glycosylation is one of the most common posttranslational modifica-
tions of proteins in eukaryotes that affect a wide range of protein functions, from
folding and secretion to biomolecular recognition (targeting) and serum half-life
(stability), and many other intercellular communication processes [30, 31].

Asp-162

OH /g OH Asp-162
Asp-1
HO — Asp-159 HO o
OH \ O OH P o
I '? -0
UDP i
o Glycogenin HO O oH +UDP
H Y Mn2*
(0]
Ho O OH
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(¢] o
HO /
e} Oligosaccharide-Tyr-159
/
Oligosaccharide-Tyr-159 UDP-Glc

Glycogen +synthase

Branching enzyme
ubpP

Glycogen

Scheme 3.10 Two-step synthesis of glycogen with glycogenin functioning as an
autocatalytic initiator. Source: Based on Hurley et al. [27]; Smythe and Cohen [28].
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However, owing to glycoprotein microheterogeneity [32], the specific cova-
lently bound oligosaccharides to protein is difficult because protein glycosyla-
tion is not under direct genetic control. Therefore, glycoproteins are often
produced as a mixture of glycoforms to make the isolation of individual glyco-
forms difficult and drive the development of new synthetic methods for pro-
ducing well-defined oligosaccharides bound glycoproteins. The advancement
in the field has provided some strategies to resolve this problem by synthesizing
the glycoproteins in vitro that include the remodeling of recombinant glycopro-
teins with glycosidases and glycosyltransferases, the ligation of synthetic glyco-
peptides by enzymatic and chemical methods, the intein-mediated coupling of
glycopeptides to larger proteins expressed as intein-fusion protein, the ligation
of glycopeptides to larger proteins containing N-terminal cysteine expressed as
TEV protease cleavable fusion proteins, in vitro translation, and the pathway
reengineering in yeast systems to produce human-type N-linked glycoforms [18,
31, 33-35].

Besides in vitro synthesis of glycoproteins, in vivo synthesis method using
suppressor tRNA has been described for the recombinant production of neoglyco-
proteins and glycoproteins [35]. The strategy to produce unique glycoforms in
E. coli has been reported by evolving an orthogonal synthetase-tRNA pair that
genetically encodes a glycosylated amino acid in responds to the amber stop
codon (TAG). Further, a naturally occurring homogeneous glycoprotein can be
produced in E. coli via the direct incorporation of the core glycosyl amino acids
N-acetylglucosamine-p-serine and N-acetylgalactosamine-a-threonine [30, 31, 36,
37]. The sugar chains of these glycoproteins can be further elongated in vitro using
glycosyltransferase.

Glycolipids are responsible for the organism’s toxic and immunological proper-
ties. Like glycoproteins, glycolipids reside in cell membranes with their carbohy-
drate segments extending into the fluid surrounding the cells. In this location they
function as receptors that are essential for recognizing chemical messengers,
other cells, pathogens, and drugs [38]. The synthesis of glycolipid oligosaccha-
rides is performed in the Golgi apparatus by a complex membrane-bound glyco-
syltransferases together with sugar nucleotide transporters and ceramide-bound
accepter [39, 40]. The details are not discussed here for their fewer industrial
applications.

3.3 Phosphorylation with Kinases

The fundamental roles played by kinases in cells are in different signal transduc-
tion pathways and in many cellular processes such as cell metabolism, division,
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Scheme 3.11 The transfer of y-phosphoryl group from ATP to hydroxyl group containing
substrates by kinases. Source: Chapman and Wong [41].

differentiation, survival and apoptosis, as well as development and oncogenesis.
They effectively catalyzed the transfer of the y-phosphoryl group (PO5") of ATP to
a broad number of hydroxyl group containing substrates with the release of a
proton (Scheme 3.11) [41]. Nowadays, the structural study of many different
kinase classes indicates that all kinases present a similar nucleotide-binding
sequence [42].

Protein crystallography in the solid state and '’F NMR in solution have eluci-
dated the formation of a trigonal bipyramidal transition state with phosphorus
fully bonded to three equatorial oxygens and partially bonded to axial donor’s
oxygen and acceptor’s oxygen [43]. The hydrolysis of ATP to form ADP and P; is
highly exergonic that is used to drive the synthesis of information-rich macromol-
ecules, the transport of solute across membranes, and motion produced by muscle
contraction.

Although most of the studies concerning about the phosphoryl group transfer
using kinases are in vivo processes, there still some in vitro applications in organic
synthesis. For instance, pyridoxal-5'-phosphate (PLP), a cofactor for enzymes
catalyzing transaminations, decarboxylations, racemizations, and - and y-carbon
elimination/replacements, and are mostly associated with amino acid metabo-
lism, can be synthesized in vitro through the phosphorylation of toxic antimetabo-
lite L-4-hydroxythreonine (4HT) into 4-phosphohydroxy-L-threonine (4PHT) by
members of a novel kinase family DUF1537 (Scheme 3.12) [44].

Another example of the application of phosphorylation is about the bioinspired
peptides containing 3 ser-ser-asp repeat motif (R-SSD3) that was designed by
mimicking the highly phosphorylated protein, dentin phosphophoryn (DPP),
found in dentin and alveolar bone. Then, the R-SSD3 peptides are sequentially

OH © O OH
HO DUF1537 OP032— + R
o S~ 0O
*NHg  aATP ADP *NH,
4HT 4PHT

Scheme 3.12 Phosphorylation of 4HT to 4PHT by kinase DUF1537 for enzyme cofactor
PLP biosynthesis. Source: Modified from Thiaville et al. [44].



Scheme 3.13

http://chemistry-chemists.com

3.4 Acetyl Group Transfer with Acetyltransferase

$—8—-D—S8—S—D—-S—S—D—-D—E—-G

ATP
CK1 + CK2
ADP
$—S8—-D-S—S—D—-S—S—D—D—E—G + H*
|
o—
ATP OPOy
CK1 + CK2
ADP
(I)POSZ‘
§—S—-D—8—8—D—§—$—D—D—E—G + HY
o—
ATP OPO;
CK1 + CK2
ADP OP032_

$—8-D—$~S-D-§—S-D-D—E~G * H’
2- 2-
ATP OPOg~  OPO;

CK1 + CK2

ADP

Sequential phosphorylation of peptide R-SSD3 with casein kinases.

phosphorylated at multiple serine sites in (DSS)n sequence by casein kinases
(CK1 and CK2) as shown in Scheme 3.13. These phosphorylated peptides were
further used to induce biomimetic calcium phosphate mineralization of collagen
fibrils that successfully produce biomimetic composite nanofibrils with integrated
organic and inorganic phases [45].

3.4 Acetyl Group Transfer with Acetyltransferase

Acetyltransferases (ATs) catalyze the transfer of an acetyl group from acetyl coen-
zyme A (Acetyl-CoA) to a variety of small molecules including lipids, amino
acids, drugs, and sugars as well as large molecules such as proteins. The acetyl
group donor (acetyl-CoA) is generated in mitochondria from carbohydrate or
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amino acid catabolism by acetyl-CoA synthetase utilizing acetate, CoA, and
ATP [46, 47]. The small molecule melatonin synthesis using AT was a typical
example of application in organic synthesis concerning the acetyl group transfer.
Melatonin has been found in almost all organisms from photosynthetic bacteria to
human beings. Melatonin is a potent direct free radical scavenger and antioxidant
that strongly protects unicellular organisms, plants, and animals from oxidative
insults. Thus, it is important to human health, agriculture applications, and in
food and beverage industries [48]. Based on the classic melatonin synthetic path-
way in animals, serotonin is first acetylated to form N-acetylserotonin by aryla-
lkylamine N-acetyltransferase (AANAT) or arylamine N-acetyltransferase (SNAT)
and N-acetylserotonin is, subsequently, methylated to form melatonin by N-
acetylserotonin O-methyltransferase (ASMT) (Scheme 3.14) [48-50]. However,
evidences strongly support that the two steps illustrated by Scheme 3.14 could be
reversed and may be more important in certain organisms and under certain
conditions [48].

Physostigmine is a pyrroloindole alkaloid and is a parasympathomimetic drug
that reversibly inhibits acetylcholinesterase. Physostigmine has been used clini-
cally to treat a wide variety of disorders including Alzheimer’s disease, glaucoma,
delayed gastric emptying, and orthostatic hypertension. In addition, physostig-
mine can cross the blood-brain barrier, and this is used to counteract the effects

Qj/\/ AANT or SNAT Qj/\/

CoASH
(0]
Serotonin SCoA )]\ ASMT
SCoA
CoASCHO
H3;CO H
¢
\ CHj
N
H
Melatonin

Scheme 3.14 Synthetic pathway of melatonin from serotonin by two kinds of
acetyltransferases. Source: Based on Tan et al. [48]; Weissbach and Redfield [49]; Axelrod
and Weissbach [50].
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on the central nervous system of overdoses of atropine, scopolamine, and other
anticholinergic drugs [51-53]. Just like melatonin, physostigmine is derived from
tryptophan; however, the biosynthetic pathway for physostigmine involves more
steps that are characterized by unusual reaction cascade consisting of highly coor-
dinated methylation and acetylation/deacetylation reactions [51]. The N-
acetylation of serotonin to produce N-acetyl-5-hydroxytryptamine catalyzed by
N-acetyltransferase is the third reaction step of the reaction cascade that is the
same step as the first step in Scheme 3.14 for melatonin synthesis.

The GCN5-related N-acetyltransferase (GNAT) superfamily encompasses more
than 10 000 related enzymes in all kingdoms of life and human acetyl-CoA:
glucosamine-6-phosphate N-acetyltransferase 1 (GNA1) belongs to a member of
it [54, 55]. In the cytosol, GNA1 catalyzes the transfer of an acetyl group from the
acetyl coenzyme A donor substrate to the acceptor substrate glucosamine-6-
phosphate (GIcN6P) to form N-acetyl-glucosamine-6-phosphate (GIcNAc6P) that
is used as an intermediate in the biosynthesis of UDP-GIcNAc. Since N-butyryl
glucosamine (GIcNBu), an analog of GIcNAc, has been shown the healing proper-
ties of bone and articular cartilage in animal’s arthritis, enzymatic synthesis of
GIcNBu is important for biomedical applications [56-58]. Research results have
shown that both acetyl and n-butyl groups were transferred to GIcN6P by GNA1
to form corresponding GIcNAc6P and GIcNBu6P, respectively [54]. Therefore,
GIcNBu6P can be easily and subsequently converted to GlcNBu by alkaline
phosphatase.

Instead of small molecules acetylation, reversible protein acetylation by corre-
sponding acetyltransferase is a ubiquitous means for the rapid control of diverse
cellular processes [59, 60]. The acetyl group on acetyl-CoA is transferred to the
e-amino group of lysine residues of the acceptor protein by acetyltransferase. This
is just the case for the acetylation of histones by histone acetyltransferases (HATS)
that has an important role in transcriptional regulation by remodeling chromatin
structure. The acetylation of histones may result in altering interactions between
protein—protein and protein-DNA complexes due to the neutralization of positive
charged lysine in the amino termini of histone proteins [61, 62]. In higher organ-
isms, aberrant acetylation of lysine residues in histone tails correlates with dis-
eases such as cancers and developmental disorders and may contribute to
modulation of cell life span [63, 64]. In mammalian mitochondrial matrix, endo-
plasmic reticulum lumen, and peroxisomes, carnitine acetyltransferase (CrAT)
catalyzes the reversible transfer of acetyl groups between acetyl-CoA and
L-carnitine (p-hydroxy-y-trimethylammonium butyrate). The main function of
carnitine is the transfer of long-chain fatty acids to mitochondria for subsequent
B-oxidation. CrAT is homologous to other carnitine acyltransferases, particularly,
to carnitine palmitoyltransferase 1 (CPT I) that serves the regulation of long-chain
fatty acid metabolism. Therefore, the reversibly catalyzed reaction between
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OAc OH
AcO (@) (6] HO (@) (6]
+ Nos CRTase + NOS— OAc
= =
CH, CH,
DAMC DHMC

Scheme 3.15 Protein acetylation with CRTase and DAMC without involving acetyl-
CoA. Source: Arora et al. [71].

acetyl-CoA and carnitine by CrAT makes CrAT a regulator for the cellular pool of
CoA that, in turn, plays a role as a carrier of activated acetyl groups in the oxida-
tion of energy metabolism substrates and in the synthesis of fatty acids and lipids.
It is also known that the accumulation of fatty acyl-CoAs in heart may induce
apoptosis and inflammation and acetyl-carnitine improves cognition in the
brain [65-67].

The model acetoxy-coumarins (AC), 7,8-diacetoxy-4-methylcoumarin (DAMC),
was shown to possess radical scavenger property by interacting with free radical to
remove its acetyl group and give the acetyl cation (CH3CO™) and the phenoxyl
radical [68]. The antioxidant action of DAMC is independent on the formation of
parent 7,8-dihydroxy-4-methylcoumarin (DHMC). Calreticulin (CR) catalyzes the
transfer of acetyl groups from AC to certain proteins [69, 70]; thus, CR was termed
calreticulin transacetylase (CRTase). The enzymatic acetylation of protein by
CRTase is unique and characterized as without involving acetyl-CoA. CRTase of
rat tracheal smooth muscle cells (TSMC) was characterized the specificity of
DAMC for acetylating and activating nitric oxide synthase (NOS) as illustrated by
Scheme 3.15 [71]. Since the activated TSMC NOS will enhance NO in airway cells,
and NO is believed to ameliorate the exacerbation of airway diseases such as
asthma and coronary obstructive pulmonary diseases (COPD), AC may be
expected to find therapeutic applications in respiratory diseases [71, 72].
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Organic Synthesis with Hydrolases

4.1 Hydrolysis of Ester Bond

4.1.1 Ester Hydrolysis with Esterases

Esterases (E.C. 3.1.1.1, carboxyl ester hydrolases) are one of the large versatile enzyme
groups of hydrolases. They are interested in synthetic chemistry for their ability to
catalyze the cleavage and formation of ester bonds. They have been described widely
existing in animals, plants, and microorganisms as intra- or extracellular proteins.
They have shown many advantages in organic synthesis such as a wide substrate
tolerance, high regio- and stereospecificity, not requiring cofactors, and exceptionally
robust catalysts of being able to act in the presence of organic solvents. Due to these
reasons they have been included in the catalysts with the highest number of indus-
trial applications and used for the production of optically pure fine chemicals in the
areas of food and drinks, textile and leather, paper, and pharmaceuticals [1-3]. The
three-dimensional structure of esterases belongs to the a/p-hydrolase superfamily,
that is, a definite order of a-helices and p-sheets, and has a conserved catalytic triad
composed of Ser-Asp-His and located in a highly conserved GXSXG sequence. The
mechanism for ester hydrolysis or formation is composed of four steps: (i) the sub-
strate is bound to Ser residue yielding a tetrahedral intermediate and stabilized by His
and Asp residues, (ii) the alcohol is released and an acyl-complex is formed, (iii) the
nucleophilic attack of the acyl-complex by either water in hydrolysis or alcohol or
ester in (trans-)esterification forms again a tetrahedral intermediate, and (iv) the res-
olution of the intermediate yields the product (an acid or an ester) and free enzyme
[2, 3]. The esterases catalyzed hydrolysis is classified in nonselective and selective
transformations and is described separately as the following examples.

Wild-type thermophilic bacterium Bacillus licheniformis S-86 isolated from soil
samples was used to produce organic-solvent-tolerant esterase and two different
molecular weight esterases were found to possess ester hydrolysis activity. The

Enzyme-Based Organic Synthesis, First Edition. Cheanyeh Cheng.
© 2022 John Wiley & Sons, Inc. Published 2022 by John Wiley & Sons, Inc.
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substrate used for testing the esterase activity was p-nitrophenyl (pNP) acetate and
the type of solvent was hydroxylic organic-solvents including propan-2-ol,
butan-1-ol, and 3-methylbutan-1-ol. It was also observed that Type I esterase was
inhibited by phenylmethylsulfonyl fluoride (PMSF) but no PMSF inhibitory effect
was shown for Type II esterase [4]. Later, a novel solvent-activated esterase was
isolated from a strain of bacterium, Lysinibacillus sphaericus, from soil. The solvent-
activated esterase only hydrolyzes short chain 4-nitrophenyl (pNP) esters such as
PNP acetate, pNP butyrate, pNP valerate, and pNP caproate in water-miscible
organic solvents such as methanol, ethanol, and acetonitrile. The enzyme activity
was the highest for pNP valerate which was enhanced by metal ions of Ca** and
Mg** and inhibited by ethylenediaminetetraacetic acid (EDTA) and PMSF [5]. The
hydrolysis of ethyl esters of phenylacetic and 2-phenylpropionic acids in phos-
phate buffer was performed separately by esterase from either lyophilized mycelia
of Aspergillus oryzae or Rhizopus oryzae. The lyophilized mycelium of A. oryzae
was more quicker and efficient catalyst than R. oryzae but both mycelia did not
show valuable enantioselectivity for racemic ethyl 2-phenylpropionate. In addi-
tion, either biocatalyst showed a higher molecular conversion and starting rate for
ethyl phenylacetate of hydrolysis than that with ethyl 2-phenylpropionate [6].

Esterase activity was found from heterotrophic bacteria isolated from neutral
copper mine drainages. The esterase activity of the isolated bacteria was investi-
gated by fluorescence-based high-throughput screening (HTS) assay using fluoro-
genic probes as indicated in Scheme 4.1. The enzymatic hydrolyzed fluorogenic
products were monitored with fluorescence intensity at wavelength 460 nm (exci-
tation wavelength at 390 nm) [7].

Pig liver esterase (PLE) is a serine-type esterase with wide substrate tolerant,
thus has wide industrial applications. The kinetic parameters of PLE-catalyzed
hydrolysis have been determined by fluorescence resonance energy transfer
(FRET) based fluorescence probes. Two fluorescent probes, 1-naphthylacetic
acid(N-metyl-N-dansyl-2amino)ethyl ester and 1-naphthylacetic acid(2-dansyloxy)
ethyl ester, were designed and synthesized, respectively, and were used for the
determination of PLE activity. 1-Naphthylacetic moiety of the fluorescent probes
was selected as the fluorescence donor and the dansyl group was selected as the

(6]
RJ\O m Esterase OH /@\/1
R\H/O\)\/\o 0 X0 H,O HO\)\/\O 0 X0
(6]

R = CHg, C5Hs, C/H s

Scheme 4.1 Esterase activity with heterotrophic bacteria isolated from neutral copper
mine drainages.
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Scheme 4.2 FRET-based PLE catalyzed ester hydrolysis. Source: Yi et al. [8].

acceptor. The PLE-catalyzed hydrolysis of the two fluorescent probes is shown in
Scheme 4.2 [8]. The real-time determination of PLE activity for ester hydrolysis is
successful with the FRET assay and the two specifically designed fluorescent probes.

The enantioselective esterase-catalyzed hydrolysis has long been applied for the
preparation or isolation of chiral starting materials such as alcohols, acids, and
esters for the synthesis of useful pharmaceuticals and agrochemicals [9].
Continuous studies of the esterases activity for the enantioselective hydrolysis
have been reported; for instance, an extracellular esterase produced by Bacillus
sphaericus preferentially hydrolyzed the R-ester of ethyl 2-hydroxyalkanoates.
The enantioselectivity was high larger than 100% e.e. for ethyl 2-hydroxyhexanoate
and ethyl 2-hydroxypentanoate, and moderate for ethyl mandelate [10].

In order to develop new materials for photopolymerization systems or dental
applications, a cyclopropanation reaction of allyl methacrylate with ethyl diazoace-
tate has been carried out to lead to the formation of a mixture of cis/trans isomers of
2-(2-methyl-acryloyloxymethyl)-cyclopropanecarboxylic ethyl ester in molar ratio
2:1. This cyclopropane-containing monomer was easily polymerized by free-radical
initiators without worrying about ring-opening at relative high temperature. The
method for the separation of cis/trans-ester isomers was the stereospecific hydrolysis
of cis-ester with PLE (Scheme 4.3) that gives an optically active hydrolysis product

o
o} H H S
Y( 0
O
H ; O H S
. PLE Y( H OH 4 CH,CHOM,
H,O O
0 H z H
H H H
O
o}
H O>
Scheme 4.3 cis-2-(2-Methyl-acryloyloxy-methyl)-cyclopropanecarboxylic acid ethyl
ester stereoselectivity hydrolyzed by PLE. Source: Modified from Vretik and Ritter [11].
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2-(2-methyl-acryloyloxy-methyl)-cyclopropanecarboxylic acid [11]. The PLE activity
toward cis/trans isomers was also demonstrated by the stereospecific hydrolysis of
trans chrysanthemic acid esters. Chrysanthemic acid esters are the essential building
blocks for natural insecticide pyrethrin I synthesis. Since pyrethrin I is the ester of
(+)-trans-chrysanthemic acid and a 4-hydroxy cyclopentenone derivative, two model
ester substrates have been employed for PLE hydrolysis to obtain the corresponding

trans-acid and 4-hydroxy cyclopentenone moiety (Scheme 4.4).

The hydrolysis of cis/trans isomer mixture of rac-cyclopentyl chrysanthemate
shows highly diastereoselectivity (99% d.e.) to the product of (&)-trans-
chrysanthemic acid with conversions from 62 to 71% but does not show any

enantioselectivity.

For the cyclopentenone ester, the diastereoselectivity decreases from 99% d.e. to
80% d.e. at higher conversions; at lower conversions, PLE showed some enantiose-
lectivity (19% e.e. for acid and 58% e.e. for alcohol) which indicates the effect of the

alcohol structure of the chrysanthemic acid ester on the enantioselectivity [12].
(a)

B ", 11/o\E>

(x)-trans- cyclopentyl chrysanthemate HO

PLE uyy ]/
— +
Phosphate \O
buffer
(x)-trans-chrysanthemic
\O acid

)-cis-cyclopentyl chrysanthemate

/"y 0
HO
( ",

4,
)-trans-cyclopentenone &)
chrysanthemate PLE — K ]/
+ Phosphate
buffer

(%)-trans-chrysanthemic o

o acid

(e}

(+)-cis-cyclopentenone 0
chrysanthemate

Scheme 4.4 PLE catalyzed hydrolysis of chrysanthemic acid esters: (a) cis/trans isomer
mixture of rac-cyclopentyl chrysanthemate, (b) cis/trans isomer mixture of rac-
cyclopentenone chrysanthemate.
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Enantiopure tertiary alcohols (TAs) are versatile building blocks in organic
synthesis for the preparation of high value pharmaceuticals [13]. The produc-
tion of enantiopure TAs by enzymatic hydrolysis is highly interest by synthetic
chemists for its mild reaction conditions and environmentally friendly. Esterase
activity has been found for several bacterial strains for the enantioselective
hydrolysis of bulky aliphatic, keto-derived, and pyridine substituted tertiary
alcohol esters. In the hydrolysis of para-substituted pyridine tertiary alcohol
ester using a strain of Rhodococcus ruber, the enantioselectivity can be up to 71%
e.e. While in the hydrolysis of meta-substituted pyridine tertiary alcohol ester
using strains of Microbacterium and Alcaligenes sp., an opposite enantioselectiv-
ity was found with 17% e.e. and 54% e.e., respectively [14]. Since the direct
organic synthesis of chiral TAs remains difficult and is still a great challenge in
most cases for fine chemicals, kinetic resolution with the enantioselective ester-
ases catalyzed hydrolysis of ester racemates can be an alternative method to
obtain enantiopure TAs. Esterase EstBP7 obtained from Bacillus sp. BP-7 bear-
ing rare GGG(A)X oxyanion hole motif that efficiently hydrolyzed esters of
short-chain fatty acid esters such as pNP-butyrate and pNP-acetate was employed
for the kinetic resolution of a wide range of TAs. The results showed that one of
the mutants (EstBP7-AGA; Mut 5) produces excellent kinetic resolution toward
a complex TA acetate (2-(4-pyridyl)3yn-2-yl acetate) at low reaction temperature
(4 °C) (Scheme 4.5) [15].

The kinetic resolution of racemic 1,2-O-isopropylideneglycerol (IPG) esters
for producing enantiopure IPG by esterase catalyzed enantioselective hydrolysis
was another application example of the kinetic resolution. It has been found
that (S)-IPG is an important chiral building block for the synthesis of p-blockers,
prostaglandins, and leukotrienes [16]; therefore, esterase YbfF purified from
Escherichia coli was used for the hydrolysis of IPG butyrate and IPG caprylate.
There is high enantioselectivity for YbfF toward the R-enantiomer of IPG
butyrate and IPG caprylate that produces (S)-IPG product with 72 to 94% e.e.
(Scheme 4.6) [17]. In the kinetic resolution experiments for IPG caprylate, the
enantioselectivity of YbfF could be significantly enhanced by the DMF or DMSO

OAc OAc OH
Q EstBP-AGA "'//§ + o - N
Y DMSO/Tris-HCI Y N\ /
\ )

Scheme 4.5 Kinetic resolution of racemic ester for producing chiral TA with esterase.
Source: Based on Fillat et al. [15].
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R: C3H; or C;Hqg

Scheme 4.6 Esterase-catalyzed kinetic resolution of racemic IPG esters. Source: Godinho
etal.[17].

as co-solvent. Esterase YbfF also shows high enantioselectivity toward
1-phenylethyl acetate that produces (R)-1-phenylethanol with enantiomeric
excess larger than 99%.

In addition to the use of free esterase for the enantioselective hydrolysis of
esters, immobilized esterase has been applied for the enantioselective hydrolysis
of esters so that esterase can be recovered and reused again and again. In one case,
PLE was covalently bonded on silica through p-phenylenediamine derivatization
and diazonium salt functionalization. The immobilized PLE was then employed
to enantioselectively hydrolyze dimethyl 2-methyl-2-phenylmalonate to yield
methyl hydrogen (+)-(R)-2-methyl-2-phenylmalonate with slightly higher enan-
tiomeric excess (82-86% e.e.) than free PLE (Scheme 4.7). The immobilized PLE
can be recovered by simple filtration and reused again without significant loss of
enantioselectivity and enzyme activity. This study also demonstrated that the
esterase-catalyzed hydrolysis can be used for the preparation of enantiopure
acids [18]. In another case, a bacterial esterase called Esterase 30000 was immobi-
lized in a liquid stationary phase and filled in a column while the substrate 2-cyano
cyclopropyl-1,1-dicarboxylic acid dimethyl ester was pumped through the column
with an apolar mobile phase 1,1,1-trichloroethane to perform the enzymatic reso-
lution. This kind of countercurrent chromatography showed a trans hydrolytic
selectivity as shown in Scheme 4.8 [19].

O OH

HC_O Y “CH,

3L — H;C-0O

>_ —CH,4 Immobilized PLE >—C 11 CHj

o o + CH3;0H

Scheme 4.7 Enantioselective hydrolysis of dimethyl 2-methyl-2-phenylmalonate using
immobilized PLE.
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NC COOCH3 Esterase NC \\CHQOOCHS COOCH3

COOCH, ———— "v“%COOH * NC rv'/\COOCH3

Scheme 4.8 Esterase-catalyzed enantioselective hydrolysis of 2-cyano cyclopropyl-1,1-
dicarboxylic acid dimethyl ester. Source: Modified from Bousquet et al. [19].

4.1.2 Ester Hydrolysis with Lipases

Lipases (E.C. 3.1.1.3), also known as triacylglycerol lipases, are distinguished from
esterases by being able to catalyze the hydrolysis of acylglycerols with long acyl
chains (>10 carbon atoms) [20]. Esterases and lipases constitute the two major
classes of hydrolases [21, 22] and just like esterases, lipases are a kind of serine
hydrolases [3, 23]. The sources of lipases are broad including animals, plants, and
natural or recombinant microorganisms which lead to many applications in the
pharmaceutical and food industries [24]. Among these categories microbial lipases
are more stable and more conveniently produced than their corresponding plant
and animal enzymes; thus, they are particularly attractive for industrial applications
such as the food industry, the paper, textile and leather industries, additives in deter-
gents, synthesis in biopolymers, biodiesel production, synthesis of optically pure
compounds and fine chemicals (antibiotics, anti-inflammatory drugs), cosmetic,
agrochemical industries, and water treatment [25, 26]. In general, lipases are highly
stable enzymes with essential roles in the digestion, transport, and processing of
dietary lipids, that is, triglycerides, fats, and oils, by the hydrolysis/synthesis of car-
boxyl ester bonds of long-chain triacylglycerols [24, 27]. However, lipases-catalyzed
hydrolysis of triglycerides to produce glycerol, free fatty acids, diglycerides, and/or
mono glycerides under aqueous conditions (Scheme 4.9) that make them as an eco-
friendly biocatalyst for the synthesis of pharmaceutical active intermediates and
chemicals is the main theme in this section [28]. For the long-chain triacylglycerols
hydrolysis, there are lipases unable to hydrolyze ester bonds at the secondary posi-
tions as the group of lipases hydrolyzes both primary and secondary ester.

There is still a group of lipases which shows fatty acid selectivity by cleaving
ester bonds of particular types of fatty acids [25].

One of the most common excipients for oral lipid-based formulations is triglyc-
erides (TG). In the lipolysis of triglycerides using porcine pancreatic lipase to

CH,OCOR, CH,OH R;COOH
Lipase

| |
CHOCOR, + 3H,0 CHOH + R,COOH

| |
CH,OCOR; CH,H RyCOOH

Scheme 4.9 Lipases-catalyzed hydrolysis of triacylglycerols. Source: Based on
Sharma et al. [28].
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understand the oral bioavailability of the co-administered drug, the chain length
of fatty acids (FAs) in TG affects the activity of pancreatic lipase. The in vitro lipol-
ysis study of TG with porcine pancreatic lipase under bio-relevant conditions at
pH 6.80 showed that a specific chain length range (C2-C8) of the FAs in TG gives
higher activity for porcine pancreatic lipase. It is proposed that the chain-length
specificity should be due to the combination of physicochemical properties of
TGs, 2-monoglycerides, and FAs, viz. the droplet size of the TGs, the solubility of
2-MGs within mixed micelles, and the relative stability of the FAs as leaving
groups in the hydrolysis reaction [29].

Since substrates of the lipase are often insoluble or partially soluble in water,
utilizing organic solvents or organic-aqueous solutions will be in favor of some
hydrolysis reactions. There are advantages of using organic solvents in enzymatic
reactions, mainly the increasing of substrates solubility, the ease of product
recovery in organic phase, the reducing of substrate and/or product inhibition in
organic solvent-water systems, and the shifting of reaction equilibrium toward
the product by continuously removing the product in organic solvent-water sys-
tems. However, the use of organic solvents may make most microorganisms lose
their activity or cease growing and denature and inactivate the enzymes.
Therefore, the search of organic solvent tolerant microorganisms for producing
organic solvent-stable lipase for TGs hydrolysis is important. Lipases hydrolyze
ester bonds of TGs to glycerol and FAs at the oil-water interface and do not
hydrolyze dissolved substrates in the bulk fluid [30]. Lipase produced from bac-
terium B. sphaericus 205y which was isolated from a total of 131 organic solvent
tolerant strains originating from soil samples yielded the highest lipase activity of
0.42 U mL™ min! in the hydrolysis of triolein with up to 75% (v/v) concentration
of either n-hexane, toluene, ethyl benzene, or p-xylene organic solvent-water two
phase systems. This lipase was also stable and can be activated by n-hexane and
p-xylene [31].

Enantioselectivity of lipases used for producing optically pure enantiomers has
been applied industrially for solving difficulties in organic synthesis methods [32].
Thus, lipase-catalyzed kinetic resolution for various racemates with lipases has
been considered as a green method for separating and producing enantiomers
using mild conditions [33, 34]. The asymmetric hydrolysis of (+)-1,2-diacetoxy-3-
chloropropane (DACP), (z)-1,2-diacetoxy-3-bromoprpane (DABP), and
(2)-1,2-diacetoxyethylbenzene (DAEB) was investigated by lipase in order to
obtain their corresponding optically active esters or alcohols. The hydrolysis of
(#)-1,2-diacetoxy-3-chloropropane with the lipoprotein lipase Amano 40 in
sodium phosphate buffer gave (S)-1,2-diacetoxy-3-chloroprpane of 90% e.e. and
20% yield (Scheme 4.10). Then, the (S)-1,2-diacetoxy-3-chloroprpane enantiomer
was chemically modified to form one of the f-adrenergic blocking agents, the (S)-
isomer of propranolol [(S)-1-isoprpylamino-3-(1-naphthoxy)-2-propanol] [35].
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CH,OAc y CH,OAc CH,OX
| ipase |
CHOAc ————> H-C—-OAc *+ YO—C-—H
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CH,CI CH,CI CH,CI
(+)-DACP (S)-DACP (R):X=H,Y=Ac
X=Ac,Y=H

Scheme 4.10 Enantioselective hydrolysis of (¥)-1,2-diacetoxy-3-chloropropane by lipase.

Chiral alcohols, including secondary and primary alcohols, are common chiral
building blocks or chiral sources in synthetic chemistry. Optically pure secondary
and primary alcohols play important roles in manufacturing drugs, cosmetic, and
food. Therefore, chiral-recognition of alcohols by lipases through kinetic resolu-
tion has become a useful strategy recently in the preparation of chiral alco-
hols [25]. The kinetic resolution of racemic secondary alcohols via enantioselective
acylation of lipases is efficient and widely used in organic synthesis. However, the
lipase-catalyzed kinetic resolution through acylation or hydrolysis is more diffi-
cult for primary alcohols due to the lower enantioselectivity of lipases toward chi-
ral primary alcohols or very limited for tertiary alcohols by the availability of
commercial lipases for accepting tertiary alcohols [25, 36]. Researchers have
found that lipase produced from Burkholderia cepacia (BCL) shows high enanti-
oselectivity toward chiral primary alcohols, but this enantioselectivity is often
unpredictable, especially for substrates containing an oxygen at the stereocenter.
For instances, BCL resolves B-substituted-y-acetyloxymethyl-y-butyolactones
(acetates of a primary alcohol) by hydrolysis of the acetate, but the enantioselec-
tivity varies with the nature and orientation of the p-alkyl substituent
(Scheme 4.11). BCL favors the (R)-primary alcohol when the p-alkyl substituent is
hydrogen (E = 30) or trans methyl (E = 38), but the (S)-primary alcohol when it is
cis methyl (E = 145) [37]. Citalopram, a highly selective inhibitor of antidepres-
sant serotonin (5-HT) reuptake, resides its inhibitory activity in its S-enantiomer
which is synthesized through a tertiary alcohol 3-[(acetoxy)methyl]-4-[4-
(dimethylamino)-1-(4-fluorophenyl)-1-hydroxybutyl]-benzo nitrile (diol monoac-
etate) by Novozym 435 (Candida antarctica lipase Bimmobilized on acrylic resin)
catalyzed asymmetric alcoholysis I organic media (Scheme 4.12) [38].

3-Amino-3-phenylpropionic acid (BPA) is a valuable p-amino acid used for the
synthesis of the anticancer agent taxol and (S)-dapoxetine, (S)-(+)-N,N-
dimethyl-a-[2-(1-naphthalenyoxy)ethyl|benzenemethanamine, which is a
potent selective serotonin reuptake inhibitor used for the treatment of depres-
sion, bulimia, or anxiety. Since the Carica papaya lipase (CPL) catalyzed kinetic
resolution of N-protected BPA conventional aliphatic esters showed moderate
enantioselectivity (Scheme 4.13), an efficient synthesis of the (S)-BPA
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Scheme 4.11 BCl-catalyzed kinetic resolution of B-substituted-y-acetyloxymethyl-y-
butyolactones by hydrolysis of the acetate.

\n/o\/\

o

isobutyl acetate
| i Novozyme 435
Ho. ic media *
N\ organic me:
) OH
isobutyl alcohol NC NG
O U O o
> NS NS
S-diol monoacetate O O
F F
S-diol S-citalopram

Scheme 4.12 Candida antarctica lipase B-catalyzed asymmetric alcoholysis of tertiary
alcohol. Source: Based on Wang et al. [38].

enantiomer has been achieved by CPL-catalyzed enantioselective alcoholysis of
the corresponding racemic N-protected 2,2,2-trifluoroethyl esters in an organic
media [39].

Both enantiomeric - and y-amino acids have acquired considerable interest as
potentially pharmaceutically active compounds, or as key intermediates for the
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Scheme 4.13 CPL-catalyzed kinetic resolution of BPA alkyl esters (a—e) with different
alkyl chain lengths. Source: You et al.[39].

synthesis of drugs. Thus, kinetic and sequential kinetic routes for the synthesis of
enantiomeric - and y-amino acids through enantioselective C. antarctica lipase
B- or B. cepacia lipase-catalyzed ring cleavage of the corresponding f- and y-
lactams in organic solvents or solvent-free systems or a supercritical CO, medium,
and for the enantioselective hydrolysis of the corresponding amino esters in
organic solvents have been adopted extensively [40].

In order to increase the activity, stability, and the repeated usage of lipase, por-
cine pancreatic lipase (PPL) has been covalently immobilized onto cross-linked
polyvinyl alcohol (PVA) in organic media in the presence of a fatty acid substrate
as the protective ligand. The effects of fatty acid additions to the immobilized
media for the hydrolysis of tributyrin in water showed an enhanced activity with
octanoic acid as the additive. After five repeated uses, the immobilized PPL activ-
ity was maintained at 63% of its original activity [41]. Immobilization of lipase for
protecting from denaturation by the organic solvent has also been applied to the
enantioselective hydrolysis of water-insoluble «-acyloxy esters. Lipases were
immobilized with Celite or a synthetic prepolymer (ENTP-4000 or ENT-4000) and
were used for the kinetic resolution of a-acyloxy esters (+)-1 and (£)-2 in a water-
saturated organic solvent to produce chiral intermediates, (2S,3S)-1 and (2S,3R)-4,
for the synthesis of diltiazem hydrochloride and (-)-indolmycin, respectively
(Scheme 4.14). The chiral intermediate (2S,3R)-4 was also able to be formed
through the enantioselective hydrolysis of (+)-2 using lipid-lipase aggregates in
water-saturated organic solvent [42].

Several very good properties of ionic liquids (ILs) make them used as reaction
media in chemical reactions: less volatility, less flammability, low toxicity, and
unique solubility for organic and inorganic materials. With these notable proper-
ties, ILs have been used as organic reaction media in lipase-catalyzed reactions.
One application is the lipase-catalyzed synthesis of biodiesel oil (Scheme 4.15)
which has gained strong interest from the standpoint of sustainable energy pro-
duction and the results generally are excellent. Examples of lipase-catalyzed reac-
tion using the IL solvent systems for biodiesel oil production have been
reviewed [43].
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Scheme 4.14 Kinetic resolution of water-insoluble a-acyloxy esters with
immobilized lipase.
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Scheme 4.15 Lipase-mediated biodiesel oil production using ionic liquids as media.
Source: Itoh [43].

4.1.3 Ester Hydrolysis with Proteases

Generally, proteases (E.C. 3.4.21-24 and 99, also called as peptidases or protein-
ases) are defined as enzymes that perform the protein catabolism by hydrolysis of
peptide bond in protein’s peptide chain (proteolysis) with water and the peptide
synthesis in organic solvents or in solvents of low water content. They can be
found in animals, plants, microbes, and viruses. Proteases represent one of the
three largest groups of industrial enzymes and are the most important enzymes
produced commercially that are used in detergent, protein, brewing, meat, photo-
graphic, silver recovery, leather, waste treatment, and dairy industries [44-46].
Although proteases are intended for the hydrolysis of the amide bond of the
protein molecules, many works have addressed to the hydrolysis of N-protected
amino acid esters by serine and sulfhydryl proteases. Literature has shown that
during the hydrolysis of N-acetyl-L-tyrosine ethyl ester or N-benzoyl-L-arginine
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ethyl ester by proteases such as chymotrypsin, subtilisin, trypsin, and papain, the
substrate bond cleaved is the acyl-carbon-ethereal oxygen bond [47]. It also has
been found that the methyl ester of N-acetyltyrosine is hydrolyzed much faster
than the ethyl ester by subtilisin and the benzyl ester of N-acetyltyrosine is hydro-
lyzed even more rapidly than the ethyl ester [47, 48]. Instead of the N-protected
amino acid ester, N-benzoyl-L-tyrosine thiobenzyl ester has been readily hydro-
lyzed by serine proteases such as a-chymotrypsin and subtilisin BPN’. In this kind
of hydrolysis, indole was found a strict competitive inhibitor for the a-
chymotrypsin-catalyzed hydrolysis but inole oppositely was observed to increase
the maximal rate of hydrolysis of p-nitrophenyl acetate [49]. In addition to the
hydrolysis of N-protected amino acid esters by proteases mentioned above, methyl
P-phenylpropionate has also been hydrolyzed by chymotrypsin for elucidating the
reaction mechanism some 60 years ago [50].

Valganciclovir hydrochloride is a mono-L-valyl ester prodrug of ganciclovir and
is an antiviral active pharmaceutical ingredient used to treat cytomegalovirus
infection which is associated with AIDS disease. One of the synthetic routes for
the synthesis of Valganciclovir hydrochloride was through the synthesis of
Valganciclovir hydrochloride intermediate, 2-[(2-amino-1,6-dihydro-6-oxo-9H-pu
rin-9-yl)methoxyl]-3-hydropropyl-N-[(benzyloxy)carbonyl]|-L-valinate
(Intermediate 2) by the enzymatic desymmetrization of 2-[(2-amino-1,6-dihydro-
6-0x0-9H-purin-9-yl)methoxyl]-1,3-propanediyl bis(L-valinate) (Intermediate 1)
(Scheme 4.16). The effective hydrolysis enzymes used for cleaving one the ester
bonds in ADOPMPBYV were Protex 6L (a bacterial alkaline protease derived from
a selected strain B. licheniformis) and Alcalase 2.4L (a Subtilisin protease) [51].

Q o
o mn—¢
HN N\ v HN=C Protex 6L 0 0
)\ | > /C 0] or Alcalase 2.4L N 0 HN—C/
N N g — = HN ! S
HNT N DMF/Buffer s S g
N

7 OH
Intermediate 2

Intermediate 1 J

T

Valganciclovir

NH,

O.,=0

Scheme 4.16 Protease-catalyzed desymmetrization to form Valganciclovir
hydrochloride intermediate.
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Kinetic resolution of enantiomers employing protease-catalysis can be applied
for reactions such as hydrolysis of carboxylic acid esters or amides, esterification,
transesterification, and amide bond formation. For amino acid enantiomers syn-
thesis, the resolution of racemic amino acids using the enantioselective hydrolysis
of their esters by proteases is one of the most preferable strategies. It has been
found that chymotrypsin, subtilisin, and protease from A. oryzae are by far the
most widely used proteases for this purpose due to their broader substrate speci-
ficity. In general, these three proteases catalyzed the hydrolysis of L-amino acid
ester derivative that leaves the corresponding D-amino acid ester unaffected.
Besides this classical finding, many researches focused on the use of this approach
toward the resolution of synthetic nonprotein amino acids, for examples, the reso-
lution of a series of ring-substituted phenylalanine derivatives, y,5-unsaturated
phenylnorvaline homologues, ring-size modified amino acids, a,f-disubstituted
p-phenylalanine derivatives such as threo-methylphenidate, and the isoxazoline
derivative of 2-amino-4-hydroxy-4-(4-methyloxyphenyl)-3-methylbutanoic acid
methyl ester [52].

Homochiral nonprotein amino acids including those by synthesis are useful
building blocks for the synthesis of analogs of biologically active peptides such as
toxins, antibiotics, hormones, and enzyme inhibitors. In the A. oryzae protease-
catalyzed ester hydrolysis, the kinetic resolution of a variety of nonprotein N-
protected amino acid esters) resulted in a large enhancement of the hydrolysis
rate, while the enantioselectivity deteriorated strikingly for the methyl esters.
However, this difficulty has been overcome by using esters bearing a longer alkyl
chain such as isobutyl ester. Therefore, isobutyl amino acid esters carrying an aro-
matic side chain were resolved with excellent enantioselectivities (E = 50 to
>200). With isobutyl amino acid esters bearing an aliphatic side chain, good
results in terms of the hydrolysis rate and enantioselectivity were also obtained. In
addition, results showed that the enantioselectivity can be improved further by
conducting the hydrolysis at low temperature for those substrates with not high
enough enantioselectivity [53]. A further study using the obtained enhancement
technique on the N-free nonprotein amino acid esters showed that the enantiose-
lectivity enhancement is also attained by adjusting the pH of the reaction mixture
to around 6.2 [54].

2-Aminosuberic acid, an aminoalkanedioic acid, is used to synthesize the
deaminodicarba analogs of some peptide hormones such as [Asu"Joxytocin and
elcatonin which a cysteine residue is substituted by the L-a-aminosuberic acid
(Asu). In order to obtain the enantiomeric pure L-Asu, fully N-protected racemic
N-acetyl-a-aminosuberic acid diesters were first resolved with chymotrypsin to
produce the optically pure L-amino acid monoesters in good yields and high opti-
cal purity. Subsequently, the obtained N-acetyl-a-aminosuberic acid monoesters
were decarboxylated by an L-specific aminoacylase to the desired L-a-aminosuberic
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Scheme 4.17 Tandem enzymatic resolution of racemic a-aminoalkanedioic acid diester.
Source: Based on Bordusa [52]; Nishino et al. [55].

acid (Scheme 4.17) [52, 55]. A later study showed that the resolution of Z-D,L-2-
Asu methyl diester can be catalyzed regioselectively by papain (or subtilisin BPN’)
alone using an organic solvent with low water content to lead to Z-L-Asu(OMe)-OH
and Z-D-Asu(OMe)-OMe [52, 56]. Then, Z-L-Asu-OH and Z-D-Asu-OH can be
produced by saponifications.

Chiral 8-lactones are important compounds in the perfume, food, and pharma-
ceutical industries. A novel synthetic route to optically active saturated and unsat-
urated d-lactones was based on enzymatic kinetic resolution and ring-closing
metathesis reaction.

For example, besides lipases, protease K was used for the hydrolysis of racemic
(E)-methyl 5-(phenyl)-5-acryloyloxypent-2-enoate to obtain enantiomerically
pure (E)-methyl (5R)-hydroxy-5-phenylpent-2-enoate which in turn can be chem-
ically transformed to (6R)-phenyltetrahydropyran-2-one. The enzymatic activity
and enantioselectivity were substantially influenced by the organic co-solvent and
surfactant type [57].

4.2 Hydrolysis of Amide Bond

Molecules containing amide bond are ubiquitous and are important as structural
materials in both nature and technology. They have a variety of applications in
our daily life such as food, drug, textile, transportation, and art. The most impor-
tant biological compound with amide bond in nature is protein molecules which
have a large polypeptide chain formed by the linkage of amino acid monomer
using amide bond (also called peptide bond) and play different biological func-
tions in organisms. The enzyme used for hydrolyzing the peptide bond of protein
molecules is protease such as trypsin, papain, and a-chymotrypsin. In addition to
the specificity on peptide amide hydrolysis of protease, different proteases show
peptide amide hydrolysis specificity on substrate chain length. For instances, a-
chymotrypsin hydrolyzes specific acetyl amino acid amides, while Streptomyces
griseus protease 3 catalyzes the hydrolysis of peptide amide with the presence of
up to four amino acid residues N-terminal to the scissile bond of the substrate [58].
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Research results also have shown that the proteases catalyze the hydrolysis of
amides belonging to serine proteases [59, 60]. The substrate specificity and kinetic
mechanism of protease II (a cytoplasmic endopeptidase from E. coli) have been
characterized to show trypsin-like specificity that cleaves essentially the carboxy-
methylated B chain of insulin at the Arg*>-Gly* bond, but it is also able to cleave
the Try'®~Leu'” bond with a prolonged incubation period. One of the two sub-
strates used for the steady-state kinetic parameters estimation of protease II was
N-benzoyl-L-arginine p-nitroanilide [61].

Instead of the hydrolysis for the amide bond of large polypeptide chain, pro-
teases also have been used for the hydrolysis of low-molecular-mass oligopeptide.
Thyrotropin-releasing hormone (TRH) is a tripeptide (pGlu-L-His-L-Pro-NH,)
discovered in 1969 which regulates the synthesis and secretion of thyrotropin
from the anterior pituitary gland. Therefore, it is a potential drug for the treatment
of various neurologic and neuropsychiatric disorders such as depression, shock,
and schizophrenia. The initial degradation of TRH in the blood by the TRH-
specific pyroglutamyl aminopeptidase serum enzyme is the hydrolysis of the
pGlu-His bond to produce pyroglutamic acid and His-Pro-NH,, while TRH goes
deamination at the terminal proline amide residue to yield TRH-OH in organs
such as the liver, the gut, and the kidney or in various brain tissues
(Scheme 4.18) [62].

Protease was also used for low-molecular-mass amide molecule hydrolysis.
Thermolysin (TL) is a thermostable Zn-dependent neutral protease from thermo-
philic strain Bacillus thermoproteolyticus that has been applied for the hydrolysis
of 3-(2-furylacryloyl)-glycyl-L-leucine amide (FAGLA) to study its catalytic activ-
ity under extremes of pressure and temperature. The enzymatic hydrolysis of
FAGLA using TL was monitored by the liberation of the hydrolysis product
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Scheme 4.18 Protease-catalyzed degradation of TRH in blood, organs, and brain tissues.
Source: Mess and Bundgaard [62].
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3-(2-furylacryloyl)-glycine on a spectrophotometer [63]. In another case, the
hydrolysis ability on the of amide bond for the commercial protease Alcalase 2.4 L
from B. licheniformis has been tested for the surface modification of polyamide
(PA) 6.6 fabrics. The optimal conditions of the enzymatic hydrolysis reaction were
investigated on adipic acid bishexyl-amide substrate, a PA model compound that
mimics the surface structure of PA 6.6 fibers. After the enzymatic surface modifi-
cation of PA textile, both the hydrophilicity and the dying ability of PA textiles
were enhanced 2.7- and 1.24-fold, respectively [64].

In enzymology, the enzyme class used for the hydrolysis of the amide carbon-
nitrogen bonds (CO-NH,) other than peptide bonds is amidase (E.C. 3.5.1.4)
which has the systematic name acylamide amidohydrolase. The two substrates of
this enzyme are monocarboxylic acid amide and water which give products of
monocarboxylic acid and ammonia, respectively. The enzymatic cleaving of amide
bond has been an attractive tool in industries and leaded potential applications in
commodity chemical synthesis, pharmaceuticals and agrochemicals production,
and waste effluent treatments. Amidases widely occur in both eukaryotic and
prokaryotic organisms [65]. According to their amino acid sequences and struc-
tural characteristics, amidases can be subdivided into two families viz. the ami-
dase signature (AS) family and the nitrilase superfamily. The amino acid sequence
of AS family amidases consists of a highly conserved stretch of approximately 130
serine- and glycine-rich amino acids with the catalytic triad of Lye-Ser-Ser which
exhibits a broad substrate spectrum for aliphatic, aromatic, heterocyclic amides
and their derivatives [65-68]. The nitrilase superfamily amidases, also known as
aliphatic amidases, share significant structural homology in amino acid sequences
with a Cys-Glu-Lys catalytic triad which shows substrate specificity toward only
aliphatic amides [69-71].

2-Arylpropanoic acids such as naproxen, ibuprofen, ketoprofen, or flurbiprofen
are important nonsteroidal anti-inflammatory drugs. For all this class of drugs,
the corresponding (S)-enantiomers are more potent drugs than their racemic
drugs. In this perspective, the enantiomeric pure (S)-naproxen was prepared by
the enantioselective hydrolysis of racemic naproxen amide with immobilized rest-
ing cells of bacterial strain Rhodococcus erythropolis MP50 in organic solvents
(Scheme 4.19). Under the optimal conditions, the amidase activity of R.

CHs CHg CHy
CONH, R. erythropolis MP50 \''COOH v/H
Organic solvent H * CONH,
MeO MeO MeO
(R,S)-Naproxen amide (S)-Naproxen (R)-Naproxen amide

Scheme 4.19 Enantioselective hydrolysis of racemic naproxen amide with R. erythropolis
in organic solvent.
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erythropolis in the preparative scale application gave a conversion rate of 48%, the
(S)-naproxen enantiomeric selectivity >99% e.e., and an yield of 84% [72]. Since
2,5-disubstituted pyrrolidine derivatives are the core structure of natural products
and synthetic pharmaceutical compounds, another amidase containing strain of
R. erythropolis AJ270 has been used for the enantioselective hydrolysis of racemic
and meso pyrrolidine-2,5-dicarboxamides.

During the whole cell catalyzed kinetic resolution, racemic trans-pyrrolidine-2,5-
carboxamide was enantioselectively transformed into (2S,5S)-pyrrolidine-2,5-
dicarboxamide and (2R)-5-carbamoylpyrrolidine-2-carboxylic acid in high yields
and excellent enantioselectivity (Scheme 4.20A). While the whole cell catalyzed
desymmetrization of meso cis-pyrrolidine-2,5-dicarboxamide gave (2R,5S)-5-
carbamoylpyrrolidine-2-carboxylic acid in an almost quantitative yield
(Scheme 4.20B) [73].

Instead of whole cell-catalyzed amide hydrolysis, an AS family amidase iso-
lated and purified from Pantoea sp. (Pa-Ami) was exploited to catalyze the
hydrolysis of 2-chloronicotinic amide to obtain 2-chloronicotinic acid because
2-chloronicotinic acid has been extensively used for the synthesis of two most
efficient herbicides nicosulfuron and diflufenican. 2-Chloronicotinic acid is also
an important building block for pharmaceuticals such as nevirapine, mirtazap-
ine, pranoprofen, nixylic acid, and 2-aminonicotinic acids. A significant improve-
ment in productivity for this amidase-catalyzed reaction can be acquired by
using a fed-batch reactor at low reaction temperature which gave a substrate

(a)
CONH, CONH, HaNOC

R. erythropolis AJ270

N—R N—R + R—N
Phosphate buffer
:CONHZ EONH2 HOOC§
Racemic
(b)
CONH, CONH,
R. h lis AJ27
N—R erythropolis AJ270 N—R
Phosphate buffer
CONH, COOH
Meso

R = H, Benzyl group, Allyl group

Scheme 4.20 Whole cell catalyzed enantioselective biotransformations of racemic and
meso pyrrolidine-2,5-dicarboxamides: (a) kinetic resolution, (b) desymmetrization. Source:
Chen et al.[73].
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conversion of 94.2% [74]. In addition, an amidase purified from the bacterium
Pseudomonas chlororaphis B23 was proved to have ability for the hydrolysis of a
broad range of aliphatic and aromatic amides. This amidase also exhibited (S)-
form enantioselectivity for three aromatic amides, 2-(4-chlorophenyl)-3-methylb
utyramide, phenylalaninamide, and 2-phenylpropionamide, with e.e. value of 96,
55, and 100%, respectively [75].

Fatty acid amide hydrolase (FAAH, E.C. 3.5.1.99) is a membrane-bound serine
hydrolase and belongs to the AS family. The enzyme is expressed in the central
nervous system and in a variety of tissues such as the lung, the liver, the kidneys,
the small intestine, the prostate, and the testis. FAAH hydrolyzes the amide bonds
of various physiological active lipids, including anandamide, oleamide, N-
oleoylethanolamide, and N-palmitoylethanolamide. The degradation ability of
lipids at their amide bonds hydrolysis by FAAH has been applied to the develop-
ment of a fluorometric assay for FAAH activity in which the substrates used
were medium-chain fatty acid amides such as N-(4-nitrophenyl)octanamide,
N-(4-nitrophenyl)decanamide, N-(6-methoxypyridin-3-yl)octanamide, and N-(6-
methoxypyridin-3-yl)decanamide [76, 77].

A broad spectrum of carboxylic acids can be synthesized from nitriles through
enzymatic hydrolysis using enzymes of nitrilase superfamily. For this kind of
biological conversion, two hydrolysis pathways (Scheme 4.21) can be employed
by nitriles to form their corresponding carboxylic acids. In one pathway, nitrilases
(E.C. 3.5.5.1) are used to directly hydrolyze nitriles to the corresponding carbox-
ylic acids and ammonia. The second pathway is a two-step process that nitriles
are first hydrated and converted to their corresponding amides by nitrile
hydratase (E.C. 4.2.1.84), then amides are hydrolyzed to the corresponding car-
boxylic acids by amidases (E.C. 3.5.1.4) [75, 78-80]. The enantioselectivity of this

NH
° 0
Pathway |
H,O nitralase
R—C=N amidase
nitrile
H,O hydratase
2 o H,0
Pathway I
R NH,

Scheme 4.21 Enzymatic hydrolysis pathways for nitrile to form carboxylic acid.
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enzymatic transformation with microbial cells has been applied to many organic
syntheses either through the kinetic resolution for a variety of chiral amides and
chiral functionalized nitriles, amino- and hydroxynitriles, and nitriles containing
small rings or by the desymmetrization for prochiral and meso dinitriles and
diamides [78, 80].

Moreover, it has been found that the constituent of incubation medium for
microbial cell will affect the nitrile-degrading activity toward different sub-
strates. For example, when the bacterium strain Nocardia globerula NHB-2 cul-
tured in a medium containing 1% glucose and 0.1% yeast extract, the cells
displayed nitrile hydratase/amidase activity specific for saturated aliphatic
nitriles or amides. However, when adding 0.4% v/v acetonitrile to the medium,
the cells exhibited nitrile hydratase/amidase activity specific for not only satu-
rated aliphatic nitriles-amides but also for aromatic amide hydrolysis. If 0.4%
v/v propionitrile was added to the culture medium, the cells showed nitrilase
activity that was able to hydrolyze aromatic nitrile and unsaturated aliphatic
nitrile [79]. Similarly, an isolated bacterium strain Bacillus subtilis ZIB-063
exhibited nitrilase activity without adding e-caprolactam and was highly spe-
cific for arylacetonitriles. While the cells yielded the nitrile hydratase/amidase
activity as e-caprolactam was added to the culture media that not only hydro-
lyzed arylacetonitriles but also some aliphatic nitriles and heterocyclic
nitriles [81].

One of the potential industrial applications for nitriles converted into corre-
sponding carboxylic acids through the two-step reaction pathway is the produc-
tion of nicotinic acid from the starting material 3-cyanopyridine via the
intermediate nicotinamide. Nicotinic acid, also known as niacin, belongs to the
water-soluble vitamin B-complex which is an important dietary nutrient for our
body. Nicotinic acid has been approved by the FDA for the treatment of pellagra
which is caused by its dietary deficiency. It is also used for the treatment of
hypercholesterolemia, schizophrenia, diabetes, auto-immune diseases, and
osteoarthritis. In addition, nicotinic acid has been thought to reduce the risk of
heart disease. The worldwide year production of niacin and nicotinamide is tre-
mendous and the demand is still rising. The microorganism Microbacterium
imperial CBS 498-74 has been found to contain both nitrile hydratase and ami-
dase that are necessary for the transformation of nitrile to its corresponding acid
following the two-step pathway. Thus, resting cells of M. imperial CBS
498-74 were employed as the catalyst for converting nicotinamide into nicotinic
acid. Total conversion was achieved by using a batch reactor. While in the con-
trolled continuous stirred membrane bioreactor (CSMR), the conversion could
be as high as 88% with an optimized residence time. Amidase was stable up to
50 °C but partially substrate inhibition was observed as nicotinamide concentra-
tions >300 mM [82].
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4.3 Hydrolysis of Phosphate Esters

The catalytic enzyme exploited for the hydrolysis of a phosphate ester bond is
phosphatase which is a subcategory of hydrolases because water is used to cleave
the phosphate monoester linkage during the hydrolysis (Scheme 4.22). In the
reaction, the ~OH group of water is attached to the product phosphate ion and
the H" is associated to the hydroxyl group of the other hydrolysis product. The
dephosphorylation with phosphatases and the phosphorylation with protein
kinases together serve diverse roles for cellular regulation and signaling in molec-
ular biology systems [83].

With the ability of hydrolyzing a variety of organic phosphate esters into inorganic
orthophosphate and the ester alcohol, phosphatases have been key-enzymes in mod-
ern biotechnology. Substrates that have been used for research studies involving
alkaline phosphatase (ALP) include phenyl phosphate, p-nitrophenyl phosphate,
p-aminophenyl phosphate, hydroquinone diphosphate, 1-naphthyl phosphate,
2-phospho-L-ascorbic acid, 3-indoyl phosphate, O-phosphorylethanolamine,
2-naphthyl phosphate, p-cresyl phosphate, p-chlorophenyl phosphate, p-t-
butylphenyl phosphate, and O-methoxy-p-methylphenyl phosphate [84-86].
However, seldom reports about the applications of alkaline phosphatases were in the
organic synthesis; most of the applications involved with alkaline phosphatases were
in the area of biotechnology, diagnostic industry, and biosensors [84, 87]. For exam-
ples, the elasticity of PE-PAAm hydrogels can be changed by ALP that was demon-
strated by the change of the morphology of human mesenchymal stem cells (hMSCs)
into an elongated shape without cell damage when hMSCs were cultured with
medium containing the hydrogels and ALP [88]; a collagen/calcium phosphate com-
posite film was fabricated by the ALP-catalyzed hydrolysis of disodium glycerophos-
phate in a collagen solution containing calcium ions. This film was found to support
the osteoblastic differentiation when the preosteoblast cell line, MC3T3-E1 cells
were cultured on the film [89]. Similarly, multilayer sheets consisted of alternatively
cumulated collagen and calcium phosphate layers were prepared. The inorganic
layer was mineralized by means of an ALP-catalyzed hydrolysis of water-soluble
phosphate esters such as glycerol 1-phosphate in the presence of calcium ions. The
sheets with the calcium phosphate layer on the top were used as a scaffold to support
the attachment and growth of fibroblast [90]; ALP was utilized as a marker by its
activity on the hydrolysis of phosphate esters for normal skeletal mineralization

(0]
| Phosphatases |
R—0—-P=0 R-O0—H + H-0-P=0
| H0 |
O- O-

Scheme 4.22 Phosphatases-catalyzed hydrolysis of a phosphate ester bond.
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which was demonstrated by investigating histochemically its temporal and local
appearance during the early events in bone healing and neogenesis in a guided bone
regeneration model system [91]; the chemical warfare nerve agent paraoxon, an
organophosphate compound, has been efficiently degraded into inorganic phos-
phoric acid by sequentially applying three enzymes (an organophosphate hydrolase,
phosphodiesterase, and ALP) [92, 93].

Acid phosphatase (AP) has been coupled to L-rhamnulose-1-phosphate aldo-
lase (RhaD) for a straightforward and highly efficient synthesis of L-fructose from
dihydroxyacetone phosphate (DHAP) and racemic glyceraldehyde (Scheme 4.23).
The exclusive production of L-fructose is based on the stereoselectivity of RhaD
on the L-glyceraldehyde [94]. Following this protocol, two rare sugars (D-sorbose
and D-psicose) can be simultaneously produced from DHAP and D-glyceraldehyde
with a D-sorbose/D-psicose ratio about 2/3 [95, 96]. Secretory AP from Candida
mycoderma has been exploited for increasing the orthophosphate content in soil
by hydrolyzing the organic phosphorus compounds present in soil.

The results show that the yeast strain C. mycoderma is potential to enhance the
phosphorus utilization in those plants grown in rice soil [97]. A purple acid phos-
phatase with phytase activity was purified from tobacco (Nicotiana tabacum) root
exudates which catalyzes the hydrolysis of phytate, the major organic phosphorus
in soil, to liberate inorganic phosphates [98]. Thus, it releases the phosphorus
starvation of tobacco. The purple acid phosphatase in tobacco root exudates also
has high affinity for p-nitrophenyl phosphate. In addition to the plant purple acid
phosphatase, mammalian purple acid phosphatase found from porcine uteri
(uteroferrin) catalyzes the hydrolysis of various phosphate esters including phe-
nyl phosphate (and the p-nitro derivative), pyrophosphate, tripolyphosphate,
adenosine 5'-triphosphate (ATP), and the prototype [H,PO,4]™ [99].

There are also many other specific phosphatases that have important biological
functions in organisms to lead to potential applications in the pharmaceutical, medic-
inal, and food industries. Trehalose-6-phosphate phosphatase (T6PP) catalyzes the

(e} O OH O OH
OH H,05PO AP  HO
H20P03\)]\/ 203 \)H)\:/\OH \)J\H\:/\OH
DHAP RhaD OH OH OH OH
" L-Fructose-1-phosphate L-Fructose
+
(e} (o}
| |
OH OH
OH OH
pL-Glyceraldehyde p-Glyceraldehyde

Scheme 4.23 Coupled enzymes synthesis of L-fructose from rac-glyceraldehyde
and DHAP.
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Scheme 4.24 T6PP catalyzed hydrolysis of T6P for trehalose biosynthesis.

hydrolysis of trehalose-6-phosphate (T6P) to produce trehalose and inorganic phos-
phate (Scheme 4.24). The D-glucose disaccharide, a,o-trehalose, exists in various
kinds of bacteria, fungi, plants, and invertebrates but not in mammals. Trehalose is
essential to support fungal, bacterial, and nematodal pathogenic cell survival by serv-
ing as a fuel, metabolic regulator, antidesiccant, or outer membrane component. T6P
is thought of as a toxic material to the host organisms by acting as “anti-metabolites”
to lead inhibition of metabolic enzymes, in particular phosphotransferase [100]. The
synthesis of bacterial cell wall glycan, for example, peptidoglycan, liposaccharide,
teichoic acid, and capsular polysaccharide, starts in cytosol.

This cell wall glycan is constructed from a glycan lipid carrier, undecaprenyl
phosphate (CssP), which is essential for cell growth and survival. It has been
found that an undecaprenol kinase (UK) in the Gram-positive bacterium
Streptococcus mutans was not only an undecaprenol kinase but also an Mg-ADP-
dependent undecaprenyl phosphate phosphatase (UpP) which catalyzes the
hydrolysis of CssP to undecaprenol (CssOH) and a free phosphate. The lipid deriv-
ative CssOH exists predominant in many Gram-positive bacteria but not in Gram-
negative bacteria. Therefore, the reciprocal conversion of CssP by the unique
bifunctional membrane enzyme UK/UpP and the CssOH pool can efficiently
regulate cell wall synthesis of the Gram-positive bacteria [101]. Fructose
2,6-bisphosphate has been found present in most eukaryotic cells and discovered
a regulator of carbohydrate metabolism. Fructose-2,6-bisphosphatase purified
from S. cerevisiae is responsible for the highly specific degradation of fructose
2,6-bisphosphate to convert it to fructose 6-phosphate and inorganic phosphate
without showing product inhibition [102].

4.4 Hydrolysis of Epoxides

Epoxide hydrolases (EHs) (EC 3.3.2.3) are enzymes that catalyze the enantio- and
regio-selective addition of water to the oxirane ring of either racemic or meso-
epoxides, resulting in the formation of corresponding enantiopure vicinal diols
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and the less reactive enantiopure epoxides. These enzymes are ubiquitously found
in all types of living organisms, including yeasts, fungi, bacteria, plants, mam-
mals, and insects. Both the microsomal epoxide hydrolase (mEH) and soluble
epoxide hydrolase (SEH) belong to o/p-fold hydrolase family of enzymes and are
co-factor independent enzymes. Generally, epoxides hydrolases originated from
higher organisms are known as detoxification enzymes (animals) and defense
enzymes (plants). However, the physiological role of EHs from microbial sources
is still not understood [103-107].

Enantiopure epoxides and vicinal diols play a very important role in syn-
thetic organic chemistry because they represent highly versatile chiral syn-
thons and intermediates for preparing biologically active molecules in the
pharmaceutical and agrochemical industries. For the epoxide hydrolases cata-
lyzed hydrolysis of epoxides, the proposed reaction mechanism involves a two-
step mechanism. In the first step, an Sy2-type nucleophilic attack of an aspartate
carboxylic anion in the active site toward the oxirane ring of an epoxide pro-
duces a covalent linked p-hydroxylalkyl ester intermediate. Then, in the follow-
ing second step, an activated water molecule attacks the esters intermediate to
release the vicinal-diol product. According to this mechanism, one will expect
an inversion stereochemistry of the epoxide molecules that cis-epoxides will be
converted to threo-diols and trans-epoxides will be transformed into
erythro-diols [105-107].

For epoxides, the strain of the three-membered oxirane and the polarization of
the C-O bond ring make the epoxide molecules quite reactive. The enantiopure
form of oxiranes and its hydrolysis product vicinal diols have been used for the
synthesis of natural products and pharmacologically active compounds such as
protease inhibitors, receptor agonists and antagonists, antiobesity drugs, substi-
tuted tetrahydrofurans, nematocides, and anticancer agents. Generally, enantio-
pure epoxides and vicinal diols are obtained from inexpensive racemic epoxides
using EHs through kinetic resolution [107-110]. However, many research studies
have demonstrated that the enantioselectivity and regio-selectivity of kinetic
hydrolysis of epoxides with EHs are related with the type of substrate and the type
or source of EH [108].

Since aryl glycidyl ethers and their related compounds are potentially useful
intermediates for synthesizing optically pure amino alcohols and p-blockers, in a
study the whole cell yeast Trichosporon loubierii ECU1040 catalyzed kinetic reso-
lution of three 3-(nitrophenoxy)propylene oxide isomers (a-c) showed a preferen-
tial hydrolysis for (S)-enantiomers of the epoxides (a-c) that yields (S)-diols and
(R)-epoxides with an increased activity for nitro group in the phenyl ring from the
4’-position to the 2’-position (Scheme 4.25). When racemic 3-(2'-nitrophenoxy)
propylene oxide was performed at Gram-scale, the product yield of the enantio-
pure (R)-a was 41% and the e.e. value was 97% [111, 112].
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Scheme 4.25 Kinetic resolution of racemic nitro-substituted phenoxypropylene oxides
catalyzed by lyophilized cells of T. loubierii ECU1040.

In another study, the enantiopreferences of EHs in two different yeasts isolated
from soil for the hydrolytic kinetic resolution of 2,2-disubstituted epoxide,
(#)-2-methyl-2-pentyl oxirane (1a) and (z)-2-methyl-2-phenyl-1,2-epoxypropane
(2a), were found to be opposite. When yeast Cryptococcus laurentii was used for the
reaction, the (R)-epoxides of both 2,2-disubstituted epoxides were hydrolyzed to
their corresponding optically active diols; while both (S)-epoxides of both
2,2-disubstituted epoxides were hydrolyzed by yeast Cryptococcus podzolicus to their
corresponding diols (Scheme 4.26). In addition, some EHs originating from C. pod-
zolicus displayed high enough selectivity to be considered for practical use [113].
The effect of the type of enzyme on the enantioselectivity of EHs for epoxides
hydrolysis was also demonstrated by the kinetic resolution of (+)-2-methylglycidyl
benzyl ether. Epoxide hydrolases obtained from microbes and plants show opposite
enantiopreference and stereo-complementary mode of action that led to hetero-
and homo-chiral product mixtures. By optimizing the reaction conditions for
Rhodococcus sp. R312, the deracemization of (+)-2-methylglycidyl benzyl ether can
proceed with retention of configuration and enhanced enantioselectivity (E > 200)
which furnish (R)-1-benzyloxy-2-methylpropane-2,3-diol in >97 e.e. and 78% yield
from racemate by subsequent inverting acid-catalyzed hydrolysis of (R)-2-
methylglycidyl benzyl ether obtained after the biohydrolysis [114]. The EH activity
in marine bacteria isolated from the oil-spilled foreshore of South Korea showed
different but complementary enantioselectivity toward the kinetic resolution of
chlorostyrene oxides is another good example [115].

O, LCHj O, .CHs
R |>\R
R)-1a, 2a S)-1a, 2a
A C.laurentii lo} CHs C.podzolicus )
+ - —_— +
Phosphate buffer R Phosphate buffer
HO._ .CHs pH 75 pH 75 HO,, ,CHs
HO X R (x)-1a:R = n-CgHy4 HO - R
(+)-2a:R = CH,Ph
(S)-1b, 2b (R)-1b, 2b

Scheme 4.26 The enantioselectivity of epoxide hydrolases from two different yeasts for
the hydrolytic kinetic hydrolysis of 2,2-disubstituted epoxides.
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Since the EHs catalyzed kinetic resolution of epoxides in single aqueous solution
may be subjected to the problems of spontaneous nonenzymatic hydrolysis to vici-
nal diols and a very low solubility of the epoxides in aqueous media, a lot of research-
ers perform the hydrolytic kinetic resolution of epoxides in organic/aqueous
biphasic medium to increase the yield and enantioselectivity [116-118]. For
instance, racemic 2-, 3-, and 4-chlorostyrene oxides have been enantioselectively
hydrolyzed by epoxide hydrolase from Sphingomonas sp. HXN-200 in n-hexane/
aqueous buffer two-phase solution. The result of the hydrolytic kinetic resolution of
3-chlorostyrene epoxide to (S)-3-chlorostyrene oxide and (R)-3-(3-chlorophenyl)-1,2-
propanediol was the best (Scheme 4.27) that gave a 41% yield and 99.1% e.e. of (S)-3-
chlorostyrene oxide, an intermediate for IGF-1R kinase inhibitor BMS-536924, with
a preparative biotransformation of 100 mM substrate [116].

In order to increase the efficiency of the biocatalytic resolution of epoxides with
EHs, recombinant EH has been widely employed recently and has been used not
only in aqueous or organic/aqueous biphasic media but also used in pure organic
medium [119-125]. Particularly, recombinant EHs showed broad substrate speci-
ficity toward epoxides [120, 121]. For the synthesis of enantiopure epoxide (R)-
epichlorohydrin, a key intermediate widely used for the synthesis of f-blockers,
L-carotine, and ferroelectric liquid crystals, racemic epichlorohydrin (ECH) can
be kinetic hydrolyzed by the recombinant EH obtained from Rhodosporidium
toruloides in aqueous buffer solution [119]. However, it has been found that under
the optimized conditions, the kinetic resolution of (R,S)-ECH to (R)-ECH in isooc-
tane/buffer biphasic medium by whole cells from a recombinant E. coli BL21
(DE3) expressing EH produced a yield of 37.5 and 99.3% e.e. using an 1-L stirred-
tank reactor (Scheme 4.28). When the biphasic reaction is compared to the mono-
phasic aqueous reaction, the substrate concentration and the average productivity

OH
o Sphingomonas sp. w0 oH
HXN-200
* H0 n-hexane/aqueous buffer *
Cl Cl

Scheme 4.27 Enantioselective hydrolysis of racemic 3-chlorostyrene oxide to corresponding
(R)-diols and (S)-epoxide by epoxide hydrolase.

Cl

0 Recombinant E. coli

(0] . OH
A’\q CH,CI Isooctane/aqueous buffer ACHZCI CI\\\\VK/OH

(R,S)-epichlorohydrin (R)-epichlorohydrin (S)-3-chloropropane-1,2-diol

Scheme 4.28 Kinetic resolution of racemic epichlorohydrin for producing (R)-epichlorohydrin
using recombinant E. coli whole cells in biphasic medium.
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of (R)-ECH are all improved [122]. While in another study, the recombinant EH
from Agromyces mediolanus ZJB120203 showed completely different enantiose-
lectivity toward the hydrolytic kinetic resolution of (R,S)-ECH to produce enanti-
opure (S)-ECH, a useful intermediate for the synthesis of atorvastatin, in aqueous
buffer solution with an enantiomeric excess (e.e.) >99% and a yield 21.5% [120].
The discovery and development of “green” solvents ionic liquids (ILs) have been
extensively studied and used for biocatalytic transformations with both whole
cells and isolated enzymes [126].

The advantages of ILs in biotransformations include better enzyme stability,
substrate and/or product selectivity, and suppression of side reactions. Therefore,
hydrophobic and hydrophilic ILs have been employed for the asymmetric hydrol-
ysis styrene oxide to (R)-1-phenyl-1,2-ethanediol in either IL/buffer or IL/n-
hexane/buffer biphasic system by providing better solubility of the substrate and
reducing the nonenzymatic hydrolysis to improve the hydrolytic product yield
and e.e. value [127, 128].

In addition to the enantioselectivity, regioselectivity is also an important con-
cern for the preparation of chiral epoxides and vicinal diols [129]. In one study,
fourracemicsubstitutedepoxides,including(+)-hexyl-oxirane,(+)-phenyl-oxirane,
(x)-trans-1-phenyl-2-methyl-oxirane, and (z)-cis-1-phenyl-2-methyl-oxirane,
have been used for investigating the regioselectivity of kinetic resolution by whole
cells of fungus Beauveria bassiana ATCC 7159 and with EH “A” in cell debris and
the soluble EH “B.” Results indicate that significant differences in regioselectivity
of EH “A” and EH “B” were for hexyl-oxirane, phenyl-oxirane, and cis-1-phenyl-2-
methyl-oxirane but not for trans-1-phenyl-2-methyl-oxirane [130]. Thus, the com-
bination of the enantioselectivity and regioselectivity of EHs provides a method to
overcome the inherent limitation of a 50% maximum theoretical yield by the
kinetic resolution hydrolysis of epoxides using EH that leads to an enantioconver-
gent process for a 100% theoretical yield of enantiopure diol [108]. Depending on
the epoxide structure, there are in general three kinds of strategy can be employed
for the enantioconvergent process: the mono-enzymatic approach [131], the bi-
enzymatic approach [132, 133], and the chemo-enzymatic approach [134]. Since
the regioselectivity of EHs can be different, the attack of EHs to the carbon atoms
on the oxirane ring can be different from one enantiomer to the other and may
lead to a partially enantioconvergent reaction [135, 136]. In order to achieve an
ideally enantioconvergent process of a theoretical 100% yield for either product
diols, careful selection of EHs with different enantioselectivities and regioselec-
tivities can be exploited. Therefore, an enantioconvergent production of (R)-diol
with a 70% e.e. and a 100% yield for the enzymatic resolution of racemic
3-pyridyloxirane by EH from Solanum tuberosum can be obtained (Scheme 4.29).
The enantiopure 2-, 3-, and 4-pyridyloxiranes are key building blocks for the syn-
thesis of p-adrenergic receptor agonists or antiobesity drugs [137]. The cress sEH
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Scheme 4.29 Enantioconvergent processes for 2-, 3-, or 4-pyridyloxirane by the selection
of suitable epoxide hydrolase.

catalyzed hydrolysis of trans-f-methylstyrene oxide in ILs was also found to be a
stereoconvergent process to form the corresponding optically active
(1S,2R)-erythro-1-phenylpropane-1,2-diol [138].

Epoxide hydrolases from various sources have been immobilized on a variety of
materials such as nano-/microscale UiO-66-NH, metal-organic framework
(MOF), cross-linked enzyme aggregates (CLEAs), nonporous DEAE-cellulose,
Accurel EP-100, gelatin gel, and silica gel, in order to enhance their hydrolytic
resolution efficiency and reusability [139-143]. Therefore, the immobilized soy-
bean epoxide hydrolase on nano-/microscale UiO-66-NH, MOF has been effi-
ciently used for the asymmetric hydrolysis of 1,2-epoxyoctane to (R)-1,2-octanediol
in a novel deep eutectic solvent with 81.2% e.e. and a 41.4% yield [139]. Epoxide
hydrolases from mung bean immobilized on CLEAs have been used for styrene
oxide hydrolysis to (R)-1-phenyl-1,2-ethanediol in n-hexane/buffer biphasic sys-
tem and a 250-mL preparative scale to give a 93.5% e.e. and a 46% yield. The CLEAs
can be reused for eight batches and maintained 53% of their activity in biphasic
system [140]. When Aspergillus niger EH immobilized on epoxide-activated silica
gel was employed to perform the kinetic resolution of racemic p-nitrostyrene
oxide, both the enantioselectivity for unreacted (S)-epoxide and formed (R)-diol
had very high e.e. values of 99 and 92%, respectively [143]. The epoxide hydrolase
in crude extract mung bean meal was immobilized in gelatin gel and employed for
the stereoselective epoxide ring opening of ethyl trans-(+)-3-phenyl glycidate in
diisopropyl ether. The results showed an improved enantioselectivity to produce
ethyl (2S,3R)-phenyl glycidate with an e.e. >99% and a yield 45% and correspond-
ing ethyl anti-(2R,3R)-2,3-dihydroxy-3-phenyl propanoate with a diastereomeric
excess (d.e.) of 78%, an e.e. 94%, and a yield 40% (Scheme 4.30). However, about
5% minor product of ethyl syn-(+)-2,3-dihydroxy-3-phenyl propanoate was pro-
duced by the spontaneous hydrolysis. Note that both the (2S,3R)- and
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Scheme 4.30 Kinetic resolution of glycidate ester with immobilized crude extract mung
bean epoxide hydrolase in diisopropyl ether. Source: Based on Clemente-Jiménez
et al.[152].

(2R,3S)-enantiomers of ethyl phenyl glycidate can be used for the Taxol side chain
synthesis [142].

Since limonene epoxide hydrolase (LEH) isolated from R. erythropolis DCL
14 has unusual secondary structure that catalyzes the hydrolysis of epoxide by a
one-step mechanism. In nature, LEH catalyzes only the natural substrate
limonene epoxide. However, the engineered LEH mutants show broad substrate
scope with high stereoselectivity and except for cyclopentene-oxide prove to be
excellent catalysts for the desymmetrization of other meso-epoxides and for the
kinetic resolution of racemic substrates [144]. An EH from a variant of Bacillus
megaterium can be used for the preparative catalytic kinetic resolution of racemic
a-naphthyl glycidyl ether in biphasic system (isopropyl ether/isooctane/aqueous)
to its enantiopure (S)-epoxide and (R)-3-(1’-naphthyloxy)-propane-1,2-diol prod-
ucts with a high turnover number to give both an enantioselectivity >99% e.e. and
high yields of 45.3 and 42.4%, respectively. The (S)-epoxide and (R)-1,2-diol were
subsequently used for the chemical synthesis of (R)- and (S)-propranolol, a typical
B-blocker, with overall yields of 31.4 and 44.8%, respectively. Thus, this chemoen-
zymatic method using EH provides a new and eco-friendly route for the simulta-
neous synthesis of biologically active propranolol [145].

4.5 Hydrolysis of Hydantoins

Hydantoinases (dihydropyrimidinase EC 3.5.2.2) are commonly used enzymes in
organic synthesis and belong to the cyclic amidohydrolases superfamily that take
part in either pyrimidines or purines catabolism in microorganisms, plants, and
animals. They are essentially used for the biocatalytic conversion of hydantoins to
optically pure amino acids both natural and nonnatural which has been recog-
nized in recent decades as important intermediates for the production of semi-
synthetic antibiotics, peptide, hormones or enzyme receptors, pyrethroids,
pesticides, developmental drugs, as well as food ingredients such as sweeteners
and vitamins [146]. Animal and plant hydantoinases have long been partially
purified and used for catalyzing the hydrolysis of hydantoin to hydantoic acid as
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early as 1949. The same enzyme has also been prepared from calf liver and termed
hydropyrimidine hydrase later. Based on the study of the metabolism of racemic
N-substituted 5-phenylhydantoins, the hydrolysis of hydantoins with hydantoin-
ases gave R-form of phenyl hydantoic acid and led the finding that dihydropy-
rimidinase could produce several N-carbamoyl-D-amino acids from the
corresponding DL-5-monosubstituted hydantoins [147]. In 1978, researchers
showed that microbial cells such as bacteria are good catalysts to hydrolyze
N-carbamoyl-D-amino acids to D-amino acids; thus, enzymatic production of
D-amino acids from DL-5-monosubstituted hydantoins were established [148].

In organic synthesis, optically pure amino acids can be produced via chemo-
enzymatic routes that hydantoinase is first used to catalyze the reversible stere-
ospecific hydrolysis of chemically synthesized racemic cyclic hydantoins that
yields optically pure carbamoyl amino acids. Then, the corresponding optically
pure amino acids can be efficiently obtained by chemical process using acid/base
hydrolysis [149, 150]. However, due to the many advantages such as environmen-
tally friendly, energy-efficient, easy product separation and recovery, and, particu-
larly, with almost 100% optical purity, enzymatic synthesis of optically pure amino
acids involving hydantoinases has become increasing popular over the past couple
of decades. In general, two groups of enzymes, that is, hydantoinases and carba-
moylases, with both providing broad spectrum of substrate specificity, are grouped
together for a-amino acids synthesis because they form a natural pair. The hydan-
toinases break the ring of amino acid hydantoins to form the N-carbamoyl deriva-
tive of amino acids which are further hydrolyzed to produce the free amino acids
with a strictly enantioselective step by N-carbamoylase [146, 151]. In order to
obtain 100% conversion of optically pure a-amino acids from DL-5-monosubstituted
hydantoins, a third enzyme called as hydantoin racemase is needed to racemize the
remaining nonhydrolyzed 5-monosubstituted hydantoin to the corresponding
enantiomeric form which can be hydrolyzed by the hydantoinase. This kind of
multienzymatic pathway appeared in 1978 is named as “Hydantoinase Process”
and exhibited in many microorganisms (Scheme 4.31) [152].

Since enantiomerically pure D-a-amino acids are important building blocks for
a variety of biologically active pharmaceuticals, microbial preparation of D-a-
amino acids has been interested in and extensively used for the pharmaceutical
industries via the enantioselective ring cleaving of hydantoins by D-hydantionases.
Two new D-hydantoinases from thermophilic microorganisms have been
employed for the production of 14 D-a-amino acids from the corresponding
chemically synthesized 5-monosubstituted DL-hydantoins. A quantitative conver-
sion of the racemic starting hydantoins has been obtained by the spontaneous
racemization of the hydantoins under a reaction condition of pH 8.5 and
50 °C [153]. Whole cells of recombinant E. coli co-expressed three genes encoding
D-specific hydantoinase, N-carbamoyl-D-amino acid amidohydrolase, and
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hydantoin racemase were used for the efficient production of eight D-amino acids
including D-phenylalanine, D-tyrosine, D-tryptophan, O-benzyl-D-serine,
D-valine, D-norvaline, D-leucine, and D-norleucine through the “Hydantoinase
Process” from the corresponding DL-5-monosubstituted hydantoins [154]. The
substrate specificity of commercial D-hydantoinase immobilized, recombinant,
cloned, and expressed in E. coli from Vigna angularis was explored toward a series
of 5-benzylhydantoin derivatives with halogen and methyl substituents in the
phenyl ring (Scheme 4.32). The results show that the activity and stereoselectivity
toward 5-monosubstituted hydantoins varied significantly with the type of sub-
strate [155]. A series of 17 ring-mono and disubstituted D-phenylglycine deriva-
tives in high optical pure were prepared by enantioselective hydrolysis of
corresponding DL-hydantoins using D-hydantoinase followed by N-carbamoylase
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Scheme 4.32 Production of N-carbamoyl-b-phe derivatives using pb-hydantoinase.
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of microorganisms or purified enzymes [156]. Free and immobilized
D-hydantoinase were used for the stereoselective hydrolysis of DL-benzylhydantoin
to produce N-carbamoyl-D-phenylalanine in order to survey the activity and sta-
bility of the immobilized D-hydantoin. D-Hydantoinase was covalently immobi-
lized on to polystyrene anion-exchange resin via glutaraldehyde and used in a
circulated packed-bed reactor. The reactions catalyzed by both free and immobi-
lized D-hydantoinases were accelerated under microwave irradiation [157].

Among the D-amino acids, the production of D-p-hydroxyphenylglycine using
microbial enzymes is of particularly interested and important in industrial appli-
cation because D-p-hydroxyphenylglycine and its derivatives are important side-
chain precursors for semisynthetic penicillins and cephalosporins. The industrial
large-scale production of D-p-hydroxyphenylglycine involves the chemical syn-
thesis of hydantoin substrates, the enzymatic stereospecific hydrolysis of hydan-
toins, and the enzymatic decarbamoylation. One advantage of this process is the
spontaneous racemization of DL-5-p-hydroxyphenylhydantoin substrate through
base catalysis instead of using hydantoin racemase as described in Scheme 4.30.
This process was originally designed for the synthesis of L-amino acid, but in the
course of screening, only D-isomers were found to occur during the hydrolysis of
various hydantoins. This serendipitous outcome resulted in the commercial pro-
duction of D-p-hydroxyphenylglycine [158, 159]. The “Hydantoinase Process”
involving three enzymes (a racemase, an hydantoinase, and a D-N-carbamoylase)
to perform the dynamic kinetic resolution has also been a prominent industrial
application for the production of D-p-hydroxyphenylglycine with a 100% yield.
This process can be carried out with wild-type strains such as Agrobacterium
radiobacter or P. putida, or recombinant E. coli. Cloning of enzymes from thermo-
philes and intrinsic enzyme modifications by either directed or random mutagen-
esis has led to improved results [160-162]. The method of directed evolution is the
iterative modification of the amino acid sequence of an enzyme until the enzyme
functions in the desired manner. An enzyme modified by directed evolution opens
the opportunities to reach a variety of required properties such as activity, sub-
strate specificity, thermal and oxidative stability, enantioselectivity, pH range, and
tolerance to solvents. Further, the directed evolution of the genomes of whole
organisms provides the potential to evolve whole-cell biocatalysts for a sequential
process [163]. In a study of the commercial production of b-hydroxyphenylglycine
via hydantoin-hydrolysis of DL-p-hydroxyphenyl hydantoin by wild-type
Agrobacterium tumefaciens RU-OR cells, the level of hydantoinase and
N-carbamoylase activity was enhanced by manipulating the growth medium or
overexpressing the global nitrogen regulatory factors, NtrBC. The study also
shows that the strain used encodes two distinct D-selective N-carbamoylases and
one of them is a new class of D-N-carbamoylases with potentially novel biocata-
lytic properties [164].
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Resting cells of Sinorhizobium morelense S-5 have been used for the biotransfor-
mation of DL-5-p-hydroxyphenylhydantoin to D-p-hydroxyphenylglycine with an
enhanced activity by the addition of DL-5-(2-indolymethyl)hydantoin. Hydantoinase
and carbamoylase involved in this biotransformation showed remarkable thermosta-
bility and was strictly D-stereospecific [165]. However, in order to increase the pro-
duction performance for D-p-hydroxyphenylglycine, immobilized cells or
immobilized enzymes have been exploited to conduct the reaction. For instances,
recombinant E. coli encoding D-hydantoinase from P. putida was immobilized within
calcium alginate beads to produce N-carbamoyl-D-hydroxyphenylglycine from DL-p-
hydroxyphenyl hydantoin with 90% conversion in 24 hours and with increased ther-
mostability and reusability [166]; D-Hydantoinase immobilized on a granulated
organic polymer particle was used for the conversion of poorly soluble substrate
p-hydroxyphenyl hydantoin into soluble N-carbamoyl-p-D-hydroxyphenylglycine
with an increased reaction rate and higher conversion when performed in a stirred-
tank pressure-swing reactor [167, 168]; a multienzyme extract from A. radiobacter
containing D-hydantoinase and N-carbamoyl-D-amino acid amidohydrolase was
immobilized on chitin for the synthesis of D-p-hydroxyphenylglycine by a multistep
biotransformation. The reaction with the immobilized enzymes showed greater pH-
stability and higher activity at low temperature as compared to the soluble multien-
zymatic extract [169]. Immobilization of D-hydantoinase from Vigna angularis on
amminopropyl glass beads using glutaraldehyde as the spacer agent was also used for
the enantiospecific hydrolysis of fluorinated rac-5-arylhydantoins in a preparative
scale reaction to synthesize N-carbamoyl-D-p-fluorophenylglycine and N-carbamoyl-
D-p-trifluoromethylphenylglycine with a 100% conversion and over 98% enantio-
meric excess (Scheme 4.33). These fluorine containing compounds have unique
physical and pharmacological characteristics that have potential utility in biological
and medicinal application [170].

Although a variety of microorganisms have hydantoinase activity to produce
N-carbamoyl-D-amino acids and/or D-amino acids, there are a group of microor-
ganisms that are able to convert hydantoins to L-amino acids. The use of resting
cells of a novel P. putida strain converts 5-alkylhydantoins to corresponding
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Scheme 4.33 Enantiospecific hydrolysis of fluorinated rac-5-arylhydantoins with
immobilized p-hydantoinase. Source: Lo et al. [175].
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L-amino acids such as alanine, valine, and norleucine with yields between 60 and
100%. The hydantoinase is highly active but nonstereoselective, and does not
show substrate inhibition or product inhibition by NH; while the N-carbamoyl
amino acid amidohydrolase which converts the N-carbamyl amino acids to cor-
responding amino acids exhibits L-selectivity [171]. The study of the mechanism
of stereospecific conversion of DL-5-substituted hydantoins to the corresponding
L-amino acids by Pseudomonas sp. strain NS671 showed that with the help of
hydantoin racemase hydantoinase converts exclusively DL-5-substituted hydan-
toins to the L-forms of the corresponding N-carbamyl-amino acids. Subsequently,
N-carbamyl-L-amino acid amidohydrolase converts the N-carbamyl-L-amino
acids to corresponding L-amino acids [172]. The method of directed evolution has
also been employed for improving the hydantoinase process to produce
L-methionine in E. coli. The D-selective hydantoinase from Arthrobacter sp. DSM
9771 was converted into an L-selective enzyme by using random mutagenesis,
saturation mutagenesis, and screening together with an increase of its total activ-
ity fivefold. The clone of the evolved L-hydantoinase, an L-N-carbamoylase, and a
hydantoin racemase together into E. coli led to a strain capable of 100% conversion
of 5-(2-methylthioethyl)hydantoin to L-methionine [173, 174]. (S)-2-amino-4-
phenylbutanoic acid is a useful precursor for the synthesis of many antihyperten-
sive drugs such as enalapril, lisinopril, delapril, and temocapril that act as
angiotensin-converting enzyme inhibitors. The “Hydantoinase Process” has also
been used for the enantioselective synthesis of (S)-2-amino-4-phenylbutanoic
acid (L-homophenylalanine) by the combination of recombinant nonenantiose-
lective hydantoinase and L-N-carbamoylase to give quantitative yield
(Scheme 4.34) [175]. The four enzymes, DL-hydantoinase (preferably hydrolyzing
D-hydantoins), hydantoin racemase (racemization of the L-hydantoins to
D-hydantoins), carbamoyl racemase (racemization of N-carbamoyl-D-amino
acids to N-carbamoyl-L-amino acids), and L-carbamoylase, were immobilized
separately to perform the “double-racemase hydantoinase process” for the
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Scheme 4.34 Enantioselective synthesis of L-homophenylalanine by hydantoinase process.
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production of L-amino acids from corresponding racemic mixture of hydantoins.
The immobilized system was compared with the free enzymes system and results
indicated that the reaction velocity increased for L-norvaline, L-norleucine,
L-aminobutyric acid, and L-homophenylalanine, while the reaction velocity
decreased for L-valine and remained unchanged for L-methionine [176].

Enantiomerically pure f-amino acids are of increasing importance, since they
are valuable building blocks for pharmaceuticals and fine chemicals. Some f-
amino acids like p-alanine exist as free form in nature. More often, f-amino acids
are found as essential components of bioactive compounds or constituents of bio-
logically active secondary metabolites such as taxol, jaspamide, theopalauamide,
and dolastatins. p-Amino acids are also used as precursors for synthesizing -
peptides which are able to form very stable and predictable secondary structures
and are promising in applications as peptidomimetics. Furthermore, there are
cyclized pB-amino acids like p-lactam type antibiotics which are important phar-
maceutical drugs [177, 178].

It has been proved that the enantioselective hydrolysis of 6-substituted dihydro-
uracils can be carried out by hydantoinase to their corresponding N-carbamoyl
derivatives as a route to enantiomerically pure p-amino acids. For example, a
range of racemic 6-substituted dihydrouracils have been enantioselective hydro-
lyzed by the hydantoinase from V. angularis to yield the corresponding N-
carbamoyl-(S)-p-amino acids and unreacted (R)-dihydrouracils. Free B-amino
acids were then obtained by the subsequent treatment of the N-carbamoyl deriva-
tives with nitrous acid (Scheme 4.35). High enantioselectivity (E > 100) was
achieved as the C-6 substituent was an aryl group [179]. A modified hydantoinase
process using three recombinant D-hydantoinases and several bacterial strains
was used to test the hydrolysis of two aryl-substituted dihydropyrimidines

- H \R
, A __cooH 3
HN hydantoinase HN + HN
—_—
O)\N 0 o)\ NH, O)\N 0
H H
R = CgHs, p-F-CgHs HNO,
p-Cl-CgHs, CgHs5CH,,
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Me, (Me)2 H R
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Scheme 4.35 The route of hydantoinase catalyzed hydrolysis of racemic 6-substituted
dihydrouracils to f-amino acids. Source: Lee et al. [224].
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DL-6-phenyl-5,6-dihydrouracil (PheDU) and para-chloro-DL-6-phenyl-5,6-
dihydrouracil (pClPheDU) to corresponding N-carbamoyl-f-amino acids. PheDU
can be converted to N-carbamoyl-p-phenylalanine (NCpPhe) by all applied recom-
binant D-hydantoinases and eight bacterial strains and some biocatalysts showed
an enantioselectivity for either the D- or L-PheDU enantiomers.

The substrate pClPheDU can be hydrolyzed by all three recombinant
D-hydantoinases and six of the bacterial strains [178]. Later, whole cell biotransfor-
mation with recombinant E. coli expressing the hydantoinase from Arthrobacter crys-
tallopoietes DSM20117 was used for the enantioselective hydrolysis of chemically
synthesized 6-(4-nitrophenyl)dihydropyrimidine-2,4(1H,3H)-dione (pNO,PheDU).
The enzymatic hydrolysis showed (S)-enantioselectivity toward pNO,PheDU [177].

In addition to the proteinogenic amino acids, nonproteinogenic amino acids are
also useful building blocks in peptide chemistry. They may alter the parent struc-
ture of natural proteins and produce interesting modified properties. Silicon-
containing amino acids are one of the interesting nonnatural amino acids which
show several advantages by their large hydrophobic groups when incorporated
into peptides such as the prevention of hydrophobic pocket collapse, higher lipo-
philicity, and enhanced stability toward proteolytic enzymatic degradation.
Therefore, the hydantoinase process with two hydantoinases of different origins
and stereoselectivities and one L-N-carbamoylase was successfully employed for
the highly stereoselective bioconversion of racemic 5-(dimethyl)phenylsilyl-, 5-(1
-methyl-1-silacyclopentyl)-, and 5-(trimethylsilyl)-substituted hydantoins with
good yields [180]. Sulfur-containing amino acids like D-2-thienylglycine and its
derivatives are useful intermediates for the synthesis of f-lactam type antibiotics.
D-2-Thienylglycine can be conveniently synthesized by the enantioselective
hydrolysis of DL-5-(2-thienyl)hydantoin using D-hydantoinase in washed cells of
Pseudomonas striata IFO 12996 to form N-carbamoyl-D-2-thienylglycine and fol-
lowed by the chemo-decarbamylation of N-carbamoyl-D-2-thienylglycine with
nitrite in acidic conditions [181].

4.6 Hydrolysis of Glycosidic Bonds
and Natural Polysaccharide

The enzymatic hydrolysis of glycosidic bonds in complex sugars is catalyzed by
glycoside hydrolases (GHs) (also called glycosidases or glycosyl hydrolases, EC
3.2.1.-) that leads to the formation of sugar hemiacetal or hemiketal and the cor-
responding free aglycone. Glycoside hydrolases can catalyze the hydrolysis of
not only O-linked glycosides but also N- and S-linked glycosides. According to
the site to cleave the glycosidic linkage of the substrate chain, GHs can be clas-
sified as either exo- or endo-acting that cleave the nonreducing end of the
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substrate chain at the end or in the middle, respectively [182-184]. Furthermore,
GHs can also be classified as either retaining or inverting enzymes according to
the stereoselective hydrolysis mechanism of a glycoside with net retention or
inversion of anomeric configuration, respectively [185, 186]. Glycoside hydro-
lases are a widespread group of enzymes found in nature (microorganisms,
plants, and animals) with biological functions including the degradation of bio-
mass such as starch, cellulose, and hemicellulose, the antibacterial defense
strategies, the pathogenesis mechanisms, and the normal cellular function.
Glycoside hydrolases are found potential use in a variety of industrial applica-
tions such as bioethanol production, fine chemical production, food processing,
animal feed, paper and pulp processing, laundry and detergents, textile, medical,
and pharmaceutical [187-191].

4.6.1 Hydrolysis of Starch and Applications

Starch is a major storage product of many crops such as rice, wheat, maize, potato,
tapioca, and yam which is an important nutrition carbohydrate source for human
being stored in leaves, glands, seeds, and roots of plants. Starch is the second plen-
tiful heterogeneous polysaccharide produced by plants after cellulose in the form
of water insoluble granules. The molecules of starch are constituted by the link of
hundreds and thousands of glucose with glycosidic bond that makes the constitu-
ent C, H, and O atoms in the ratio of 6:10:5 (C¢H;¢Os)n. Natural starches are made
of about 20-25% amylose and 75-80% amylopectin. Amylose is a linear chain
polymer of glucose units linked by a-D-1,4-glycosidic bonds with a molecular
weight around 10° Dalton (Figure 4.1a) and amylopectin is a branched chain poly-
mer of glucose units linked by 5% a-D-1,6-glycosidic bonds in addition to a-D-1,4-
glycosidic bonds and has a molecular weight about 10°® Dalton (Figure 4.1b).
Starch is a major industrial raw material and can be chemically and/or
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Figure 4.1 (a) Linear polymer of amylose molecule with a-p-1,4-glycosidic bonds, (b)
branched polymer of amylopectin molecule with a-p-1,6-glycosidic bonds in addition to
a-p-1,4-glycosidic bonds.
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enzymatically processed to produce various products for use in a variety of indus-
tries such as brewing, biofuel, food and beverage, washing and detergent, paper,
and medicinal [182, 188, 189].

Basically, there are four types of starch-converting enzymes: (i) endoamylases;
(ii) exoamylases; (iii) debranching enzymes; and (iv) transferases. The enzymes
commonly used for catalyzing the hydrolysis of glycosidic bonds of starch into
sugars are amylases. Within the category of amylases, a-amylases (EC 3.2.1.1),
also known as 1,4-a-D-glucan glucanohydrolase or glycogenase, are calcium met-
alloenzymes that randomly cleave a-1,4-glycosidic bonds in the inner part (endo-)
of amylose or amylopectin chain to produce linear and branched oligosaccharides
such as maltotriose, maltose, and a-limit dextrins and glucose. These enzymes are
important industrial enzyme obtained from bacteria and fungi [192]. These
enzymes are maltogenic and their main products are maltose and other oligom-
ers; so they are not used for liquefaction but are used for producing high maltose
syrups in the food industry. f-Amylases (EC 3.2.1.2), also known as 1,4-a-D-glucan
maltohydrolase, glycogenase, and saccharogen amylase, are another form of
amylase and are found in bacteria, fungi, and plants. These enzymes catalyze the
hydrolysis of starch chain to break externally (exo-) the second a-1,4-glycosidic
bonds exclusively from the nonreducing end of amylose or amylopectin and
therefore produce maltose (two glucose units) and p-limit dextrins. The third type
amylase is y-amylases (EC 3.2.1.3) with alternative names such as amyloglucosi-
dase and glucoamylase. These enzymes are exo-acting amylases that cleave both
a-1,4- and a-1,6-glycosidic bonds on the external glucose residues of amylose or
amylopectin at the nonreducing end thus yield only glucose. Note that
a-glucosidases (EC 3.2.1.20) are another exoamylases which act like y-amylases [182,
188, 189].

The major market for a-amylases is in the starch industry which is used for the
hydrolysis of starch in the starch liquefaction process to produce fructose and glu-
cose syrups. Because of the high sweetening property of syrup, they are used in
huge quantities in the food and beverage industry, particularly as sweeteners for
soft drinks. The process requires the use of highly thermostable a-amylase for
starch liquefaction, which can act at temperatures around 70-100 °C [189, 192].
Maltodextrins, with a general formula of [(C¢H;005)nH,0, 2 < n <20], are hydrol-
ysis products of starches with low dextrose equivalent (DE) lower than 20 (DE
3-20). Since maltodextrins are digested by human pancreatic a-amylase faster
than starch, they are not suitable diet food for diabetic patient owing to their abil-
ity to increase blood glucose. However, maltodextrins with low DE (<5) can be
used as a fat replacer that have been sold commercially such as from corn starch,
potato starch, whole rice, tapioca, and waxy corn. Recently, banana starch has
been used as raw material to prepare low DE maltodextrin. Banana starch was
extracted from unripe banana fruit var. uli (Musa sp.) after steeping in NaOH. Then,
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the gelatinized banana starch was hydrolyzed by a-amylase from B. subtilis using
a batch reactor to produce maltodextrin with DE = 3. This banana maltodextrin
had a lower digestibility than that of the commercial maltodextrin from waxy
corn and potato starch [193]. High amylose starch has been chemically modified
with epichlorohydrin to form cross-linked amylose (CLA) which has been used as
a polymeric matrix in the oral drug controlled release system. Drug tablets are
prepared by direct compression of the dry mixture of CLA, a-amylase, and drug
powders. The a-amylase within the tablets is able to hydrolyze a-1,4-glycosidic
bonds of the CLA substrate to release drugs. The drug release rate can thus be
modulated by the amount of a-amylase which seems to be controlled by two
sequential mechanisms: (i) hydration and swelling of CLA tablets followed by
(ii) internal enzymatic hydrolysis of the hydrated gel phase [194].

4.6.2 Hydrolysis of Cellulose and Applications

Lignocellulosic materials refer to the plant dry matter and are the most abun-
dantly renewable raw material on Earth for the production of fuels (mainly
bioethanol), chemicals, and biochemicals. The main composition of lignocellu-
lose contains two kinds of carbohydrate polymers (cellulose and hemicellulose)
and one aromatic polymer (lignin). The two carbohydrate polymers have different
sugar monomers (hexose and pentose) which are tightly bound to lignin. Cellulose,
a carbohydrate with formula (C¢H;oOs)n, is a linear chain water insoluble
homopolysaccharide of several hundreds to many thousands p-D-glucose units
interlinked by p-1,4-glycosidic bonds (Figure 4.2a). Cellulose is the major struc-
tural component of cell-wall of green plants. The hydrogen bonds formed by the
multiple hydroxyl groups on glucose from one chain to a neighbor chain side by
side make the formation of microfibrils with high tensile strength which are fur-
ther meshed into a polysaccharide matrix of macrofibril or fiber (Figure 4.2b). In
its native state, cellulose consists of alternative crystalline and amorphous regions.
Thus, the crystalline nature of cellulose makes it resistant to degradation [190,
195-198].

The degradation of cellulose into small polysaccharides or glucose units means
a cheap and nontoxic raw material to produce numerous useful products.
However, the recalcitrant structure of cellulose presents a principal challenge for
the hydrolysis of the very stable §-1,4-glycosidic bonds between glucose units and
the intra- and intermolecular hydrogen bonds between cellulose chains. There are
two methods for converting cellulose to glucose viz. chemical and enzymatic
hydrolysis. The hydrolysates from chemical hydrolysis are complex including not
only fermentable sugars but also other toxic to microbes products such as furfural
due to the use of inorganic acids under harsh conditions for the hydrolysis.
Application of environmentally friendly enzymes to hydrolyze cellulose can be
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(a)
#-1,4-glycosidic bond

---0
OH =~-0

Figure 4.2 (a) Molecular structure of cellulose with p-1,4-glycosidic linkage of
p-glucose repeating units, (b) cellulose microfibrils formed by the hydrogen bonds
between adjacent linear polymer chains.

performed at mild conditions without producing byproducts that makes the enzy-
matic hydrolysis more attractive for large scale production [190, 195].

Cellulases, one kind of glycoside hydrolases, are the enzyme used to serve for
the purpose of cellulose hydrolysis and are produced chiefly by fungi, bacteria,
and protozoans. Conventionally, cellulases are an enzyme complex of three prin-
cipal enzymes acting synergistically for the complete hydrolysis of cellulose:
endoglucanases (EC 3.2.1.4), exoglucanases or cellobiohydrolases (EC 3.2.1.91),
and B-glucosidases (EC 3.2.1.21). Endoglucanases attack randomly the internal
glycosidic bonds at the amorphous regions of the cellulose that generates new
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long chain oligomers of nonreducing end. Exoglucanases cleave the f-1,4-
glycosidic bonds from the ends of the long chain oligosaccharides produced by
endoglucanases to form cellobiose. Exoglucanases are further classified into two
types: one that act unidirectionally from the reducing end of the cellulose chain
and one that act progressively from the nonreducing end. The liberated cellobi-
oses by synergistic action of endoglucanases and exoglucanases are further hydro-
lyzed to form glucoses by p-glucosidases [190, 195, 198]. The enzymatic
degradation of crystalline cellulose using cellulase is advantageous but there still
presents a great challenge by employing it for the effective and economical indus-
trial production of glucose from lignocellulosic materials. In order to obtain an
effective enzymatic hydrolysis of cellulose, lignocellulosic materials must be pre-
treated to improve cellulose accessibility to cellulase for hydrolysis.

At present, the processes used for pretreating lignocellulosic materials includ-
ing steam explosion, acid or alkaline hydrolysis, ammonia fiber explosion, and
organosolv pretreatment. Of these pretreatment processes, steam explosion or
hydrothermolysis and acid or alkaline hydrolysis were generally used in early
days in order to afford lignocellulosic materials easily degradable by cellulases
from fungus Trichoderma strains. Steam explosion seems the most used process
for the bioconversion of hardwood and agricultural residues to ethanol. However,
the high lignin content of steam explosion pretreated substrates has an adverse
effect on both the enzymatic cellulose hydrolysis and enzyme recycling. On the
other hand, the organosolv pretreatment for lignocellulosic materials produces
not only a high hydrolysable cellulose substrate and low lignin content but also
the production of potential value-added byproducts with the precipitated lignin
from this process [199, 200].

Most of the applications of organosolv pretreatment for delignification of ligno-
cellulosic biomasses such as agricultural and forest residues, grasses, and wood
from angiosperms and gymnosperms species were to convert them into a form
that can be efficiently enzymatically hydrolyzed to release glucose which then can
be readily fermented by yeast Saccharomyces cerevisiae to produce ethanol in high
yield. Ethanol produced in this way is recognized as bioethanol and is called the
second-generation fuel ethanol because they are produced alternative to the
sucrose or starch-to-ethanol process. The primitive organosolv pretreatment uses
ethanol-water solutions of various ethanol volume percentages (25-70%) that
were heated at high temperature (160-200 °C) for different times (15-120 min).
The lignocellulosic materials pretreated by organosolv process for effective sac-
charification and fermentation include Pinus radiata, Acacia dealbata, Eucalyptus
globulus, wheat straw, and bagasse [201-205]. In order to strengthen the efficacy
of ethanol organosolv pretreatment for lignocellulosic, a catalyst such as sulfuric
acid was added to the ethanol-water solution to refine the process. The addition of
a catalyst can reduce the use of ethanol and run the pretreatment at lower
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temperature (160-180°) for just an hour long. Pine trees such as Lodgepole pine
(Pinus contorta) and Loblolly pine (Pinus taeda), sweetgum, hybrid poplar, and
sugarcane bagasse have been pretreated with the refined process efficiently to pro-
duce fuel ethanol [206-211]. Instead of sulfuric acid various other substances
including HCI, NaOH, and MgCl, have been used for serving as the catalyst of
ethanol organosolv process to pretreat sugarcane bagasse, pitch pine (Pinus
rigida), willow wood, and wheat straw and their effect on the digestibility of bio-
mass, the glucose yield, and the ethanol yield was found to depend upon the kind
of biomass, the concentration of catalyst, and the operational conditions [212-214].
Recently, green liquor (GL) produced from pulping process has been used as a
catalyst for the ethanol organosolv pretreatment to improve the enzymatic digest-
ibility of biomass and retain maximum levels of polysaccharide in the substrate
for enzymatic hydrolysis. GL produced from soda pulping process is a mixture of
sodium carbonate and sodium hydroxide which when combined with ethanol and
adding anthraquinone as auxiliary agent can efficiently pretreat furfural residues
(FRs) to improve delignification and reduce cellulose decomposition thus increase
the glucose yield for cellulose hydrolysis with cellulase and p-glucosidase [215].
GL combined ethanol organosolv pretreatment method has been applied for sug-
arcane bagasse pretreatment that showed an improve of the glucose yield as
well [216].

The ethanol organosolv pretreatment for lignocellulosic materials has been
modified to improve the glucose yield of enzymatic hydrolysis and the ethanol
production. A two-step procedure involving a dilute-acid presoaking step and the
ethanol organosolv treatment has been applied for the pretreatment of Miscanthus
x giganteus. This modified process allowed an efficient fractionation of the raw
material into three fractions: a cellulose-rich residue, an ethanol organosolv lignin
fraction, and a water-soluble fraction mainly containing hemicellulose sug-
ars [217]. Horticultural waste (HW) used as a raw material for ethanol production
has been pretreated using ethanol organosolv process with or without acid cata-
lysts (H,SO,, HCI, H3PO,) followed by H,0, posttreatment. The results showed
that the addition of acid catalysts in the pretreatment process was not critical and
H,0, posttreatment was essential for the enhancement of HW digestibility and
subsequent fuel ethanol production [218]. Ethanol organosolv process with H,SO,
catalyst was modified by the addition of lignin for the pretreatment of loblolly
pine. The enhancement of the enzymatic hydrolysis of ethanol organosolv lignin
pretreated loblolly pine was influenced by pH [196]. Glycerol or acetone has been
substituted for ethanol in the ethanol organosolv pretreatment to form glycerol
organosolv pretreatment or acetone organosolv pretreatment for lignocellulosic
materials. The results of glycerol organosolv pretreatment for sugarcane bagasse
showed good component selectivity that removes approximately 70% lignin and
hemicellulose to yield a near-intact preservation (94%) of the overall cellulose and
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retains extraordinarily few fermentation inhibitors. The remarkable hydrolyzabil-
ity and fermentability of pretreated substrate from glycerol organosolv pretreat-
ment indicates the glycerol organosolv pretreatment a promising candidate
toward industrially relevant enzyme-based lignocelluosic biorefineries [219].
Acidified aqueous glycerol also has been applied for the pretreatment of coconut
coir fibers for the bioethanol production via simultaneous saccharification and
fermentation (SSF) [220]. The cost-effective mild acetone organosolv process
including sulfuric acid catalyst has been employed for the pretreatment of herba-
ceous biomass (wheat straw and corn stover), hardwood (beech, poplar, and
birch), and softwood (spruce and pine) to give an effective fractionation of the
three main components of lignocellulose constituents for subsequent enzymatic
cellulose hydrolysis [221]. Recently, organic electrolyte solutions (OES) formed by
room temperature ionic liquid 1-ally-3-methylimidazolium chloride [AMIM]-Cl
and polar solvent DMSO was used for the pretreatment of eastern white pine
(Pinus strobes L., EWP). The glucose yields of the pretreated EWP by OES after
enzymatic hydrolyses were remarkably improved by 460-500% and no negative
effect on downstream ethanol fermentation was observed [222]. In addition to
ethanol organosolv pretreatment, eucalyptus chips were hydrotropic pretreated
by using 30% (w/w) sodium xylene sulfonate and 2.0% (w/w) formic acid at 160 °C
for 90 minutes to give a more effective removing of lignin and xylose thus a better
enzymatic saccharification [204].

Another approach to improve the performance of cellulose hydrolysis with cel-
lulase is to immobilize the cellulase in or on solid matrices which makes them
reusable and hence reduces the enzyme-related operating costs. A study showed
that the immobilization of cellulase on vinyltrimethoxysilane functionalized
FDU-12 mesoporous silica appeared to be a promising approach in terms of high
immobilization efficiency, maintained cellulase activity, and provided temporal
enzyme stability [223]. Mesoporous silica nanoparticles (MSNs) have been syn-
thesized as well and used for the immobilization of cellulase and magnetic nano-
particles (Fe;O4). The synthesized biocatalyst, that is, cellulase-Fe;0,@MSN, was
applied for the cellulose hydrolysis to produce glucose in a novel integrated, cas-
cadingenzyme-/chemocatalytic cellulose conversioninto 5-hydroxymethylfurfural
(HMF) with a high yield (Scheme 4.36) [224].

OH CH,OH

Cellulase- Isomerase- O, OH
OH HOH,C
Q HO Feq0,@MSNs |\ "° O Fe;0,@MSNs Ho HSOGMSNs | -~ O~
o (o) d I Ho’ﬁ%\,OH— Lo /\@/\O
OH H
OH n OH 5-Hydroxymethylfurfural
Cellulose Oligomer Glucose Fructose (5-HMF)

Scheme 4.36 Integrated enzyme cascade-chemocatalytic cellulose conversion into HMF
using catalysts based on mesoporous silica nanoparticles. Source: Amiri et al. [226].
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The production of acetone, butanol, and ethanol (ABE) through fermentation
using corn starch and molasses as raw materials has been the second largest bio-
technological process in the world after the production of ethanol. However, dur-
ing the 1960s, the ABE fermentation process was no longer economically viable
due to the development of cheaper petrochemical-based process. In recent years,
there has been a revival of interest in the ABE fermentation by the increasing
concerns about unstable crude oil supplies and dramatic environmental impact of
fossil fuels and the use of cost-effective renewable resources from forest and agri-
cultural wastes as alternative substrates instead of oil-derived feedstocks. From
this respect, domestic organic waste (DOW) has been used as substrate for ABE
production. Two different samples of DOW (fresh and dried DOW) were treated
by extrusion in order to expand the polymer fibers present and to obtain a homo-
geneous mixture. Then the extruded fresh DOW was simultaneously hydrolyzed
by a combination of commercial cellulases and p-glucosidases and fermented by
solventogenic strain Clostridium acetobutylicum ATCC 824 for ABE produc-
tion [225]. Enzymatic hydrolysis of the rice straw after organosolv pretreatment
by 75% (v/v) aqueous ethanol containing 1% w/w sulfuric acid at 180 °C for
30 minutes resulted in a 46.2% glucose yield, which was subsequently fermented
by C. acetobutylicum to produce 80.3 g butanol, 21.1 g acetone, and 22.5 g ethanol
(Scheme 4.37) [226]. Organosolv pretreatment of reed using 70% (v/v) ethanol
without catalyst was performed at 40 °C for 6 h. Enzymatic hydrolysis of the pre-
treated reed using crude cellulase at 50 °C and pH 5.5 for 72 hours resulted in a
hydrolysate containing glucose and xylose. Fermentation of the hydrolysate by
C. acetobutylicum gave a yield of 0.21 and 0.33 g g' for biobutanol and ABE,
respectively [227].

In a study, one-step production of lactate from regenerated amorphous cellu-
lose (RAC) can be achieved by using the recombinant cellulolytic B. subtilis via
anaerobic fermentation. B. subtilis XZ7(pBscel5-MT2C) slowly hydrolyzed RAC to
soluble sugars and then utilized soluble sugars for cell growth, cellulase synthesis,
and lactate production. About 3.1 g L™" lactate with a yield of 60% of the theoreti-
cal maximum was obtained at the end of fermentation and the lactate yield was
enhanced to 63% of the theoretical maximum when 0.1% (w/v) yeast extract was
added to the medium [228]. In another study, high enantiomeric excess (>99%)
and high yields (0.90 and 0.84 g g™") of L-(+)-lactic acid (LA) were obtained by the
enzymatic hydrolysis of organosolv pretreated hemp hurds using the enzymes
blend CTec2 and further fermentation with thermophilic bacteria Bacillus coagu-
lans strain XZL4 and DSM1, respectively. The organosolv pretreatment of hemp
hurds was with 65% (v/v) methanolic solution containing 0-3% (w/w) concentrate
sulfuric acid. Overall, 42.0 g L-LA/100 g of raw hemp hurds was obtained from the
sugar streams generated by organosolv pretreatment, enzymatic hydrolysis of cel-
lulose (C6) and hemicellulose (C5), and fermentation using B. coagulans which is
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Pretreated Cellulase ~ Monomericsugars ¢ aoobutylicum Acetone
Ethanol rice straw hydrolysis < Glucose > fermentation Butanol

organosolv (lignocelluloses) xylose Ethanol
arabinose

) pretreatment
Rice straw
Organic liquor y  Solvent Dilution & lignin
lignin recovery Solvent filtration o
hemicellulosic recovery Lignin
sugars

Scheme 4.37 Acetone-butanol-ethanol (ABE) produced from rice straw via ethanol
organosolv pretreatment, enzymatic hydrolysis, and fermentation.

promising for lignocellulosic feedstock valorization toward the production of
polymer-grade LA [229].

4.6.3 Hydrolysis of Hemicellulose and Applications

Hemicellulose is one of the major components of lignocellulose. Hemicellulose is
the second most abundant polysaccharides after cellulose in nature and consists
of shorter sugar unit chains than cellulose. Hemicelluloses including xylan, glu-
curonoxylan, arabinoxylan, glucomannan, and xyloglucan are branched heter-
opolymers which except small amounts of acetic and uronic acids (D-glucuronic,
D-4-O-methyl-glucuronic, and D-galacturonic) consist of many different pentose
(D-xylose and L-arabinose) and hexose (D-glucose, D-mannose, and D-galactose)
sugar monomers with xylose being the most abundant. Xylans, hemicelluloses
hydrolyzed to yield xylose, present primarily in the secondary plant cell wall.
Xylans are the main hemicelluloses in hardwoods from angiosperms (15-30%) but
are less abundant in softwoods from gymnosperms (7-12%). Xylan, a complex
highly branched heteropolysaccharide, varies in structure between different plant
species with a linear homopolymeric backbone chain of f-D-xylopyranosyl units
linked by 1,4-glycosidic bonds that can be substituted to varying degrees with
4-O-methyl-D-glucuronopyranosyl units, acetyl group, o-L-arabinofuranosyl
units, etc. (Figure 4.3) [191, 230].

Owing to the complex heterogeneous structure of hemicellulose, the complete
degradation of hemicellulose involves several hemicellulase enzymes synergisti-
cally acting on it. The members of this enzyme system include endo-xylanase
(endo-1,4-B-xylanase, EC 3.2.1.8), p-xylosidase (xylan-1,4-p-xylosidase, EC
3.2.1.37),a-glucuronidase (a-glucosiduronase, EC 3.2.1.39), a-arabinofuranosidase
(a-L-arabinofuranosidase, EC 3.2.1.55), and acetylxylan esterase (EC 3.1.1.72) and
endo-xylanase and p-xylosidase, collectively as xylanases, are the key enzymes
responsible for the hydrolysis of xylan (the major constituent of hemicellulose).
Endo-xylanase cleaves the 1,4-glycosidic bonds of the homopolymeric xylan back-
bone resulting in the production of xylooligomers, while p-xylosidase further acts
on these degraded xylooligomers thus releasing xylose.
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Figure 4.3 Structure of xylan with different side chains attached. Source: Based on
Juturu and Wu [191]; Polizeli et al. [230].

In nature, hemicellulases are produced by fungi, bacteria, yeast, marine algae,
protozoans, snails, crustaceans, insect, seeds, etc.; however, xylanases from fila-
mentous fungi and extremophilic bacteria are industrially interested by their
commercial applications as a supplement in animal feed, for the manufacture of
bread, food and drinks, textiles, bleaching of cellulose pulp, ethanol, and xylitol
production [191, 230].

Novel xylanase and a-glucuronidase from thermophilic bacteria Alicyclobacillus
acidocaldarius and a-glucuronidase from Aldicellulosiruptor saccharolyticus were
found remarkable stability at high temperatures (best at 65 °C) and good specific-
ity on beechwood xylan. These enzymes efficiently catalyzed the hydrolysis of
(methyl)-glucurono xylans of beechwood and together with a thermophilic
B-xylosidase, they catalyzed the smart cooking pretreated Arudo donax biomass to
produce xylose for second-generation biorefineries [231]. Endo-1,4-p-xylanase
from Trichoderma reesei expressed in Pichia pastoris was exploited for the hemi-
cellulose hydrolysis of the alkaline-acid pretreated kenaf (Hibiscus cannabinus).
The use of a single enzyme with a batch feeding strategy was proven to yield 59%
conversion of pretreated hemicellulosic kenaf after 48 hours incubation at 50 °C
in pH 4.0 buffer [232]. Mechanical grinding of the pulp powder was first applied
to refine the bamboo prehydrolysis kraft pulp in order to improve the efficiency of
subsequent enzymatic hemicellulose removal using xylanase. Results revealed
that the xylan content of the bamboo- prehydrolysis kraft pulp (after first stage
oxygen delignification) could be decreased to 2.72% (w/w) due to the increasing of
accessibility of xylan by the fibrillation of mechanical refining [233].

In order to maintain the enzyme activity, improve the enzyme recovery, and
reduce the cost of enzyme reaction, a new strategy was applied to immobilize
xylanase within a hydrophilic and nonswelling polyethylene glycol (PEG) net-cloth
grafted on a polypropylene nonwoven fabric membrane by a visible light-induced
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surface graft cross-linking polymerization. The xylanase was in situ entrapped
within the PEG net-cloth which can effectively maintain the xylanase without
linkage in long-term operation. This immobilized xylanase was applied for the
hydrolysis of alkali-extracted corncob hemicelluloses. The experimental results
showed that the immobilized xylanase retained 80% of its original activity after 25
cycles reuse and 60% after 50 cycles reuse based on the liberated reducing sugars
which is far better than other entrapment immobilization methods [234, 235]. The
in vitro xylanase isolated from fungus Trichoderma viride was immobilized on the
zeolite matrix activated with HCI as well as to study the hydrolysis of hemicellu-
lose into xylo-oligosaccharide and xylose. The immobilized xylanase activity
determined by the reducing sugar (xylose) produced was found greater than the
purified xylanase. The immobilized xylanase was stable and reusable for as much
as 6 times which afforded the activity 21.3 pg g min™' and the conversion effi-
ciency of 56.8% [236].
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Organic Synthesis with Lyases

Lyases are enzymes that catalyze the bond generation and the bond breaking
with the addition or removal of groups from their substrates. Lyases catalyze
the bond breaking by means other than hydrolysis or redox reactions, often
forming new double bonds or ring structures. Lyases are classified as EC 4
according to the EC number classification of enzymes, and they can be further
classified into seven subclasses, depending upon the bond type involved. EC
4.1.x.x are lyases with carbon-carbon bonds, and they are the most important
and abundant subclass. EC 4.2.x.x are lyases with carbon-oxygen bonds. EC
4.3.x.x are lyases with carbon-nitrogen bonds. All these three subclasses have
four subcategories. EC 4.4.x.x, EC 4.5.x.x, EC 4.6.x.x, and EC 4.99.x.x are lyases
involved with carbon-sulfur bonds, carbon-halide bonds, phosphorus-oxygen
bonds, and other bonds, respectively [1-3].

5.1 Lyases with Carbon-Carbon Bonds

5.1.1 Aldolases in Organic Syntheses

Enzyme-catalyzed stereoselective reactions forming new carbon-carbon bonds
are of utmost important in synthetic organic chemistry [1, 4-6]. However, the
enzymatic aldol reaction is recognized as one of the most useful tools for the con-
struction of C-C bonds to generate up to two new stereogenic centers that allows
the design of a wide range of both natural and novel poly-hydroxylated com-
pounds in the synthesis of building blocks for natural product and drug develop-
ment [1, 4, 7]. Therefore, for the preparation of those biologically organic
compounds, such as carbohydrates and amino acids, with structurally elaborated
and water-soluble and with several functional groups, the enzymatic aldol reac-
tion is particularly attractive to avoid the requirement of extensive use of

Enzyme-Based Organic Synthesis, First Edition. Cheanyeh Cheng.
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protective groups and the demanding of stereochemical control by conventional
synthetic approaches.

Aldolases, ubiquitous enzymes in nature, are rooted to the sugar metabolic cycle
and are found in the biosynthetic pathways of carbohydrates, keto acids, and amino
acids and in a variety of catabolic pathways of carbohydrates. Among the known
aldolase, most of them catalyze the stereoselective aldol reaction with the addition
of a ketone to an aldehyde. The aldolases are divided into two classes on a mecha-
nistic basis. The class I aldolases activate the donor substrates by forming a Schiff
base as an intermediate with a strictly conserved e-NH, group of a lysine residue in
the active site. The enamine tautomer formed in the active site then attacks with
high stereoselectivity to the bound acceptor aldehyde. The enzyme-bound imine is
then hydrolyzed to release the product. The class II aldolases contain a Zn>* cofac-
tor coordinated to three histidine nitrogen atoms in the active site which acts as a
Lewis acid to activate the bound donor substrate [1, 4]. According to the structure
of donor substrate, aldolases are divided into four groups: dihydroxyacetone phos-
phate- (DHAP), pyruvate-, acetaldehyde-, and glycine-dependent aldolases [1, 7, 8].

The class I fructose 1,6-biphosphate (FBP) aldolase isolated from rabbit muscle
is the most employed enzyme for reversibly catalyzing the addition of dihydroxyac-
etone phosphate (DHAP) to D-glyceraldehyde 3-phosphate (D-G3P) to produce
D-fructose 1,6-biphosphate (FBP) (Scheme 5.1) [1, 4, 7-9]. The broad range of alde-
hyde acceptors for this DHAP-dependent enzyme has made the reaction a versatile
tool in the synthesis of monosaccharides and sugar analogs [10], alkaloids [11],
and other natural products. For example, the FBP aldolase-mediated reaction of
DHAP and an aldehyde is a key step for the total synthesis of microbial elicitor
(-)-syringolide 2 [1, 12]. The other class I tagatose 1,6-diphosphate (TDP) aldolase
also uses D-G3P as the acceptor when catalyzes DHAP aldol reaction to give
D-tagatose 1,6-diphosphate (TDP) with complementary (3S, 45)-erythro configura-
tion to the (3S, 4R)-threo configuration of FBP (Scheme 5.1) [1, 8, 9]. Both L-fuculose
1-phosphate (Fuc 1-P) aldolase and L-rhamnulose 1-phosphate (Rha 1-P) aldolase
are class II DHAP-dependent enzymes that use (S)-lactaldehyde as the natural
acceptor. The configuration of the vicinal diols produced in the DHAP aldol reac-
tion of Fuc 1-P aldolase with (S)-lactaldehyde generates the (3R, 4R)-diol, while
Rha 1-P aldolase creates the corresponding (3R, 4S)-isomer (Scheme 5.1) [1, 8, 9].

The DHAP-dependent aldolases have several drawbacks: (i) the strict specificity
toward the donor substrate, (ii) expensive and unstable donor substrate, and (iii) nec-
essary removal of the phosphate group of the product. The discovery of a novel class I
D-fructose 6-phosphate aldolase (FSA) isolated from Escherichia coli genome by
directed evolution approaches overcomes these disadvantages [13]. The FSA aldolase
accepts the readily available unphosphorylated dihydroxyacetone (DHA) as donor
substrate instead of the expensive DHAP and the readily obtained products have the
unbiased stereoselectivity (3S, 4R)-configuration and without subsequent
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Scheme 5.1 Stereochemical complementary sets of DHAP-dependent aldolases. Source:
Based on Brovetto et al.[1]; Dean et al. [4]; Fischer and Pietruszka [7]; Clapés et al. [8];
Schimidt et al. [9].

dephosphorylation [1, 8, 9]. Besides DHA, FSA also weakly takes hydroxyacetone
(HA), hydroxybutanone (HB), or glycoaldehyde (GA) as donor substrate [1, 9, 14, 15].
The versatility of the wild-type FSA has been demonstrated by its use in the multiple
synthesis yielding carbohydrates and analogues, such as catalyzing the direct stere-
oselective self-aldol addition of glycoaldehyde to yield D-(-)-threose (Scheme 5.2),
that glycoaldehyde acts as both the donor and acceptor substrate for FSA [1, 14, 16].
The group of pyruvate-dependent aldolases is usually class I aldolases that
reversibly catalyze the aldol reaction between the donor substrate pyruvate to
various polyhydroxylated aldehyde acceptors producing o-oxo acids.

o) o) OH O o)
I I FSA OH
+ ~— H ~— A
HO OH

OH OH OH OH
Glycoaldehyde p-Threose

Scheme 5.2 FSA-catalyzed self-aldol addition using glycoaldehyde as the donor
substrate. Source: Based on Brovetto et al. [1]; Garrabou et al. [14]; Concia et al. [16].
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Scheme 5.3 N-Acetylneuraminic acid (NeuAc) aldolase-catalyzed aldol reaction. Source:
Based on Brovetto et al. [1]; Clapés et al.[8].

N-Acetylneuraminic acid aldolase (NeuA), also named sialic acid aldolase, and its
mutants catalyze the reversible aldol addition of N-acetyl-D-mannosamine
(ManNAc) to pyruvate yielding N-acetylneuraminic acid (NeuAc or sialic acid)
(Scheme 5.3) [1, 8]. NeuAc aldolase isolated from bacteria and mammals accepts
only pyruvate as donor substrate that forms a Schiff-base/enamine intermediate
with pyruvate to promote a si-face attack to the aldehyde resulting in the forma-
tion of a 4S stereocenter for the natural substrate. However, the stereospecificity
of NeuAc aldolase is not absolute and depends on the structure of the acceptor
aldehyde [17, 18]. Directed evolution has been applied to E. coli D-2-keto-3-
deoxy-6-phosphogluconate (KDPG) aldolase in order to solve the narrow sub-
strate acceptance and the need for phosphorylated aldehydes with aldol reactions.

By screening for mutants of KDPG aldolase, the variants showed not only the
ability to accept nonphosphorylated substrate but also an increase in relative activ-
ity for L-glyceraldehyde and pyruvate in addition to the naturally substrate
D-glyceraldehyde, and thus were wused to synthesize the L-sugar
3-deoxy-L-threo-2-hexulosonic acid (Scheme 5.4) [4, 15, 19]. The structurally guided
mutagenesis has been applied to the NeuAc aldolase to obtain a mutant aldolase
that is capable of accepting substituted amides of the natural D-ManNAc as the
acceptor to synthesize sialic acid mimetics [4, 20]. The improvement in pyruvate-
dependent NeuAc aldolase by directed evolution thus disclosed a new route to the
core structure of important pharmaceuticals such as zanamivir (Relenza) [7].

Nowadays, the only known acetaldehyde-dependent aldolases having been
applied in organic synthesis is 2-deoxy-D-ribose 5-phosphate aldolase (DERA).
DERA isolated from animal tissues and microorganisms is an acceptably stable
class I aldolase and is commercially available. DERA, which catalyzes the revers-
ible aldol reaction of acetaldehyde and D-G3P to give 2-deoxyribose-5-phosphate,
has been rationally designed toward nonphosphorylated D-glyceraldehyde with
2.5-fold higher activity (Scheme 5.5) [1, 4, 7, 8, 15]. Another attractive feather of
DERA compared to other aldolases proved to be the unique ability to catalyze the
sequential aldol reactions with acetaldehyde as the only substrate to produce
(3R,5R)-2,4,6-trideoxyhexose (Scheme 5.6) [1, 8].

The DERA mutant S238D showed the ability to accept 3-azido-propionaldehyde
as a substrate for a sequential one-pot aldol condensation for the synthesis of a



http://chemistry-chemists.com

5.1 Lyases with Carbon-Carbon Bonds | 143

o) o OH
| (0] KDPG aldolase B
OPOs* ¥ )J\ HooC OPO42"
COOH
OH OH
Directed
evolution
o) o OH
k/\ 0 Mutant aldolase )j\/=\/\
Y OH + )J\ = HOOC Y OH
B COOH =
OH OH

Scheme 5.4 KDPG mutant aldolase accepting nonphosphorylated and altered substrate
specificity by directed evolution. Source: Based on Dean et al.[4]; Stroheier et al. [15];
Fong et al.[19].
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Scheme 5.5 Aldol reactions catalyzed by acetaldehyde-dependent DERA. In comparison
to other aldolases, DERA has a rather broad substrate range that made DERA-catalyzed
aldol reactions great effect in the preparation of key intermediates for the synthesis of
potent antitumor agent epothilones A[1,4,7,21]. Source: Based on Brovetto et al. [1];
Fischer and Pietruszka [7]; Clapés et al. [8]; Stroheier et al. [15].

o) (o) o) DERA OH OH (@] (e}
L = Ll —~— on
R R H

(3R,5R)-2,4,6-Trideoxyhexose

Scheme 5.6 Sequential aldol reaction catalyzed by DERA with acetaldehyde as the only
substrate. Source: Based on Brovetto et al. [1]; Clapés et al. [8].

key fragment of the cholesterol-lowering drug atorvastatin (Scheme 5.7) [4, 7, 22].
DERA has also been evolved for an industrial application in the synthesis of statin
drug reported by DSM [4, 7, 8, 15, 23]. This enzyme has been exploited for the
tandem aldol addition of 2 equiv. of acetaldehyde to 1 equiv. of 3-chloropropanal
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Scheme 5.7 Application DERA mutant S238D catalyzed sequential on-pot reactions in
the synthesis of atorvastatin. Source: Based on Dean et al. [4]; Fischer and Pietruszka [7];
Liu et al.[22].

in the preparation of (3R,5S)-6-chloro-2,4,6-deoxyhexpyranoside, a key statin
intermediate, for the production of atorvastatin (Scheme 5.7) [1, 4, 7, 8, 15].

Threonine aldolases (ThrAs) are the glycine-dependent aldolases that by work-
ing with pyridaoxal-5’-phosphate (PLP) catalyze the reversible aldol addition of
glycine to aldehydes to form p-hydroxy-a-amino acids. ThrAs display complete
stereospecificity for the four stereo-complementary p-hydroxy-a-amino acids
using formally a single aldehyde and either L-threonine/D-threonine or corre-
sponding allo-threonine selective aldolases (Scheme 5.8) [1, 8].

OH O
L-ThrA
T > R OH SV
NH,
OH O
D-ThrA /\)J\
D-syn
o ——> R~ “OoH
O =
m + oH —> NH,
R OH 0O
NH; L-allo-ThrA )
EEEEE— R OH L-anti
NH,
OH O
p-allo-ThrA M b-anti
——> R "OH
NH,

Scheme 5.8 Stereocomplementary aldol reactions with glycine-dependent ThrAs.
Source: Based on Brovetto et al. [1]; Clapés et al. [8].
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Scheme 5.9 Synthetic application of glycine-dependent ThrA. Source: Based on Clapés
et al. [8]; Nishiyama et al. [24]; Toshihiro et al. [25].

When ThrAs are used in synthetic applications, it is necessary to work with an
excess of glycine to compensate the unfavorable equilibrium constant.
L-Threonine aldolases have employed for the introduction of both multifunction-
ality in chemoenzymatic and chirality in one single step such as in the prepara-
tion of the antifungal precursor of thymine deoxypolyoxin C (Scheme 5.9) and
imino-deoxydigitoxose [8, 24, 25]. ThrAs have also been used to synthesize a
number of y-halogenated and long-chain p-hydroxy-a-amino acids (log chain
L-3-alkylserine and D-3-alkylserine derivatives). For D-threonine aldolase the
syn-selectivity was observed exclusively that further chemically yielded the
2-amino-1,3-diols as potential precursors for short-chain sphingosine derivatives
synthesis [7, 8, 26].

5.1.2 Enzymatic Acyloin Condensation

Bifunctional acyloins (a-hydroxyketones) are compounds of ubiquitous structure
with a range of applications, particularly their enantiopure forms are versatile
intermediates in natural product synthesis for fine chemicals as well as pharma-
ceuticals production. They can be used for the synthesis of antidepressants, anti-
fungal agents, antitumor antibiotics, or inhibitors of farnesyl transferase or
amyloid-p-protein (for Alzheimer’s disease) [7, 9, 27]. In addition, they also can be
used for the preparation of diols and aminoalcohols. In nature, the enzymes
involved for efficient formation of a-hydroxyketones are a group of thiamine
diphosphate (ThDP)-dependent lyases that catalyze the C-C bond formation
related to the acyloin condensation between an aldehyde and an adequate donor,
usually from inexpensive aldehydes. The ThDP-dependent lyases include pyru-
vate decarboxylase (PDC), benzoylformate decarboxylase (BFD), phenylpyruvate
decarboxylase (PhDC), indole-3-pyruvate decarboxylase (InPDC), and benzalde-
hyde lyase (BAL) [1, 7, 9]. The key step of the catalytic mechanism for acyloin
condensation involves the reaction of the “donor” aldehyde with the thiazolium
ring of the ThDP cofactor forming a highly reactive zwitterion, followed by the
attack of this active zwitterion to the acceptor aldehyde, releasing the cofactor to
generate the (R)-a-hydroxyketone [1, 9].
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5.1.2.1 Acyloin Condensation Catalyzed by Pyruvate Decarboxylase

Pyruvate decarboxylases (PDC, EC 4.1.1.1) are commonly found in plants, yeasts,
and fungi, but absent in mammals [27]. PDC is the first enzyme of the branched
glycolytic pathway, catalyzing the nonoxidative decarboxylation of pyruvic acid
into acetaldehyde and CO, under anaerobic conditions, thus is an important
enzyme in glycolysis and ethanol fermentation [28]. In addition to the decarboxy-
lase activity, the catalytic activity of PDC for C-C bond formation by being able to
catalyze an acyloin condensation-like carboligation of aldehydes was noticed in
1921. Since then, PDC has been widely used as biocatalyst in carboligation reac-
tions that leads to an industrial fermentation process for the preparation of (R)-
phenylacetylcarbinol (PAC),akeyintermediate forephedrine and pseudoephedrine
production (Scheme 5.10) [7, 29, 30].

PDC catalyzes a number of decarboxylations of a-keto acids with different
aldehydes to form chiral a-hydroxyketones using either whole cell systems or
isolated enzymes [28, 31, 32]. A broad range of substrates have been employed
for the decarboxylation reaction of PDC such as a-keto acids (a-keto butyric
and a-keto valeric acids) and branched substrates (a-ketoisocaproic acid and
a-ketoisovaleric acid). It has been found that PDC from bacteria showed lower
affinities for longer-chain-aliphatic a-keto acids than those of yeast. In the
PDC-catalyzed acyloin condensations, a-hydroxyketones with a sec-alcohols
moiety (sec-a-hydroxyketones) will be formed with the acceptor aldehyde. A
variety of sec-a-hydroxyketones can be obtained depending on the donor/

O -
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Scheme 5.10 PDC-catalyzed synthesis of (R)-PAC and its use for the production of
ephedrine and pseudoephedrine. Source: Based on Fischer and Pietruszka [7]; Ward and
Singh [29]; Demir et al. [30].
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Scheme 5.11 Direct asymmetric synthesis of meta- and para-substituted (S)-benzoins
catalyzed by ApPDC variant. Source: Based on Schimidt et al. [9]; Westphal et al. [35].

acceptor and the enzymes used such as phenylacetylcarbinol (PAC) derivatives,
2-hydroxypropiophenone analogues (2-HPPs), §-hydroxy-y-keto acids, benzo-
ins, or aliphatic acyloins [9]. For example, benzoin is a precursor used for the
synthesis of benzyl, a common photoinitiator in polymerization. The direct
preparation of (R)-benzoin and analogues through enzymatic cross-coupling
reaction of aldehydes have been developed in the past using either BAL or
BFD [33, 34]. The direct asymmetric synthesis of (S)-benzoins with excellent
enantiomeric excess (>99%) and very good conversion have been identified by
a rational designed (S)-selective variant of pyruvate decarboxylase from
Acetobacter pasteurianus (ApPDC) via the direct enzymatic homocoupling of
commercially available benzaldehyde derivatives (Scheme 5.11) [9, 35].

5.1.2.2 Acyloin Condensation Catalyzed by
Benzoylformate Decarboxylase
Benzoylformate decarboxylases (BFD, EC 4.1.1.7) have been found in bacteria
catalyzing the nonoxidative decarboxylation of benzoylformate to benzaldehyde
with a reaction mechanism similar to that of pyruvate decarboxylases and playing
an important role in the mandelate pathway [36-38]. BFD also exhibits the enan-
tioselective C-C formation activity that accepts aldehydes as donors to catalyze
the acyloin and benzoin condensations to give corresponding (S)-acyloins and
(R)-benzoins within a broad range of pH (5-8) and temperature (20-40°C)
(Scheme 5.12) [1, 29, 30, 39, 40]. The addition of organic solvent dimethylsulfox-
ide (DMSO) increased the conversion rate but had no effect on the enantioselec-
tivity of the product. The carboligase activity of BFD from Pseudomonas putida
was first reported in 1992 and the enantiomeric excess of (S)-2-
hydroxypropiophenone ((S)-2-HPP) from benzaldehyde and acetaldehyde by BFD
from P. putida was found as high as 91-92% [41]. The range of substrates is very
broad including m-substituted aromatic aldehydes, heteroaromatic aldehydes,
acyclic aldehydes, and «,f-unsaturated aldehydes but preferring aromatic alde-
hydes [32, 34, 42-45].

The carboligase activity of BFD from P. putida has been improved by a combina-
tion of directed evolution and site-directed mutagenesis [46]. The substrate
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Scheme 5.12 Benzoylformate decarboxylase-mediated asymmetric acyloin
condensations. Sources: Based on Brovetto et al. [1]; Ward and Singh [29]; Demir
et al. [30]; Wilcocks and Ward [39]; Demir et al. [40].

specificity was also broadened by using genetic engineering techniques, thus the
limitation of the wild type BFD not accepting o-substituted benzaldehyde deriva-
tives, except 2-fluorobenzaldehydes, has been circumvented by the directed evolu-
tion to alter the substrate specificity of BFD [47]. Even BFD mutants accept
long-chain aliphatic 2-ketoacids with improved decarboxylation activity by site-
directed mutagenesis [48, 49].

5.1.2.3 Acyloin Condensation Catalyzed by Benzaldehyde Lyase

Benzaldehyde lyase (BAL. EC4.1.2.38) from Pseudomonas fluorescens Biovar I
reported first time in 1989 was another extensively investigated ThDP-dependent
enzymes that also uses divalent cations as cofactors. The first purified enzyme
catalyzed the cleavage of the acyloin linkage of benzoin to produce two molecules
of benzaldehyde [50]. The enantioselective catalytic activity of BAL in C-C bond
forming reactions using generally acetaldehyde as acceptor that afforded (R)-
benzoin and (R)-2-hydroxypropiophenone derivatives was first described in
2001 [1, 30, 51]. The carboligation activity of this enzyme has been extensively
studied since then with a broad range of substrates. Research findings also dem-
onstrated that BAL and BFD are homologous ThDP-dependent enzymes catalyz-
ing the formation of chiral 2-hydroxyketones from aldehydes. However, the
reverse reaction has only been observed with BAL. In addition, the stereospecific-
ity of BAL is a strictly specific for R configurations (Scheme 5.13) [1, 52].

The catalytic mechanism of BAL has been widely studied and found in accord-
ance with other ThDP-dependent enzymes [51, 53-57]. The initial step of the
catalytic cycle is the attack of the ylide form of ThDP to the carbonyl carbon of
the (R)-benzoin to produce the corresponding adduct. Then, the electrophilic
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Scheme 5.13 General reaction scheme for BAL-catalyzed carboligations. Source: Based
on Brovetto et al. [1]; Knoll et al. [52].

nitrogen atom of the ThDP moiety promotes a rearrangement to form the enam-
ine intermediate and a free benzaldehyde. The enamine intermediate reacts
with the acceptor aldehyde and undergoes the carboligation reaction, which
produces the acyloin and regenerates the ylide to complete the catalytic cycle. In
the absence of an acceptor aldehyde, the protonation of enamine intermediate
leads to the release of the bound benzaldehyde and regenerates the ylide. The
formation of the enamine-carbanion intermediate can also be formed by the
attack of the ylide form of ThDP on the carbonyl group of the released benzal-
dehyde [1, 30].

Both BAL and BFD catalyze a wide range of substrates [32-34, 42, 52, 58-66].
However, BAL-catalyzed carboligations not only show complementary stereose-
lectivity to BFD but also exhibit a broader substrate specificity, for examples, aro-
matic and o-substituted aromatic aldehydes, heteroaromatic aldehydes, simple
aliphatic aldehydes such as propionaldehyde, mono- and dimethoxyaldehyde,
and also glyceraldehyde and butyraldehyde derivatives are accepted [33, 34, 40,
51, 59, 60, 62, 67]. For aliphatic aldehydes of not highly sterically hindered are
suitable as both donors and acceptors [1, 42]. In addition to the enantioselectivity
of BAL-catalyzed carboligations, BAL affords highly diastereoselective o-
hydroxyketones by simultaneously performing ligation and kinetic resolution of
one enantiomer of a racemic a-chiral aldehyde. In this case, two chiral centers in
one reaction can be set up and perfect enantioselectivity can be obtained by using
benzaldehyde as the donor (Scheme 5.14) [9, 68].

The wide ranges of substrate specificity and (R)-enantioselective catalytic
activity in C-C bond forming reactions have made BAL many industrial syn-
thetic applications. For instance, 2,3-dioxygenated aryl propanones are very
important chiral building blocks for the synthesis of various biologically active
compounds. BAL-catalyzed acyloin condensation using aromatic aldehydes
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Scheme 5.14 Diastereoselective condensation of benzaldehyde and racemic (*)-2-
methyl-alkyl-aldehydes using BAL for producing enantiopure 2-HPP derivatives.
Source: Based on Schimidt et al.[9]; Muller et al. [68].

donor and methoxy or dimethoxy acetaldehyde acceptor furnishes either (R)-2-
hydroxy-3-methoxy-1-arylpropan-1-one or (R)-2-hydroxy-3,3-dimethoxy-1-aryl
propan-l-one derivatives in high yields and with 89 to >98% e.e.
(Scheme 5.15a) [30, 59]. These products were used as synthons for the synthesis
of 1,4-benzodioxane lignans (5’-methoxyhydnocarpin), an antihepatotoxic with
insecticidal activity, or cytoxazone, a novel cytokine modulator, or for the pro-
duction of aryl isoserines which are precursors to the side-chain of paclitaxel
(Taxol’) (Scheme 5.15b) [7, 30, 59].

(@) i

.

1,4-Benzodioxane lignans

HsCO

Cytoxazone "// (5'-Methoxyhydnocarpin)
NH, O
— (@)
| X OH —>
% OH
R
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Scheme 5.15 (a) BAL-catalyzed 2,3-dioxygenated aryl propanones. Source: Based on Demir
et al.[30]; Demir and Sesenoglu [59]. (b) applications of 2,3-dioxygenated aryl propanones
in natural product synthesis. Source: Based on Fischer and Pietruszka [7]; Demir et al. [30];
Demir and Sesenoglu [59].
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Many biocatalytic practical techniques have been developed to improve BAL as a
biocatalyst in industrial applications. For instances, an aqueous-organic two-phase
system has been found the best reaction system for the preparative asymmetric syn-
thesis of (R)-3,3’-dimethoxybenzoin and (R)-3-methoxy-2'-chlorobenzoin [69]. It
has been found BAL tolerates a variety of organic co-solvents such as DMSO, MTBE,
butanol, 2-MeTHF, or deep-eutectic solvents for carboligation under aqueous con-
ditions [70, 71]; the development of a continuous bioreactor in combination with
membrane technology enables high space time yields of the product (R)-2-HPP as
well as high total turnover numbers of the BAL [72]; a further development of gas
reactors was used for the continuous production of propioin from two propanal
molecules or benzoin from benzaldehyde [73, 74]; the bioprocess parameters on the
enzymatic activity and stability of BAL-catalyzed carboligation were optimized by
means of reaction engineering [62, 72, 75, 76]; the immobilization of BAL either by
entrapping in polyvinyl alcohol (PVA) to give a better productivity of novel benzoins
for a gel-stabilized two-phase reaction system or by means of metal ion affinity
binding to a nickel(II)-nitrilotriacetic acid derivatized carrier to perform repetitive
batch reactions and a continuously operated plug-flow reactor [30, 67, 77, 78]; and
the direct use of E. coli whole cells overexpressing BAL in a biphasic system elimi-
nates the external addition of expensive cofactor ThDP and affords high productiv-
ity and enantioselectivity [27, 63].

In addition, BAL has been embedded in a one-pot two-step cascade reaction to
transform bio-based aliphatic alcohols, which is in situ oxidized by an alcohol
oxidase and a catalase to corresponding aldehydes, and benzaldehyde to optically
pure 2-hydroxypropiophenone and analogues [9, 79].

5.1.2.4 Acyloin Condensation Catalyzed by

Phenylpyruvate Decarboxylase

Phenylpyruvate decarboxylase (PhDC, EC 4.1.1.43) catalyzing the acyloin con-
densation of phenylpyruvic acid and acetaldehyde is another ThDP-dependent
a-ketoacid decarboxylase [30, 80, 81]. This enzyme produced from Thauera,
Achromobacter, Pseudomonas, and Aromatoleum spp. by the induction with
L-phenylalanine, tryptophan, or mandelate participates in the anaerobic metabo-
lism of aromatic compounds via benzoyl-CoA [82-84]. The crystal structure of
this enzyme from Azospirillum brasilense has been reported first time at 1.5 A
resolution and also found involving in the biosynthesis of the plant hormone
indole-3-acetic acid and the antimicrobial compound phenylacetic acid [85].

The stereoselective acyloin condensation of phenylpyruvic acid and
acetaldehyde-catalyzed by Achromobacter eurydice and P. aromatic grown on
L-phenylalanine-containing medium provided the acyloin product 3-(R)-hydroxy-
1-phenyl-2-butanone with only 1-7% yield but 95 and 84% e.e., respectively
(Scheme 5.16). However, the yield and e.e. of acyloin product obtained with a
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Scheme 5.16 Acyloin condensation of phenylacetic acid with PhDC.

partially purified PhDC prepared from the cell-free extract of A. eurydice were 45
and 91%, respectively [80]. With phenylacetic acid acyl donor, a variety of straight
chain aliphatic aldehydes have been found as suitable acyl acceptor but no aro-
matic aldehydes for the asymmetric acyloin condensation using purified PhDC
from A. Eurydice to give optically pure acyloins PhCH,COCH(OH)R. However, the
yield decreased with increasing chain length for straight chain aliphatic aldehydes
from 76% for acetaldehyde to 24% for valeraldehyde and the e.e. values of the prod-
ucts were in the range of 87-98%. For chloroaldehyde and glycoaldehyde, the yields
of the acyloin products were low as 13 and 16%, respectively. Indole-3-pyruvate can
be used as an acyl donor for the purified enzyme to produce the acyloin condensa-
tion product 3-hydroxy-1-(3-indolyl)-2-butanone with aldehyde in a yield of 19%.

The proposed catalytic mechanism of PhDC is analogous to PDC and BFD, with
only minor changes occur in the interactions with cofactors, thiamine diphos-
phate, and Mg2+ [1, 30, 85]. That is, it involves the decarboxylation of phenylacetic
acid to the thiamine-enzyme bound complex in the first step, followed by the
reaction of the acceptor aldehyde with the thiamine-enzyme bound complex to
provide the acyloin product.

5.1.3 Cyanohydrin Formation with Hydroxynitrile Lyases

Hydroxynitrile lyases (HNLs, EC 4.1.2.x), also known as oxynitrilases, are a versa-
tile of enzymes that catalyze the reversible enantioselective cleavage of o-
cyanohydrins into hydrocyanic acid (HCN) and the corresponding aldehyde or
ketone. HNLs are typically found in plants, but recent investigations also have
reported nonplant sources organisms like bacteria, fungi, lichen, millipedes,
arthropods, and insects [1, 7, 86, 89-95]. In plants, the release of HCN from the
HNL-catalyzed cleavage of cyanohydrins is related to a defense mechanism of
these plants against several herbivores, commonly known as cyanogenesis, which
also functions a nitrogen source.

The classification of HNLs falls into two major groups based on the presence or
absence of flavin adenine dinucleotide (FAD) cofactor. The FAD-containing (R)-
selective HNLs such as Prunus amygdalus (Pa-HNL) as well as (R)-(+)-
mandelonitrile lyases (MDL) have been isolated exclusively from plants belonging
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to Prunoideae and Maloideae subfamilies of Rosaceae. However, FAD is not
involved in the mechanism of HNL-catalyzed reaction, but their removal will
cause the inactivation of HNL [96, 97]. The FAD-independent HNL found in
Sorghum bicolor (Sb-HNL), Manhot esculenta (Me-HNL), Phlebodium aureum
(Pha-HNL), and Linum usitatissimum (Lu-HNL) is (R)- and (S)-selective enzymes
and is less prevalent protein [1, 89]. The catalytic mechanism of HNL studied by
structure, spectroscopy, molecular modeling, and density functional theoretical
calculations reveals general acid-base catalysis via three elementary steps: (i)
deprotonation of the OH-Ser80 by His235 and concomitant abstraction of aproton
from the substrate hydroxyl by Ser80; (ii) the C-C bond cleavage of the cyanohy-
drin compound; and (iii) protonation of the cleaved cyanide by His235. The rate-
limiting step is the C-C bond cleavage [1, 89, 97, 98].

The in vitro reversibility of the cyanohydrin cleavage enables the enantioselec-
tive condensation of HCN with aldehydes or ketones to produce either (R)- or
(S)-a-cyanohydrins (a-hydroxy nitriles) (Scheme 5.17). a-Cyanohydrins formed
by the HNL-catalyzed addition of HCN to aldehydes have been studied for a long
time. Although a wide spectrum of aliphatic and aromatic aldehydes has been
converted into their corresponding cyanohydrins with excellent enantiopurities,
still lower yields and enantioselectivities were found in some cases. These limita-
tions have been overcome by using a biphasic reaction system [87, 91, 92, 94,
99-101]. Recently, the incorporation of the biphasic systems with the immobiliza-
tion of purified HNL or whole cell as crossed-linked enzyme aggregates (CLEAS)
has greatly improved the cyanohydrins synthesis [86, 102-104]. The substitution
of one bulky group for hydrogen atom in the aldehyde molecule causes a higher
degree of steric hindrance of the ketones that has proven the asymmetric conden-
sation of HCN with ketones to be more difficult.

With the help of biphasic system and immobilized enzyme, a variety of enantio-
pure cyanohydrins have been synthesized from aliphatic methyl ketones and aro-
matic ketones [100, 105-110]. The enantiomeric selectivity of cyanohydrin
formation for methyl ketones was very good when the other group on the ketones
is larger than ethyl group [107, 109, 110]. For 2-butanone, the size of the two sub-
stituents is similar that causes only minor difference in the spatial orientation
selectivity of the substrate and thus only 54% e.e. was obtained for the

R OH OH
1 HNL | |
/EO + HCN — Rz“"C\CN or R1““C\CN
R, Ry Ry

R4 = alkyl, cycloalkyl, aryl, hetero-aryl
R, = H, alkyl

Scheme 5.17 HNL-catalyzed enantioselective cyanohydrin formation.
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corresponding (S)-cyanohydrin when using Hb-HNL [107, 109]. Nevertheless, a
better enantiomeric selectivity could be acquired for the corresponding (R)-
cyanohydrin when using Pa-HNL or Lu-HNL (Scheme 5.18) [109, 110]. The asym-
metric synthesis of (R)- and (S)-cyanohydrins from a range of aromatic methyl
and ethyl ketones such as acetophenone, phenylacetone, benzylacetone, and pro-
piophenone, with different substituted variants on the phenyl ring, has been
recently studied using Lu-HNL, Me-HNL, or Pa-HNL as catalyst (Scheme 5.19).

The results show that both reaction yields and stereoselectivities were influ-
enced by the carbon chain length between the ketone and phenyl functional
groups, and the type of aromatic substitution of the substrates. Substrates con-
verted with the greatest degree of productivity and selectivity were phenylace-
tones containing large, electron withdrawing meta-substituents [1, 108].
HNL-catalyzed addition of HCN to 2-, 3-, and 4-substituted cyclohexanones to
give corresponding cyanohydrins has been performed for further synthesis of
pharmaceuticals and plant protective agents [86, 111-113].

o) OH
Hb-HNL
)J\ + HCN e = R ™>cn
R CHj Biphasic system HaC
R = Et (100%, 54% ee), Pr (99%, 74% ee), (S)-Cyanohyd rin

iPr (99%, 98% ee), Bu (59%, 99% ee),
iBu (86%, 99% ee), Ph (40%, 99% ee)

0 OH

Lu-HNL or Pa-HNL
L +  HCN — - Lo
H3CHC CH3 Biphasic system Hy o3 %

(R)-Cyanohydr in

Lu-HNL, 87% ee
Pa-HNL, 85%, 76% ee

CN

Scheme 5.18 HNL-catalyzed enantioselective synthesis of cyanohydrins from aliphatic
ketones. Source: Based on Fechter et al. [109]; Cabirol et al. [110].

CN
X Lu-HNL, Me-HNL, Pa-HNL N K
|// le} Biphasic system |// OH
R R

n=0, R=H
n=1,R=F, Cl, Br (2, 3, 4-position); 3-CHz; OCHs (3, 4-position)
n= 2, R= H; 4-OH; 4-OCH,

Scheme 5.19 HNL-catalyzed enantioselective synthesis of cyanohydrins from aromatic
ketones.
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The cyanohydrins obtained from the addition reactions contain two asymmet-
ric centers thus result four diastereomers (Scheme 5.20). With Pa-HNL from bitter
almonds, the addition to 2-alkyl cyclohexanones is highly (R)-selective, whereas
the 2-methyl cyclohexanone shows (S)-selective. With Me-HNL from cassava, all
2-alkyl cyclohexanones are (S)-selective. The results also show that the increasing
size of the substituents causes a decrease of the catalytic activity of both enzymes.
However, the diastereoselectivity of HCN addition to 3-substituted cyclohex-
anones is only moderate for both enzymes [111]. The addition of HCN to
4-substituted cyclohexanones is strongly catalyzed by hydroxynitrile lyase from
both Pa-HNL and Me-HNL. However, trans-addition occurs almost exclusively to
yield trans-addition product with Pa-HNL from bitter almond; using Me-HNL
from cassava, cis-addition is preferred to give nearly quantitative cis-addition
product, especially for cyclohexanones with larger 4-substituents [112].

The carbon-carbon bond formation ability of HNLs makes it one of the classes
of enzymes extensively used for synthetic and industrial processes [1, 86-88].
Particularly, cyanohydrins are a compound having a cyano and a hydroxyl group
attached to the same carbon atom. With their dual functional groups, they can be
readily converted to yield a-hydroxy aldehydes or ketones, p-amino alcohols, -
hydroxyamines, a-aminonitriles, a-hydroxycarboxylic acids, a-sulfonyloxynitriles,

Pa-HNL
o (R)-selective
+ HCN —
R
Me-HNL
(S)-selective

Pa-HNL

(R)-selective

@]
M + HON T
Me-HNL
i

R

OH

iﬁ&&&

s
e
R
ﬁ

(S)-selective

CN
Pa-HNL
| > R\N\OH
o (R)-selective
Me-HNL
—_—> R CN

(S)-selective

Scheme 5.20 HNL-catalyzed cyanohydrin formation from 2-, 3- 4-monosubstituted
cyclohexanones.
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a-fluorocyanides, o-hydroxyesters, aziridines, a-azidonitrile, and many other
compounds [1, 86]. Thus, enantiopure cyanohydrins are valuable and versatile
building blocks in asymmetric organic synthesis for the production of fine and
bulk chemicals. As a result, they are central importance in academic and indus-
trial research [114].

For examples, aliphatic unsaturated aldehydes can be transformed into chiral
unsaturated cyanohydrin intermediates by HNLs [115-119], from which a myriad
of products such as L- and D-sphingosines (Scheme 5.21) [116], pentoses [115], and
nucleosides [117] can be further accessed via various chemoenzymatic protocols;
since (R)-pantolactone is the most important precursor in the synthesis of vitamin
Bs, p-substituted pivaldehydes have been employed to convert to the corresponding
(R)-cyanohydrins using highly purified and immobilized (R)-HNL from wild-type
Pa-HNL and the acid-catalyzed hydrolytic cyclization of the cyanohydrins to (R)-
pantolactone [101]. However, the highest chemical and enantiomeric excess yields
obtained for (R)-pantolactone were 84 and 89%, respectively. However, a highly sta-
ble and efficient (R)-selective Pa-HNLS5 was developed by site-saturation mutagen-
esis, which allowed performing the quantitative conversion of hydroxypivaldehyde
to the corresponding (R)-cyanohydrins at pH 2.5 and in an aqueous mono-phasic
system with an enantiomeric excess of 97% (Scheme 5.22) [120, 121].

Currently, this reaction system has been rated as the most efficient biocatalytic route
for the industrial production of vitamin Bs; another (R)-selective HNL from kernels of
Badamu (Prunus communis L. var. dulcis Borkh, almond from Xinjiang, China) was
used for catalyzing the hydrocyanation reaction of 4-methylsulfanyl-benzaldehyde in a
biphasic system at room temperature to prepare the enantiopure 4-methylsulfanyl-ma
ndelonitrile, a key intermediate of the total synthesis toward antibiotics thiamphenicol
and florphenicol (Scheme 5.23).

OH
Hb-HNL/MTBE OoH — N H
B /\/\/\
M >, CyH v~ “OH
- —_— 1317 B
(S)-selective CSHﬂ/\/\CN ﬁHe

L-Threo-sphingosine

/\)J\ + HCN — OH
Csh™ ™ H /\/k/\
CygHiy” X Y OH

OH NH,

Pa-HNL/MTBE /\/L ar Eryth h
— D-Erythro-sphingosine
(R)-selective CsHit” X CN +
OH
C13H17/\/H/\OH
NH,

D-Threo-sphingosine

Scheme 5.21 HNL-catalyzed production of chiral unsaturated cyanohydrins as
intermediate for L- and p-sphingosines synthesis. Source: Based on Johnson et al. [116].
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0 OH
Pa-HNL5/HCN Acid hydrolysis
H

OH O (¢}
(R)-Pantolactone

WW“

Pantothenic acid
(vitamin Bs)

Scheme 5.22 Chemoenzymatic synthesis of (R)-pantolactone for vitamin Bs production.
Source: Based on Pscheidt et al. [120]; Scheidt et al. [121].

X

? (R)-Prunus communis/ i-PrOMe/ o OMe
HCN/DIPE POCI3
CN
MeS
MeS
R = OH (thiamphenicol)
R = F (florfenicol)
NHCOCHCI ,

Scheme 5.23 (R)-HNL-catalyzed synthesis of (R)-4-methylsulfanyl-mandelonitrile for
total synthesis of thiamphenicol and florfenicol.

This reaction is highly efficient to give the cyanohydrin with 96% e.e. and 98%
yield after an extensive screening of the biocatalyst [122].

Hydroxynitrile lyases are very versatile and green catalysts in organic synthesis
that make them potential in industrial applications [123, 124]. However, the
implementation of hydroxynitrile lyases-catalyzed reactions in large-scale pro-
duction still suffers from diverse limitations related to process parameters or HNL
itself, especially when performing reactions with nonnatural substrates and under
nonphysiological conditions [125].

Many efforts from the aspects of reaction engineering, enzyme engineering, or
substrate engineering have been employed in order to overcome these limitations.
In the following are just a few cases used for demonstration: for the synthesis of
2-hydroxy-(4’-oxocyclohexy)acetonitrile from either 4-methoxycyclohex-3-ene
carbaldehyde or 4-trimethylsilyoxycyclohex-3-ene carbaldehyde using Hb-HNL as
catalyst, substrate and enzyme engineering were coupled to increase the selectiv-
ity of Hb-HNL by masking the carbonyl functionality as an enol ether to give an
enantiomeric excess 90% and a conversion yield 86% [126]. Industrial large-scale
production of the key pharmaceutical intermediate (R)-2-chloromandelic acid
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based on the HNL-catalyzed 2-chlorobenzaldehyde to (R)-2-chloromandelonitrile
was hampered by low turnover rate and moderate enantiomeric excess selectiv-
ity [100, 124]. These problems have been overcome by the rationally designed
mutation and the mutational anticipation of posttranslational modification of an
(R)-Pa-HNL5-L1Q-A111G that tremendously raised the productivity and stere-
oselectivity for the synthesis of (R)-2-chloro-mandelonitrile [127, 128]. Structure-
guided design was employed to generate recombinant almond (R)-Pa-HNL
variants suitable for large-scale synthesis of aromatic cyanohydrins in water-
based systems under low pH. Among the variants, the variant Pa-HNL5-V3601
showed extraordinary catalytic properties that convert 3-phenylpropionaldehyde
and 3-phenylpropenal (trans-cinnamaldehyde) to corresponding cyanohydrins
(R)-2-hydroxy-4-phenylbutyronitrile and (R)-2-hydroxy-4-phenyl-3-butene nitrile,
respectively. The enantiomeric excess for the conversion of 3-phenylpropionaldehyde
to (R)-2-hydroxy-4-phenylbutyronitrile and thus (R)-2-hydroxy-4-phenylbutyric
acid at very low amount of enzyme/substrate ratio was improved to >96% with a
98% conversion rate. Similarly, very low amount of variant Pa-HNL5-V360I was
needed to convert trans-cinnamaldehyde to its corresponding cyanohydrin with
an improved optical purity about 98% e.e. and 97% conversion rate within a greatly
reduced time 3 hours [129]. Pa-HNL5-V360I is therefore suggested for industrial
large-scale production of pharmaceutically active “prils.”

5.2 Lyases with Carbon-0Oxygen Bonds

Enzymes that catalyze the selective addition of water to carbon-carbon double
bonds, and thereby generate primary, secondary, or tertiary alcohols from prochi-
ral substrates, or the reverse water elimination are called hydratases or hydro-
lyases (EC 4.2.1.x) [130, 131]. These enzymes are divided into two groups
depending on their substrates. One group of enzymes catalyzes the water addition
to electron-rich, isolated C=C bonds and is an electrophilic addition following the
rule of Markovnikov. The other group of enzymes catalyzes the water addition
to an electro-deficient, activated (conjugated) C=C bond with a,p-unsaturated
carbonyl group and is performed via nucleophilic Michael addition (Scheme 5.24)
[131]. Depending on the enzyme, the activation of water is performed with the
help of a metal ion cofactor located in the active site, or the reaction is catalyzed
without the need of any cofactors, that of course leads to different reaction mech-
anisms [132]. In general, the addition and elimination of water can occur either in
syn- or in anti-fashion for both groups [131, 132].

Because hydratases allow for hydration of alkenes with up to 100% atom effi-
ciency, they are highly interest to synthetic chemists for the synthesis of chiral
building blocks and products chemical industrial applications. In addition, they
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(a) R H.0 R Scheme 5.24 (a) Electrophilic
/:< — 2= . /_QOH water addition to isolated C=C
R, Rs bonds following Markovnikov’s

rule, (b) Nucleophilic Michael

addition of water to polarized
(b) HO C=C bonds in a,p-unsaturated

R{:%O H-0 carbonyl compounds. Source:
R4 O Based on Chen et al. [131].
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can be well expressed in commonly used recombinant hosts showing good activity
for physiological substrates and performing reactions without requiring cofactor
recycling that lead them viable alternatives to other enzyme systems for biocata-
lytic hydroxylation [130].

5.2.1 Enzyme-Catalyzed Water Addition to Electron-Rich
C=CBonds

A variety of hydratases such as oleate hydratase (EC 4.2.1.53), carotenoid hydratase
(EC 4.2.1.131), kievitone hydratase (EC 4.2.1.95), phaseollidin hydratase (EC
4.2.1.97), limonene hydratase, linalool dehydratase-isomerase, and acetylene
hydratase (EC 4.2.1.112) have been found to catalyze the addition of water to
electron-rich carbon-carbon double bonds. Research on this kind of hydratases
has been remarkably over the past years; however, only those hydratases employed
either in industrial processes or in the preparative scale will be discussed herein.

5.2.1.1 Oleate Hydratase

Oleate hydratases (OAHs) can be found in many different organisms. The first
research reported about oleate hydratase for its hydration activity on oleic acid (OA)
can be dated back in 1962 [133]. However, it was not until 2009 detailed information
about this enzyme was known when OAH isolated from Elizabethkingia meningo-
septica, formerly known as Pseudomonas sp. 3266, catalyzing the hydration of OA to
10-hydroxystearic acid (10-HSA) was described [134]. OAH contains a flavin ade-
nine dinucleotide (FAD) cofactor thus is FAD-dependent enzyme, but the most
probable role of FAD is the correct assembly of amino acids in the active site of
enzyme and the additional beneficial effect of reduction to its two-electron reduced
state [130, 135-139]. Oleate hydratases either in microbes or isolated enzymes cata-
lyze the hydration of cis-double bond of OA at the C9 and C10 positions and stere-
oselectively produce the (R)-10HSA (Scheme 5.25) [130, 132, 140, 141]. However,
the microbial hydration of OA to10-HAS by Nocardia aurantia ATCC 12647 gave
enantiomeric mixtures of (R)- and (S)-10-HAS [142]. When linoleic acid A9
hydratase (conjugated linoleic acid hydratase, CLA-HY) was used to catalyze the
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Scheme 5.25 Hydration of oleic acid by OAH yielding (R)-hydroxystearic acid. Source:
Based on Engleder and Pichler [130]; Resch and Hanefeld [132]; Schmid et al. [140]; Kim
and Oh [141].

hydration of cis-double bond on linoleic acid (LA), a-, and y-linolenic acid (LnA),
corresponding (S)-10-hydroxy fatty acids were obtained [143]. The regioselectivity
for hydration of different free fatty acids by OAHs from various sources has been
reviewed, sorted, and discussed. A strict regioselectivity for water addition to the
cis-9 double bond of unsaturated fatty acids was observed for most enzymes with
just a few exceptions that catalyzed the hydration on the cis-12 double bond of LA,
a-LnA, and y-LnA to form a 13-hydroxy fatty acid [130, 135, 138, 144-146]. In addi-
tion, the functionalized FA-HY1 from Lactobacillus acidophilus NTV001 after heter-
ologous expression in E. coli showed a unique exemption from the apparently strict
regioselectivity which hydrated cis-9, cis-11, cis-12, cis-13, and cis-14 double bonds
in a total different mono-, di-, and poly-unsaturated fatty acids with chain lengths
between C16 and C22 [130, 138].

Because OAH is easily expressed in E. coli, reasonably stable and active, with-
out the need to supply FAD, and with excellent regio- and stereoselective lipid
modification, OAH offers a highly interesting biotechnological route to function-
alized fatty acids. A successful application of OAHs in large-scale biotransforma-
tions was the production of optically pure (R)-y-dodecalactone, which is a flavor
compound of malt whisky. In this process, a two-step conversion starts from the
OAH-catalyzed hydration of oleic acid to produce (R)-10-hydroxysteric acid,
which is followed by the baker’s yeast-mediated fermentation to further convert
it to (R)-y-dodecalactone with an optical purity of 87.6% e.e. (Scheme 5.26) [132,
147, 148]. In order to improve the yield or productivity for the large-scale produc-
tion of 10-hydroxystearic acid from oleic acid, native or expressed OAHs from
different bacteria have been employed including Stenotrophomonas nitritiredu-
cens and Stenotrophomonas maltiphilia [149-151]. In another application, OAHs
have also been employed in a novel multistep conversion process as an enzyme
embedded in cascade reactions for the synthesis of plastic monomers, o,w-
dicarboxylic acids for polyesters and w-aminocarboxylic acids for polyamides,
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Scheme 5.26 A two-step process with the combination of oleate hydratase from
bacterium and baker’s yeast for the production of y-dodecalactone from oleic acid.
Source: Based on Resch and Hanefeld [132]; Gocho et al. [147]; Wanikawa et al. [148].

using renewable fatty acids and plant oils (Scheme 5.27) [152, 153]. Furthermore,
the bio-based isobutene production by the dehydration of short chain isobutanol
using partial purified OAH from recombinant E. coli as catalyst has been
described [154].

The combination of innovative reaction engineering strategies with the newly
discovered hydratases or a more detailed characterization of known enzymes
allows the OAH as catalyst for the hydration of nonnatural short chain unsatu-
rated fatty acid (Z2)-undec-9-enoic acid (C11) to (S)-10-hydroxyundecanoic acid
with >95% purity upon short chain saturated fatty acids was added as reaction
additives [155]. The expressed OAH through full-length gene encoding was puri-
fied and used for the hydration of cis-9 polyunsaturated fatty acids (PUFAS) to
10-hydroxy fatty acids with higher activity than other available OAHs. The
expressed OAH has been used effectively to convert PUFAs such as OA, LA, a-
LnA, and/or y-LnA in plant oils including soybean oil and perilla seed oil hydro-
lysates into 10-hydroxy fatty acids [156]. In order to make the enzymatic hydration
of oleic acid to corresponding 10-HSA commercially practical, recombinant oleate
hydratase from E. meningoseptica expressed in E. coli was purified and immobi-
lized by different immobilization strategies to enhance its stability and reusability.
Among the tested immobilization methods, the immobilization by covalent bond-
ing onto chitosan magnetic composites showed the best results. The biomagnetic
OAH demonstrated higher stability and activity over a larger pH and temperature
range compared to the native enzyme which preserved 75% of the initial activity
after five reuses [157].
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Scheme 5.27 Multistep enzymatic cascade synthesis of a,o-dicarboxylic acid, -
hydroxycarboxylic acid, and w-aminocarboxylic acid starting with oleate hydratase and
unsaturated fatty acid. Source: Based on Song et al. [152]; Song et al. [153].

5.2.1.2 Linalool Dehydratase-lsomerase

A unique bifunctional enzyme, linalool dehydratase-isomerase (LDI, EC
4.2.1.127), catalyzes the reversible dehydration and isomerization of (S)-(+)-
linalool to produce -myrcene and geraniol, respectively (Scheme 5.28) [158, 159].
The crystal structure of LDI from Castellaniella defragrans was independently
solved by two groups and both showed a cyclic homopentamer consisting a cen-
tral hole, with each monomer showing an (a,)s barrel fold. The active site of the
enzyme is located at the interface of two subunits. According to the amino
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Scheme 5.28 Linalool dehydratase-isomerase catalyzed transformation of (S)-linalool
to myrcene or geraniol. Source: Based on Demming et al. [158]; Brodkorb et al. [159].

sequence of the active site, two hypothetic reaction mechanisms were proposed
by two groups, respectively, one via a covalent intermediate, and one acid-base
mechanism via a carbocation intermediate. For both mechanisms, amino acid
residue C171, Y45, and D39 at the active site act as general acid and base for the
protonation of the hydroxyl leaving group of the substrate (S)-(+)-linalool and the
dehydration at the chiral carbon atom. Water is activated by H129 or C180 and
added to the covalent or carbocation intermediate [158, 160, 161].

The study of the transformation with purified enzyme showed that the dehydra-
tion of myrcene is thermodynamically favored; however, in C. defragrans as
geraniol is further oxidized shifting the reaction equilibrium [159]. Further inves-
tigation of the LDI-catalyzed hydration, p-myrcene can be enantioselectively
transformed to (S)-(+)-linalool with an e.e. at least 95.4% and virtually without
(R)-(-)-linalool detected [162]. The pleasant odor of (S)-(+)-linalool displays an
incentive for its use in the cosmetics and fragrance industries. In addition, (S)-(+)-
linalool is commercially hardly available that suggests the hydration of p-myrcene
using LDI would be an intriguing route to produce (S)-(+)-linalool and could be
potential in industrial application [158, 162]. The detailed study on the substrate
specificity with different linalool analogues and derivatives revealed that the a-
methylally alcohol signature motif was essential for dehydration. Enzymatic
kinetic resolutions of truncated and elongated aromatic and aliphatic tertiary
alcohols (C5-C15) that contain a specific signature motif were dehydrated with
selectivity factors ranging from 5 to > 200 [130, 158, 161].

5.2.1.3 Limonene Hydratase Limonene
Limonene hydratase (LIH) catalyzes the very hydratase
specific regio- and stereoselective hydration of
the 8,9-double bond of (R)-(+)-limonene to form
(R)-(+)-a-terpineol (Scheme 5.29) [130, 132, 163,
164]. Sources of LIH have been reported in a
variety of bacteria, fungi (particularly those Scheme5.29 Limonene hydratase
growing on rotting citrus peel), and yeasts [165].  catalyzed addition of water to
. . (R)-(+)-limonene to form (R)-(+)-o-

In nature, the conversion of limonene to o- . .

) ’ . terpineol. Source: Based on Engleder
terpineol is part of the degradation pathway of  3nd pichler [130]; Marmulla and
the monoterpene. (R)-(+)-Limonene is the most  Harder [163]; Kaspera et al.[164].
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abundant monocyclic monoterpene in nature, accounting for more than 90% of
orange peel oil, and is a major by-product during processing of citrus oil or wood.
Therefore, it represents an attractive inexpensive precursor for biosynthesis of high
added value flavor and fragrance compounds such as (R)-(+)-a-terpineol [130,
166-169]. The strong lilac-like smell of (R)-(+)-a-terpineol makes it a common fra-
grance in the perfume industry and is an essential raw material for the food and
cosmetics industries [163, 167, 170]. Almost exclusively, the biotransformation of
limonene to a-terpineol was performed by whole cell system with the co-production
a variety of other limonene derivatives [164, 165, 170-173]. In order to make the
whole-cell biotransformation of (R)-(+)-limonene to (R)-(+)-a-terpineol efficient
for industrial applications, a variety of strategies and efforts have been used includ-
ing the screening of microorganisms [172], a thermostable limonene hydratase
gene expressed E. coli cells [174], optimization of process conditions using response
surface methodology (RSM) [175], submerged culture production [176], immobi-
lized fungal mycelia cells for repeated-batch and continuously fed systems [171],
and the use of a closed gas loop bioreactor [177]. Besides the production of (R)-(+)-
a-terpineol using limonene hydratase, research has shown that the use of concen-
trated resting cells of Sphingobium sp. can convert (R)-(+)- and (S)-(-)-limonene to
corresponding (R)-(+)- and (S)-(-)-o-terpineol, respectively, in a biphasic
medium [168]. The use of isolated enzyme for the stereoselective hydration of (R)-
(+)-limonene to (R)-(+)-a-terpineol was reported in an earlier work that the enzyme
isolated from Pseudomonas gladioli was named as a-terpineol dehydratase [178].

5.2.2 Enzyme-Catalyzed Water Addition to Electron-Deficient
C=C Bonds

5.2.2.1 Fumarase

Fumarase (EC 4.2.1.2) has been used industrially for catalyzing the reversible,
stereospecific hydration of fumarate to form (S)-malate or L-malate (Scheme 5.30).
It exists in all organisms and participates in part of the mitochondria matrix tri-
carboxylic acid (TCA) cycle [132, 179]. Three distinct types of fumarase (fumar-
ase A, B, and C) were purified from E. coli and categorized in two different
classes [180, 181]. Fumarase A and B belong to class I fumarases which are Fe**-
dependent and sensitive to heat. Fumarase C is class II fumarases which are
independent of Fe’* and are not sensitive to elevated temperatures [182-186].

H CO0~ Fumarase

-

+ H0 HOS
ooc H -0ooC  H

Scheme 5.30 Fumarase-catalyzed hydration of fumarate to form (S)-malate.
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Only class II fumarases have been used for industrial applications by their high
stability. The studies on the structure of fumarase C allowed detailed insight of
the catalytic mechanism of fumarase-catalyzed water addition of fumarate to
form (S)-malate [131, 132, 187-191].

L-Malic acid is major used as an acidulant in the food industry holding approxi-
mately 10% of the market, thus a potential alternative to citric acid. It is also used
as an ingredient in pharmaceutical and cosmetic products. Furthermore, it is a
potential monomer for biodegradable polymers [132]. Since the chemical hydra-
tion of fumaric acid produces a racemic mixture of D,L-malic acid and often
requires harsh conditions, the employment of fumarase for the production of
L-malic acid is favored industrially. To improve the productivity of L-malic acid
from fumaric acid, the immobilized cells coupled to the design of continuous
reaction system has been developed and investigated [192-195]. It has been found
that an 80% conversion rate can be obtained when Brevibacterium flavum cells
were immobilized on k-carrageenan gel [196]. Instead of using immobilized
whole-cell biocatalyst, the glutaraldehyde-treated E. coli having Thermus thermo-
philus fumarase (TtFTA) has been applied to a continuous reactor equipped with
a cell-separation membrane filter to perform the enzymatic hydration of fumarate
to malate which could be operated for more than 600 minutes with a molar con-
version yield of 60% or higher [197]. For isolated enzyme approaches, an enzyme
membrane reactor was developed as early in 1984 by the former Degussa com-
pany that combines enzyme recycling with homogeneous enzyme catalysis to pro-
duce the L-malic acid from fumaric acid with fumarase [132, 198]. Studies showed
that the catalytic activity of purified fumarase for the hydration of fumarate in
nonconventional one-phase media (water/polar organic solvent) exhibits a
decreasing effect by the organic solvent [199, 200]. However, the inhibition effect
of organic co-solvent on the catalytic activity of purified fumarase can be improved
by immobilization of fumarase either covalently bonded on polymer surface or
physical entrapment into cross-linked polymer gels. In addition, the immobilized
fumarase with physical-entrapped enzyme demonstrates higher activity and sta-
bility than the covalently bonded enzyme [201].

The substrate specificity of fumarase isolated from pig heart has been studied
since 1968, which revealed the activity toward fluorofumarate, fumarate, chloro-
fumarate, bromofumarate, acetylenedicarboxylate, iodofumarate, and mesaco-
nate. Nearly all tested substrates showed a trans water addition product with the
exception of fluorofumarate which gives a-fluorofumarate and spontaneously
decomposes to oxaloacetate [202]. Later studies showed that 2,3-difluorofumarate
can also be accepted as substrate [203, 204]. With chlorofumarate, the hydration
product was L-threo-chlorofumarate, which can be further chemically converted
to 2-deoxy-D-ribose and trans-D-erythro-sphingosine (Scheme 5.31) [204]. Besides
fumarate and its derivatives, fumarase isolated from swine heart muscle catalyzed
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2-Deoxy-D-ribose
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NH,

trans-D-Erythro-sphingosine

Scheme 5.31 Fumarase-catalyzed synthesis of L-threo-chloromaleic acid and its
conversion to 2-deoxy-p-ribose and trans-p-erythro-sphingosine. Source: Based on Findeis
and Whitesides [204].

the stereospecific hydration of L-trans-2,3-epoxysuccinate to yield meso
tartrate [205, 206].

5.2.2.2 Malease

Malease (maleic acid hydratase, EC 4.2.1.31) catalyzes the stereospecific reversi-
ble water addition to maleic acid (Z-isomer) to produce (R)-malate (D-malate)
(Scheme 5.32) which can be dated back to 1951 [131, 132, 207]. Just as fumarase,
malease is a cofactor-independent enzyme and shows good stability. Since malease
is not involved in the primary metabolism of organisms, it is in contrast to fumar-
ase less abundant in nature and can be found only in bacteria or mam-
mals [208-213]. The stereochemical study of the malease-catalyzed hydration
indicates the addition of water to maleic acid is via an antiaddition to form the
(R)-malate product [209, 214-216].

The substrate specificity of malease was described, as the case of fumarase,
rather narrow that strictly performs the reversible water addition of maleic
acid [209, 217]. However, later surveys showed the hydration activity was also
allowed for citraconate, chloromaleate, and bromomaleate, but no activity toward
dimethyl maleate, acetylenedicarboxylate, fumarate, mesaconate, Z-
epoxysuccinate, or E-epoxysuccinate. The results also reveal the water addition
catalyzed by malease is exclusively to Z-double bonds in maleic acid and its deriv-
atives [131, 211-213,218, 219].

HOOC ~ COOH Maloase ,H  COOH
>:< + H0 —oH
H H HOOC H

Scheme 5.32 Malease-catalyzed water addition of maleic acid to form (R)-malic acid.
Source: Based on Engleder and Pichler [130]; Resch and Hanefeld [132]; Marmulla and
Harder [163]; Kaspera et al. [164].



http://chemistry-chemists.com

5.2 Lyases with Carbon-0xygen Bonds

For industrial application, malease from Pseudomonas pseudoalcaligenes is
employed for the large-scale production of D-malate. The maleic acid obtained
from the spontaneous hydrolysis of maleic anhydride under aqueous conditions
allows a cost-efficient process [132]. A continuous stirred tank reactor (CSTR) has
also been developed for the more efficient production of solid D-malate from a
Ca-maleate suspension in a liquid-solid-solid three phase system using permeabi-
lized P. pseudoalcaligenes as catalyst [220-224].

5.2.2.3 Enoyl-CoA Hydratase

The p-oxidation pathway of fatty acid degradation in living organisms consists of
a set of four enzymatic reactions. Enoyl-CoA hydratase (ECH, EC 4.2.1.17) cata-
lyzes the second step for the reversible addition of water molecule to the double
bond of trans-2-enoyl-CoA thioesters to the corresponding (S)-3-hydroxyacyl-
CoA thioesters. Subsequent steps complete the oxidation of p-carbon and release
acetyl-CoA with a shortened acyl-CoA [225-227].

In fact, the investigations of this hydratase have demonstrated that there are
two different types of enoyl-CoA hydratases either (S)-selective (ECH1, EC
4.2.1.17) or (R)-selective (ECH2, EC 4.2.1.119) (Scheme 5.33) [225, 226, 228]. In
addition, the substrate specificity for these two types of hydratases is also differ-
ent. The ECH1 (also known as crotonase) catalyzes the water addition to form
a,p-hydroxyacyl-CoA thioesters with an alkyl chain length varying between 4 and
20 carbon atoms via a concerted or a more likely sequential mechanism by a flex-
ible loop separating the active site pocket from the surroundings, allowing space
for larger substrates [131, 229, 230]. The studies of stereoselectivity of ECH1 indi-
cate that the rate of 3(R)-hydroxybutyryl-CoA formation is 400,000-fold slower
than the normal hydration reaction to form 3(S)-hydroxybutyryl-CoA and ECH1
is capable of catalyzing the epimerization between 3(R)-hydroxybutyryl-CoA and
3(S)-hydroxybutyryl-CoA [231]. In another study using hexadienyl-CoA as the

OH O
ECH1 M
— > R SCoA
(S)-Hydroxyacyl-CoA thioester
O
+ HO —]
RWJ\SCOA OH O
ECH2 /\/k)J\
— SCoA

(R)-Hydroxyacyl-CoA thioester

Scheme 5.33 ECH1-and ECH2-catalyzed water addition to trans-2-enoyl-CoA thioester
to form corresponding alcohols with different enantioselectivity. Source: Based on
Hiltunen and Qin [225]; Agnihotri and Liu [226]; Bhaumik et al. [228].
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substrate, results reveal that both the s-cis and s-trans conformers of the substrate
are bound to the enzyme, but that only the s-cis conformers can be activated to
proceed the (S)-selective enzyme-catalyzed hydration [232]. Furthermore, an
isomerization-hydration reaction follows this kind of mechanism from the croto-
nase family [233]. Due to a hot-dog fold of the active site of ECH2, the ECH2
shows a preference substrate of straight medium-length carbon atoms via a con-
certed mechanism, while depending on the enzyme sources, it also catalyzes the
hydration of long-chain substrates [131, 234-236]. From the structural informa-
tion of these two hydratases, the difference in enantioselectivity between ECH1
and ECH2 can be easily understood by the geometry of the active sites which
behave like mirror image of each other [236, 237].

The exploration of the catalytic mechanism of enoyl-CoA hydratases showed
that both types of hydratase catalyze syn-addition/elimination of water molecule
to the double bond of a trans-enoyl-CoA thioester without requiring any cofactors
or metal ion [226, 231, 238, 239]. This quite simple catalysis system using enoyl-
CoA hydratases has long been applied to industry for the production of (R)-3-
hydroxybutyric acid and (R)-3-hydroxyisobutyric acid from butyric acid and
isobutyric acid, respectively. The processes run by Kanegafuchi Japan were a
three-step whole-cell system using Candida rugose IFO 0750M. (R)-3-
hydroxybutyric acid and (R)-3-hydroxyisobutyric acid are important building
block for the synthesis of a carbapenem intermediate and a precursor for capto-
pril, respectively [131, 240, 241].

Recently, because of energy and sustainability concerns, there is increasing
interest in the synthesis of higher chain volatile alcohols by engineered microor-
ganisms. An engineered E. coli strain was used to synthesize 1-hexanol from glu-
cose by extending the coenzyme A (CoA)-dependent 1-butanol synthesis reaction
sequence. In the modified reaction sequence, the butyryl-CoA first synthesized
via acetyl-CoA acetyltransferase (AtoB), 3-hydroxybutyryl-CoA dehydrogenase
(Hbd), crotonase (Crt), and trans-enoyl-CoA reductase (Ter) was further extended
to hexanoyl-CoA via p-ketothiolase (BktB), Hbd, Crt, and Ter, and finally was
reduced to yield 1-hexanol by aldehyde/alcohol dehydrogenase (AdhE2) and
1-hexanol was secreted to the fermentation medium under anaerobic condi-
tions [242]. Since hexanoic acid is a precursor for fine chemicals, it has diverse
industrial applications. A yeast strain Kluyceromyces marxianus was engineered
to simultaneously integrate five to seven genes into the chromosomes to construct
a synthetic pathway for the production of hexanoic acid from either glucose or
galactose. In this pathway, hexanoic acid synthesis starts from acetyl-CoA and is
catalyzed by AtoB from E. coli, BktB from Ralstonia eutropha, Hbd and Crt from
Clostridium acetobutylicum, Ter from Treponema denticola, malonyl CoA-acyl car-
rier protein transacylase (MCT1) from Saccharomyces cerevisiae, and acetyl-CoA
thioesterase (TES1) from K. marxianus [243].
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The recombinant bacterium Pediococcus acidilactici BD16 (fes*/echt) encoded
with synthetic genes of feruloyl-CoA synthetase (fes*) and enoyl-CoA hydratase
(ech*) has also been implemented for wine production from a variety of sub-
strates (orange, rose, and black grapes) to enhance the flavor characterization of
wine during secondary malolactic fermentation (MLF). The expressed synthetic
fes™ and ech* genes of the recombinant P. acidilactici BD16 are responsible for
the bioconversion of ferulic acid to vanillin during the MLF [244]. Industrial
crude glycerol by-product from palm oil biodiesel production, an inexpensive,
abundant, and promising carbon source, was used to decrease the high produc-
tion cost of bio-base plastic poly(3-hydroxybutyrate) (P(3HB)) using recombi-
nant E. coli encoded with the polyhydroxyalkanoates (PHAs) synthetic genes of
B-ketothiolase (PhaAg.) and acetoacetyl-CoA reductase (PhaBg.) from R. eutropha
and PHA synthase (PhaCpg.) from Aeromonas hydrophila. Then, P(3HB-co-3-
hydroxyhexanoate) (P(3HB-co-3HHX)) copolymer was achieved using E. coli-
ABCanJap obtained by further encoding an extra (R)-specific enoyl-CoA hydratase
(Phalp) gene from A. hydrophila [245]. The production of P(3HB) from nonchi-
ral substrate p-butyrolactone via (R)-3HB-CoA with recycling of CoA can be
achieved by using the immobilized multiple enzyme system. Three enzymes
including an (R)-specific PhaCg, from R. eutropha, an (S)-specific dehydrogenase
(FadB) from P. putida, and an (R)-specific enoyl-CoA hydratase (PhaJ4p,) from
Pseudomonas aeruginosa were immobilized by affinity tag-assisted binding to
self-assembled antiparallel type B-sheets with a coiled fiber structure formed
from a decapeptide [246].

5.3 Lyases with Carbon-Nitrogen Bonds

Ammonia lyases (ALs, EC 4.3.1.x) are a class of enzymes capable of catalyzing
the reversible cleavage of C-N bonds, typically a-amino acids, to release
ammonia and corresponding o,f-unsaturated or cyclic derivatives without
employing hydrolysis or oxidation mechanism. The structure and function of
this class of enzymes are quite different that they are further divided to 31
subclasses and grouped into seven groups based on their specific analogies in
their catalyzed reactions and the types of accepted substrate [247, 248]. The
use of ALs to enantiomerically pure amino acids provides an increasingly
attractive route for industrial needs. In addition, the improvement in func-
tional properties of ALs by the advancement of discovery and engineering
technologies leads to their applications in treating phenylketonuria (PKU) and
cancer [249, 250]. In the following context, those ammonia lyases of the most
popularly studied and already applied in synthetic chemistry will be discussed
in detail.
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5.3.1 Aspartate Ammonia Lyase

Aspartate ammonia lyases (AAL, EC 4.3.1.1), also referred to as aspartases, cata-
lyze the reversible deamination of L-aspartic acid to fumaric acid and ammonia
(Scheme 5.34) [251]. The ubiquitous aspartases play an important role in bacterial
nitrogen metabolism and belong to a broad aspartase/fumarase superfamily with
a characteristic tertiary and quaternary structure, as well as a similar active site
architecture [251, 252]. The structural similarities among the superfamily mem-
bers suggest that all of them follow a mechanism in which a general base cata-
lyzes proton abstraction and formation of an enediolate intermediate [249, 252].

Aspartase is one of the most specific enzymes known that only L-aspartic acid
can be used to perform the deamination reaction. This high selectivity of AAL
toward the natural substrate has narrowed its practical application. Nonetheless,
the reverse reaction, the amination of fumaric acid to enantiopure L-aspartic acid,
catalyzed by aspartase from E. coli (AspA) has been exploited as a starting mate-
rial in the industrial preparation of artificial sweetener aspartame (N-L-a-aspartyl-
L-phenylalanine 1-methyl ester) (Scheme 5.35) [251]. In this reaction, in order to
drive the equilibrium from fumaric acid to L-aspartic acid, an excess of ammonia
is added to the reaction system.

L-Aspartic acid and its derivatives are highly valuable tools for biological
research and as chiral precursor for many pharmaceuticals [251]. Many methods
have been employed to improve the catalytic efficiency of aspartase for L-aspartic
acid production.

(0] o}
HO AAL HO
WJ\OH N"on + N
(0] NH, o}
L-Aspartic acid Fumaric acid

Scheme 5.34 Aspartate ammonia lyase catalyzed reversible deamination reaction.
Source: De Villier et al. [251].

0 o o)
HOL NH. — DAL o Ho —>  HO o)
oH + 3 OH — H ~N
o O  NHp O  NH o

Aspartame

Scheme 5.35 Industrial synthesis of artificial sweetener aspartame with the starting
material L-aspartic acid formed by aspartase-catalyzed amination of fumaric acid.
Source: Based on De Villier et al. [251].
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One strategy was based on the alginate-immobilized PSCat (AspA) constructed
by expressing E. coli aspartase in psychrophilic Shewanella livingstonensis
Ac10 which has led to the improved yield of L-aspartic acid to 99.3% and the cata-
lyst could be re-used nine times [247, 253]. There were also patented systems
using chemical recycling of the waste stream from the aspartase-catalyzed reac-
tion. In this recycled system, maleic anhydride was added to product effluent to
lower the pH of the L-aspartate solution followed by precipitating the L-aspartic
acid, then the effluent containing only maleic acid and low concentration ammo-
nia was chemically converted to fumaric acid and pH adjustment and recycled
back to the reaction system. A modified but more elegant system, maleic anhy-
dride was used as the only substrate and reacted by the coupled maleate isomerase
and aspartase enzyme system to make the recycled system more efficient for pro-
ducing much higher purity L-aspartic acid [247].

Although the high substrate specificity of aspartase limits the substrate range, it
avoids cross-reactions with other enzymatic systems. Therefore, aspartase is suit-
able for use in multienzymatic cascade processes to synthesize value-added chem-
icals from inexpensive materials. One example is the coupled enzyme synthesis of
L-phenylalanine by the co-immobilization of aspartase (AspB) with a microbial
aspartase transaminase (TA) from phenylpyruvate via the in situ formation of
amino donor L-aspartate from fumarate (Scheme 5.36) [254]. The yield of
L-phenylalanine in the continuous stirred-tank reaction using the co-immobilized
enzymes on an amino-epoxy support at 0.1 M phenylpyruvate was 95%.

The multienzymatic cascade reaction strategy was applied for the synthesis of
important naturally occurring nonessential amino acid p-alanine as well in favor
of pharmaceuticals, food and feed additives, polymeric materials, and electroplat-
ing industry. Nitrilase BjNIT3397 from Bradyrhizobium japonicum strain
USDA110 was used for hydrolyzing 3-aminopropionitrile to produce f-alanine.
However, the substrate specificity is not ideal, up to 33% of the by-product
3-aminopropanamide was formed when using 3 M 3-aminopropionitrile.

w WOH . HoWk o

Phenylpyruvic acid L-Phenylalanine Oxaloacetic acid
HO
—>
\”/\)J\OH NFL \”/\‘)J\ OH
o (0] NH,
Fumaric acid L-Aspattic acid

Scheme 5.36 Multienzymatic cascade synthesis of L-phenylalanine from phenylpyruvic
acid using L-aspartic acid as amino acid donor via in situ formation from fumaric acid.
Source: Based on Cardenas-Fernandez et al. [254].
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Scheme 5.37 Multienzymatic cascade reaction for the production of 3-alanine and
L-aspartic acid using nitrilase and aspartate ammonia lyase.

To solve this high amide by-product problem, AAL and fumaric acid were added
to the reaction system to consume the normal by-product NH; that will shift the
equilibrium between the amide, the acid, and the ammonia toward the formation
of B-alanine (Scheme 5.37). The multienzymatic cascade reaction system by cou-
pling AAL and nitrilase resulted in an effective reduction of 3-aminopropanamide
from 33 to 3% without influencing the activity of nitrilase. In addition, this reac-
tion system also demonstrates the ability of one-pot synthesis B-alanine and
L-aspartic acid [247, 255].

Despite the high specificity of AAL for its natural reaction, numerous attempts
have been put to expand its application to the synthesis of substituted aspartic
acid derivatives. The earliest example should be the synthesis of N-hydroxyaspartic
acid by the addition of hydroxylamine with fumaric acid using partially purified
AAL (AspA) from Bacillus cadaveris [256]. However, the product was too unstable
to be isolated and was only identified by its physicochemical properties. It is not
until the year 2008, another similar experiment was performed to test a variety of
alternative nucleophiles for the addition reaction catalyzed by AAL (AspB). The
results showed that AspB accepts not only hydroxylamine but also methoxy-
lamine, hydrazine, and methylamine in addition to fumaric acid to yield L-N-
hydroxyaspartic acid, L-N-methoxyaspartic acid, L-2-hydrazinosuccinic acid, and
L-N-methylaspartic acid in a manner of complete conversion (Scheme 5.38).
Whereas L-N-hydrxyaspartic acid could not be isolated due to its instability [257].
In order to expand the substrate spectrum and the consideration of B-carboxyl
group of aspartic acid but not the a-carboxyl group involved in the intermediate of
AAL-catalyzed ammonia addition to fumaric acid, the combination of structure-
guided engineering and a cluster screening method affords researchers to synthe-
size enantiopure (R)-3-aminobutyric acid from crotonic acid and ammonia using
mutant enzyme BSASP-C6 (Scheme 5.39) [247, 249, 258].
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Scheme 5.38 Synthesis of N-substituted aspartic acid derivatives with aspartase.

HO\H/\/ BSASP-C6 HO\H/Y
+ NHy ——>

o} O NH,

Scheme 5.39 Synthesis of enantiopure (R)-3-aminobutyric acid with mutant aspartase.
Source: Based on Hiltunen and Qin [225]; Agnihotri and Liu [226]; Bhaumik et al. [228].

5.3.2 Methylaspartate Ammonia Lyase

3-Methylaspartate ammonia lyase (MAL, EC 4.3.1.2), also called 3-methylaspartase,
catalyzes the reversible o,f-elimination of ammonia from L-threo-3-methylaspartic
acid and L-erythro-3-methylaspartic acid to yield 2-methylfumaric acid (mesa-
conic acid) without specific cofactor, except that Mg®* and K* are required for
activity (Scheme 5.40) [247, 251]. MAL was first identified in the anaerobic bacte-
rium Clostridium tetanomorphum HI1 with the activity of deamination in
L-glutamate catabolic pathway to form L-threo-3-methylaspartate and finally to
acetyl-coenzyme A. However, MAL has been found in a number of facultative
anaerobes later. Although MAL shows similar transformation as AAL, the protein
structure of MAL is quite different from AAL and shares mechanistic and struc-
tural features with the enolase superfamily [251, 259, 260]. In contrast to AAL,
MAL has been proved to be much wider substrate spectrum and further expanded
to the synthesis of many substituted aspartic acid derivatives by structure-based
protein engineering [247].

The ability of MAL accepting nonnatural substrates is interested in synthetic
applications. The preparation of L-threo-3-methylaspartic acid from mesaconic

CH; O CH; O CH; O
HO HOo_ A~ MAL. o X
o + oH = oH *+ NHs
o] NH, o] NH, o]
L-Threo-3-methylaspartic acid  L-Erythro-3-methylaspartic acid Mesaconic acid

Scheme 5.40 3-Methylasparte ammonia lyase catalyzes the reversible deamination of
L-threo-3-methylaspartic acid and L-erythro-3-methylaspartic acid to yield mesaconic acid
and ammonia. Source: Based on Bhaumik et al. [228]; Akhtar et al. [266]; Gulzar

et al.[267].
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acid with a yield of 76% and D-threo-3-methylaspartic acid from racemic threo-
diastereomer by the removal of L-enantiomer with a yield of 36% using CtMAL
(MAL from C. tetanomorphum) in early studies is obviously very efficient [261,
262]. Later report showed that a variety of p-substituted aspartic acids, such as
ethyl, n-propyl, and isopropyl groups, were also accepted by CtMAL with progres-
sively low rates [263]. Then, only about two decades later came the first asymmet-
ric addition of ammonia to 2-halofumaric acids using CtMAL. Results showed
that only with 2-chlorofumaric acid the product could be isolated in high purity
and yield [264, 265]. The same group also demonstrated the synthesis of a number
of 3-alkylaspartic acids from various 2-alkylfumaric acids and the synthesis of N-
substituted aspartic acids with nitrogen nucleophiles other than simple ammonia,
such as hydrazine, methylamine, hydroxylamine, and methoxyamine, with
CtMAL (Scheme 5.41) [247, 266, 267]. Although a much wider substrate range
was obtained than aspartases by these works, the addition reaction was still lim-
ited to small nucleophiles. Analogously, the thermostable ChMAL (MAL from the
thermophilic bacterium Carboxydothermus hydrogenoformans) shows similar
substrate scope by accepting various substituted fumaric acids and amines with
high regio- and stereoselectivity that makes ChMALI also is a promising enzyme
for biocatalytic applications [268].

Recent advances in protein engineering have led to the alteration of the
activity and stereoselectivity and the broadening of the substrate scope of
CtMAL. The diastereoselectivity of CtMAL has been altered by site-directed
mutagenesis to allow the exclusive production of L-threo-3-methylaspartic
acid [269]. The structure-based engineering has been used for redesigning
the CtMAL and led to the development of a single active site mutant
(Leu384Ala) that has a wide electrophile scope at the C2 position of the
fumaric acid (Scheme 5.42a) [247, 270]. These investigators used the same
technique to engineer the nucleophile (amine) binding site of CtMAL to
form a single active site mutant (GIn73Ala) that showed a remarkably broad
nucleophile tolerance, accepting amines from simple alkylamines to

R! o) R! (6]
H CtMAL HO
HO N — = e
\H)\/U\OH + RZ'N\Rg _— \H/H/U\OH
o) (0] RZIN\Rs

R'=H, Me, Et, n-Pr, i-Pr
R2 =H, NH,, Me, Et, OH, OMe
R3=H, Me,

Scheme 5.41 Synthesis of aspartic acid derivatives with wild-type CtMAL. Source: Based
on Parmeggiani et al. [247]; Raj et al.[270].
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@) R O CtMAL R O
(Leu3s4Ala) H s
HO \H)\/U\OH + NHy ——— o ~SOH
(o) O NH,

R = Et, n-Pr, n-Bu, n-Pent, n-Hex, Bn, EtO, PhO, BnO, EtS, PhS, BnS

(b) Me O CtMAL Me O
(GIn73Ala) \
(0] (0] NHR

R = Me, Et, n-Pr, i-Pr, n-Bu, n-Pent, n-Hex, cyclopropyl, cyclobutyl, cyclopentyl,
cyclohexyl, (cyclopropyl)methyl, EtO, (CH,),OH, (CH5)30H, (CH,),OMe,
(CH3)2NH3, (CH)oNHMe, (CH2)3NH,

Scheme 5.42 Engineered MAL variants catalyzed amination with broad nucleophile/
electrophile tolerance to aspartic acid derivatives. (a) For substituted fumaric acid
substrates. (b) Broad amine nucleophiles. Source: Based on Parmeggiani et al.[247];
Heberling et al. [249]; Turner [250]; Cooke et al. [272]; MacDonald and D’Cunha [273].

cyclohexylamine and benzylamine for L-threo-3-methylaspartic acid
(Scheme 5.42b) [247, 270]. These results indicate that CtMAL could be the
most potential enzyme for employing in the asymmetric synthesis of optical
pure L-aspartic acid derivatives in industrial applications. Furthermore, accom-
pany the growth of synthetic biology MALs has also been exploited in the meta-
bolic engineering production of mesaconic acid from glucose. In this research,
recombinant expression of glutamate mutase (for the conversion of glutamic
acid to 3-methylaspartic acid) and MAL from C. tetanomorphum in E. coli has
been employed to perform a cascade multienzyme reaction system which effi-
ciently converted glucose to mesaconic acid with a productivity of 6.96 g L™
[271].

5.3.3 Aromatic Amino Acid Ammonia Lyases

Among the aromatic amino acid ammonia-lyases (or arylalanine ammonia-lyases),
phenylalanine ammonia-lyase (PAL, EC 4.3.1.5), histidine ammonia-lyase (HAL,
EC 4.3.1.3), and tyrosine ammonia-lyase (TAL, EC 4.3.1.23) catalyze the reversible
nonoxidative deamination of L-phenylalanine, L-histidine, and L-tyrosine toward
corresponding trans-form of a,f-unsaturated carboxylic acids, cinnamic acid, uro-
canic acid, and p-coumaric acid, respectively (Scheme 5.43) [247, 249, 250, 272,
273]. There was asole available literature concerning the conversion of L-tryptophan
to 3-indoleacrylic acid and ammonia using tryptophan ammonia-lyase (WAL, EC
4.3.1.31) from Rubrivivax benzoatilyticus [274]. Of these arylalanine



176

http://chemistry-chemists.com

5 Organic Synthesis with Lyases

o (0]
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NH,
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Scheme 5.43 Aromatic amino acid ammonia-lyases catalyzed reversible deamination
of L-phenylalanine, L-histidine, and L-tyrosine toward corresponding cinnamic acid,
urocanic acid, and p-coumaric acid, respectively. Source: Based on Renard et al. [282].

ammonia-lyases, PAL and TAL are the most popular enzymes already applied in
organic synthesis. These arylalanine ammonia-lyases contain a highly electrophilic
heterocycle 4-methylideneimidazol-5-one (MIO) group for substrate activa-
tion [275-277]. MIO is formed by posttranslational cyclization and dehydration of
a conserved alanine-serine—glycine tripeptide in the active site, which is responsi-
ble for the amination/deamination reactions [272, 276, 278]. Two kinds of reaction
mechanisms were proposed for MIO-dependent ammonia lyases: (i) an Elcb
mechanism with an electrophilic attack of the MIO group on the amine substrate;
(ii) a Friedel-Crafts-type attack of the MIO group on the aromatic ring [279]. A
later study based on docking and molecular dynamic simulations on the PAL from
Petroselinum crispum suggests that the elimination of an ammonia group from the
aromatic amino acids can be performed by both mechanisms [280].

5.3.3.1 L-Arylalanines Synthesis

Form the synthetic chemistry point of views, arylalanine ammonia-lyases cata-
lyzed reversible reactions are more useful in the direction toward amination to
produce higher value L-arylalanine from the inexpensive arylacrylic acid sub-
strate. A wide range of L-phenylalanine derivatives and nonnatural L-arylalanines
have been synthesized by the addition of ammonia to their corresponding unsatu-
rated precursors using PAL. With its high specificity, PAL from Rhodotorula gluti-
nis (RgPAL) was first employed by Yamada et al. to rapidly convert trans-cinnamic
acid to L-phenylalanine and the conversion yield was ~70% [281]. A decade later,
RgPAL was applied to the amination of some substituted cinnamic acid deriva-
tives to synthesize substituted L-phenylalanine analogues and thiophene
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substituted amino acids (Scheme 5.44) [282]. The variation of conversion yield is
correlated to the steric effect of the substituent and the active site residues,
increasing further the size of the aromatic ring, say 1-naphthyl, may dramatically
reduce the conversion yield or results no conversion at all, for example, indol-3-yl
and 3,4-methylenedioxyphenyl. A number of nonnatural halophenylalanine
derivatives were synthesized in preparative scale under optimized conditions by
PAL using ammonium carbamate as the ammonia source instead of the conven-
tional ammonia or other ammonium salts. In each case, a superior full conversion
was obtained with a space-time yields from 5 g L' d™ up to 237.6 g L™ d™' which
is due to the release of two equivalents of ammonia and keeping a lower ionic
strength [247, 283]. The improved conversion yield and much simpler down-
stream processing show the industrial availability of PALs in the production of
enantiopure halophenylalanines from corresponding acrylic acids.

O o}

R RgPAL R
|\\ NNoH 4 N ———= AN OH

= | Pz NH,

R: o-F (63%), 0-Cl (48%), 0-Br (42%), 0-MeO (25%), o-Me (54%), 0-NO, (25%)
m-F (40%), m-Cl (34%), m-Br (28%), m-MeO (14%), m-Me (40%), m-NO, (20%)
p-F (23%), p-Cl (10%), p-Br (7%), p-MeO (0%), p-Me (0%), p-NO, (7%)

F (6] F (6]
RgPAL
NH
cl o °
40%
(6] (0]
S S
\ / X OH \ / OH
NH»
RgPAL
or + NHy ——M 32%
(e} (0]
& AN OH S@/\‘)J\OH
— — NH,
25%

Scheme 5.44 RgPAL-catalyzed amination for the synthesis of substituted phenylalanine
analogues. Source: Based on Dcunha et al. [284].
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PAL from R. glutinis (RgPAL) was also utilized for the direct, one-step enzymatic
amination of methyl trans-cinnamate to L-phenylalanine methyl ester using ammo-
nium sulfate as the ammonia source. Since the solubility of the substrate in aqueous
solution is poor, an organic-aqueous biphasic solution was employed to overcome this
problem. After solvent screening, n-heptane was selected as the cosolvent for the
organic-aqueous biphasic system which gives a product yield of about 70% under the
optimized conditions (Scheme 5.45) [284]. This reaction favors the application for
aspartame synthesis. On the other hand, synthesis of phenylalanine analogues with
nonaromatic cyclic systems using PAL and corresponding substrates was also explored
by several groups. It has been demonstrated that L-(2,5-dihydrophenyl)alanine can be
deaminated by RgPAL to form corresponding acrylic acid with an 85% yield
(Scheme 5.46a), while its regio-isomer L-(1,4-dihydrophenyl)alanine is not and is a
moderately good competitive inhibitor of the reaction [285, 286]. The reaction mecha-
nism was explained by the Friedel-Crafts mechanism [287, 288]. In addition to
RgPAL, the mechanistic investigations on PAL from P. crispum (PcPAL) were imple-
mented by the deamination of two aromatic pyrimidine substrate analogues,
L-(pyrimidin-2-yl)alanine and L-(pyrimidin-5-yl)alanine, indicating L-(pyrimidin-5-y1)
alanine was a moderately good substrate of PcPA to give a 57% yield of the acrylic acid
(Scheme 5.46b) and L-(pyrimidin-2-yl)alanine was determined as an inhibitor [288].
The results also support the Friedel-Crafts reaction mechanism. Further exploration

(0]

RgPAL
X OCH,

n-Heptane/Tris buffer OCHs

(NH,)SO4 NH,

Scheme 5.45 RgPAL-catalyzed biphasic amination for L-phenylalanine methyl ester.
Source: Based on Hanson et al.[285]; Skolaut and Rétey [286]; Based on Gloge et al. [288].

(a) (0] (0]
RgPAL
OH ———> X OH
NH,
(b) (0] (0]
PcPAL A
N™ OH —> N OH
mN/ NH, t —

N

Scheme 5.46 PAL-catalyzed deamination of nonaromatic cyclic phenylalanine analogues
to corresponding acrylic acids: (a) L-(2,5-dihydrophenyl)alanine, (b) L-(pyrimidin-5-yl)
alanine. Source: Based on Weiser et al. [297].
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of the substrate scope of PCPAL demonstrates its broad substrate tolerance that several
polyfluoro- and monochlorophenylalanine analogues [288], all three regioisomers of
pyridylacrylic acid [289], furan as well as thiophene substituted systems including
larger fused aromatic rings [290], and 5-arylfuran-2-yl derivatives [291] can be
afforded to their corresponding products with moderate to good yields from 38 to 89%
and high optical purity using purified enzyme. Besides, nitro-substituted phenylala-
nines have been synthesized in very good yields [292, 293]. All the results described
above highlight potential sustainable routes and ability using PcPAL to produce a
broad spectrum of nonnatural amino acids for the pharmaceutical and agrochemical
industries. The expansion of substrate scope of PAL for the amination to manufacture
nonnatural amino acids was further implemented by cyanobacterial AvPAL from
Anabaena variabilis. The catalytic activity of AvPAL toward several nonnatural sub-
strates proved an even better substrate scope as compared with yeasts RgPAL and
plants PcPAL that can be exemplified by the preparative synthesis of
L-(4-trifluoromethyl)phenylalanine, a substrate not accepted by either RgPAL or
PcPAL, with a moderate yield of 42% [294].

The covalent immobilization of PcPAL on carboxylated single-walled carbon nano-
tubes (SWCNTcoon) has been employed for the ammonia addition of (E)-3-
(thiophen-2-yl)acrylic acid in a continuous-flow microreactor system to yield
enantiopure (S)-2-amino-3-(thiophen-2-yl)propanoic acid with a conversion about
65% at 60 °C without significant loss of activity over a period of 72 hours. SWCNTcoon
-PAL was stable which maintains >90% the original activity after three cycles of reac-
tion [295]. Later, an even higher stability and durability of the immobilized PcPAL
was demonstrated that uses aminated SWCNTSs as the immobilization carrier instead
of the carboxylated SWCNTSs [296]. In addition to the use of SWCNTs as carrier for the
immobilization of PcPAL, PcPAL was immobilized on magnetic nanoparticles (MNPs)
as well. Then, the MNPs-PAL was fixed in a microfluidic reactor and successfully uti-
lized for catalyzing the ammonia addition to a novel (E)-pent-2-ene-4-yonate produc-
ing enantiopure L-propargylglycine with a 14% isolated yield (Scheme 5.47) [297].
This application not only broadens the substrate scope but also opens a new perspec-
tive for PAL toward the ammonia addition to acrylic acid. The activity of isolated and
lyophilized PcPAL in organic-aqueous biphasic media was explored in order to
increase the product yields for previous one-step synthesis of L-phenylalanine and its
methyl ester derivative using yeast whole cells. The isolated PcCPAL in organic-aqueous

o O
. MNP-PcPAL /\‘)J\
N OH  (NH)CO, & o
NH,

Scheme 5.47 Synthesis of L-propargylglycine by PcPAL immobilized on MNPs in a
microfluidic reactor system. Source: Based on Zhang [301].
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biphasic system was about fourfold higher activity relative to the whole-cell system
and methanol-treated, ethanol-treated, and heptane-treated enzymes retained 89-99%
activity for both the amination and deamination reactions [298].

The strategy of immobilization of isolated enzymes was also applied to RgPAL
that cross-linked enzyme aggregates (CLEAs) of crude RgPAL were prepared to
improve the synthesis of L-phenylalanine. When compared to the free enzyme,
PAL-CLEAs exhibited higher storage and operational stability. In addition, PAL-
CLEAs could be recycled at least 12 consecutive batch reactions without signifi-
cant loss of activity [299]. The activity of RgPAL in ionic liquids (ILs) for the
synthesis of L-phenylalanine from amination of trans-cinnamic acid was also
investigated by comparing four commonly used ILs. The results showed that
1-butyl-3-methylimidazolium hexafluorophosphate ([BMIM][PFs]) was the best
IL under the optimized conditions for this application giving about 59% substrate
conversion [300].

5.3.3.2 p-Arylalanines Synthesis
When lyases are applied for the asymmetric synthesis of nonproteinogenic D-amino
acid derivatives (AADs), the kinetic resolution with the stereoselective removal of
the L-enantiomer and deracemization with a two-step conversion of the L-enantiomer
to the D-enantiomer or the racemic mixture through a nonchiral intermediate were
generally adopted. PAL in the cell free homogenate of the yeast Rhodotorula graminis
served as an enantioselective scavenger (ES) was employed to remove the
L-enantiomer in a racemic mixture of AADs, thus producing D-enantiomer with
high enantiomeric excess (e.e.). Thirteen D-arylalanines have been synthesized using
this ES homogenate to give >99% e.e. and yields from 36 to 50% (Scheme 5.48) [301].
The results show an efficient and convenient kinetic resolution method for
preparing D-AADs. The same strategy was used for the simultaneous produc-
tion of D-histidine and urocanic acid from racemic histidine in high yields by
exploiting HAL from Achromobacter liquidum and a shake-culture. In this bio-
transformation, the surfactant triethanolamine lauryl sulfate (TEALS) was also
added to shorten the conversion time due to an increase of the permeability of the
cell membrane (Scheme 5.49) [302]. In addition, a variety of enantiomerically

0 R. graminis 0
homogenate /\)k Degraded
R OH > R o OH +  L-Enantiomer
NH, NH,

R = 2-Br-Phe, 4-Cl-Phe, 4-Me-Phe, 4-Br-Phe, 3,4-DiCl-Phe, 2,4-DiCI-Phe, Phe
4-NO,-Phe, 2-Cl-Phe, 4-F-Phe, Home-Phe, Tyr, Trp

Scheme 5.48 Preparation of b-AADs by kinetic resolution of racemic AADs. Source: Based
on Shibatani et al. [302].
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Scheme 5.49 Kinetic resolution of rac-histidine using HAL for simultaneous synthesis of
p-histidine and urocanic acid. Source: Based on Parmeggiani et al. [304].

pure D-heteroarylalanines have been synthesized by similar method that isolated
PcPAL was employed to remove the L-enantiomer from racemic mixtures [290,
291, 293, 295, 297].

Moreover, the kinetic resolution process was combined with the enzyme immo-
bilization technique for the production of enantiopure D-phenylalanine from race-
mic phenylalanine in a large-scale recirculating packed-bed reactor (RPBR).
Phenylalanine ammonia lyase from Rhodotorula glutinis IN-1 (RgPAL) was cova-
lently immobilized on a modified mesoporous silica support and demonstrated
higher resolution efficiency in RPBR than in the stirred-tank reactor to give a pro-
ductivity of D-phenylalanine reaching 7.2 g L™ h™ and an optical purity (eep)
>99% [303]. Since the inherent theoretical yield for D-enantiomer by kinetic reso-
lution is limited to 50%, a chemoenzymatic amination-deracemization cascade
strategy was developed to overcome this limitation. A number of nonnatural sub-
stituted L-phenylalanines were first formed by PAL-catalyzed amination with inex-
pensive cinnamic acids, then the substituted L-phenylalanine products were
selectively oxidized by the L-amino acid deaminase (LAAD) from Proteus mirabilis
to their corresponding amino acids, which were chemically nonselectively reduced
to a racemic substituted phenylalanine mixture. Repeating the L-selective enzy-
matic oxidation and nonselective chemical reduction several times, highly optical
pure nonnatural substituted D-phenylalanines can be obtained (Scheme 5.50) [304].

LAAD
OH _> | X OH
/ = NH» R// NH

L-Enantiome r |

=p-NO,, o-F
m-NOy, m-F
0-NO,, p-F
p-CF3, 3,5-F,
p-CN, m-Cl

NH3:BH,

D-Enantiome r

Scheme 5.50 Synthesis of substituted b-phenylalanines from corresponding cinnamic
acids with chemoenzymatic cascade strategy. Source: Modified from Weise et al.[307].
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5.3.3.3 B-Arylalanines Synthesis

Although unnatural aromatic f-amino acids are not abundant in nature, they are
found in pharmacologically important natural products. In addition, they are moie-
ties in a lot of pharmaceuticals such as the antiglycemic sitagliptin and the antimi-
totic paclitaxel/Abraxane [305]. As isomers of proteinogenic a-amino acids, $-amino
acids are particularly useful as building blocks for synthetic p-peptide oligomers
that are used as biologically active antibiotics with the advantages of bioavailability
and in vivo stability for therapeutic purposes [306]. Thus, they exhibit an important
class of compound in the area of medicinal chemistry.

Lyases used for the direct f-amination of nonchiral arylacrylates to produce cor-
responding chiral B-arylalanines derivatives is convenient and attractive, but the
low regioselectivity of the wild-type enzyme or the structure-based rational
designed variants expressed in E. coli for some substrates due to the inherent
strength of electron-withdrawing/-donating groups on the ring of each substrate
in the reaction mechanism limits the applications at small scale and a concentra-
tion of 1 mM [307]. Except aminomutases the enzyme exploited for the direct f-
amination of arylacrylates was EncP which has been displayed to be a PAL in the
thermotolerant bacterium Streptomyces maritimus [308, 309]. The p-amination
for a range of arylacrylates by whole cell biocatalyst EncP results a mixture of (S)-
a- and (S)-p-arylalanines that could be tuned to achieve a selectivity between 99:1
1nd 1:99 for p:a-product ratios (Scheme 5.51) [307]. Generally, the industrially
interested catalyst used for the direct preparation of f-arylalanines via amination
with arylacrylic acids is phenylalanine aminomutase from Taxus wallichiana
(TWPAM) [247].

In addition, there are the other two strategies that can be conducted to synthesize
optical pure p-arylalanines, one is the isomerization of L-phenylalanine or its deriv-
atives using either an (R)-selective PAM from Taxus canadensis (TcCPAM) or (S)-
selective PAM (specifically AdmH by Japanese company Mitsui Chemicals Ltd),
and the other one is the kinetic resolution of a racemic mixture of the starting com-
pound using a tandem biocatalytic process [247]. An example reported for the

0] NH, O 0O
EncP
N0y — s N OH + X OH
| (NHyso, || |
[ Y [ NH,
R R R
Arylacrylatic acid (S)- p-Arylalanine (S)-a-Arylalanine

R=H, 2-F, 3-F, 4-F, 3,5-F,, 2,3,4,5,6-F 5, 2-Cl, 3-Cl, 4-Cl, 2-Br, 3-Br, 4-Br, 2-NO,, 3-NO,, 4-NO,,
2-MeO, 3-MeO, 4-MeO, 2-Me, 3-Me, 4-Me, 3-CN

Scheme 5.51 Synthesis of (5)-B-arylalanines by the direct amination of arylacrylic acids
using whole cell catalyst EncP. Source: Based on Turner [250]; Wu et al. [310].
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Scheme 5.52 Kinetic resolution of racemic f-phenylalanines using coupled PAM and
PAL for synthesizing enantiopure (S)-p-phenylalanines.

kinetic resolution is the coupled PAM and PAL reaction system, which the stereose-
lective isomerization of (R)-p-phenylalanines to (S)-a-phenylalanines was initially
performed by PAM Q319M and the later were immediately deaminated in situ to the
corresponding cinnamic acids by PAL from Rhodosporidium toruloides (RtPAL) to
leave (S)-p-phenylalanines in solution (Scheme 5.52) [250, 310]. The in situ gener-
ated cinnamic acids can be easily removed by acidification and ion exchange.
Preparative scale conversions of a range of f-amino acids were performed using
PAM Q319M to acquire an enhanced catalytic activity with excellent e.e. > 99%
and in ca. 50% isolated yield [310, 311]. Another example of the kinetic resolution
using combined PAM and PAL enzymes was for the production of enantiopure
(R)-B-arylalanines. In this process, the racemic mixture of p-arylalanines was
chemically synthesized using achiral aldehydes as the starting material. Then, (S)-
B-arylalanine in the racemic mixture was isomerized by the (S)-PAM activity of
EncP from S. maritimus to the (S)-a-arylalanine, which was immediately deami-
nated with a strict a-lyase activity of PAL from A. variabilis to B-arylacrylic acid,
leaving (R)-B-arylalanine in the reaction mixture (Scheme 5.53). This kinetic

NH, O
| A OH
NH, O R//
EncP
| A OH ———> +
R/ Z o) o
AVPAL ~

| o oH —> | = oH

R = H, 2-F, 3-F, 4-F, 2-Cl, 4-Cl, 3-Br, 4-Br,
2-NO,, 3-NO,, 4-MeO, 2-CH3, 3-CH, F‘/ = N R/ _

Scheme 5.53 Kinetic resolution of racemic p-phenylalanines using coupled EncP and
PAL for synthesizing enantiopure (R)-p-phenylalanines. Source: Based on Paizs et al. [313].
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resolution strategy allowed five out of 13 tested racemic substrates to be resolved
in a preparative-scale with (R)-enantiomeric excess (e.e.) >98% [312].

5.3.3.4 Applications for Arylalanines Synthesis

There are many enantiopure arylalanines or arylalanine derivatives that have
been synthesized by chemoenzymatic cascade strategy which combines the
robustness of chemical catalysis with the elegant enantioselectivity of biocatalysis
to provide new, efficient, and telescopic routes for optical pure products from
inexpensive starting materials.

The first demonstration of the chemoenzymatic synthesis is the one-pot pro-
duction of a number of halophenylalanines and arylalanines from the corre-
sponding aromatic aldehydes. In this route, the aldehyde was first reacted with
(triphenylphosphoranylidene)ethyl acetate in water using a Wittig-type reaction
to form the corresponding ethyl cinnamate. The ethyl cinnamate ester was then
hydrolyzed with pig liver esterase (PLE) to afford the cinnamic acid. Finally, the
cinnamic acid was aminated with ammonia by a purified phenylalanine ammonia
lyase from parsley (PcPAL) to give corresponding enantiopure L-arylalanines
(Scheme 5.54) [313]. The pure L-arylalanines obtained by this synthetic strategy
were phenyl-, 4-chlorophenyl-, 3-fluorophenyl-, and thiophen-2-yl-alanines with
ayield of 88, 78, 72, and 91%, respectively, and >98% e.e. over a period of 48-96
hours. Later, an alternative two-step process was proposed using a Knoevenagel-
Doebner condensation reaction for the synthesis of the cinnamic acid from the
corresponding aldehyde starting material, followed by the organic-aqueous bipha-
sic PAL-mediated amination to produce the corresponding optically pure
L-arylalanines (Scheme 5-55) [314].

The two consecutive reactions can also be run in one-pot preparative synthesis
for five L-dihalophenylalanines with 71-84% yield and 98-99% e.e. The same one-
pot chemoenzymatic telescopic strategy was further applied for the synthesis of
12 L-pyridylalanine analogues and five other L-heteroarylalanines with heterocy-
cle moieties including isoxazole, thiophene, and quinoline from corresponding
aldehydes using AVPAL as the biocatalyst to give isolated yields of 32-60% and
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Ph P\)J\ O NHy
2 "okt o (2)-Isomer

)l\ /\)J\ —
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PcPAL
N ee , o)
R O NHy4 NH3 R O NH,4
R = phenyl, 4-chlorophenyl, 3-fluorophenyl, thiophen-2-y| (E)-lsomer NH,

Scheme 5.54 Three-step one-pot chemoenzymatic synthesis of enantiopure aryalanines
from corresponding aldehydes. Source: Based on Parmeggiani et al.[314].



http://chemistry-chemists.com

5.3 Lyases with Carbon-Nitrogen Bonds

o o RQCI;AL o
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N OH —(5 ——— > N OH — > N OH
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R =H, 2-F, 3-F, 4-F, 2-Cl, 3-Cl, 4-Cl, 2-Br, 4-Br, 3,4-F, 2,4-Cl,, 3,4-Cl,, 3,5-Cl,, 2-Cl-4-F, 3-Cl-4-F, 4-CI-3-F

Scheme 5.55 Two-step one-pot chemoenzymatic synthesis of L-aryalanines from
benzaldehydes. Source: Based on Parmeggiani et al.[247]; Heberling et al.[249]; Cooke
et al. [272]; MacDonald and D’Cunha [273].

excellent enantiopurity of >99% e.e. It should be mentioned that the perfect enan-
tioselectivity was obtained by an additional one-pot deracemization cascade pro-
cess using D-amino acid oxidase to selectively oxidize the D-enantiomer to the
amino acid followed by a nonselective reduction with ammonia-borne [315].
Generally, in the chemoenzymatic cascade process, the chemical steps usu-
ally involve the use of metallic or organometallic catalyst, organic solvent, and
high temperature. In order to fulfill green chemistry, it is necessary to eliminate
completely the use of organic solvents and run under moderate temperatures to
make the one-pot chemoenzymatic process suitable for industrial fine chemi-
cals production. One typical example demonstrated by the chemical company
DSM is the synthesis of enantiopure (S)-2-indolinecarboxylic acid, a key chiral
intermediate for angiotensin-converting enzyme inhibitors such as perindopril
and indolapril (Scheme 5.56) [247, 248, 316, 317]. Traditionally, the synthesis
of chiral indoline carboxylic acid was prepared by the formation of racemic
precursor through a Fischer indole synthesis followed by a classical or enzy-
matic resolution; however, the yields never exceeded 50%. This problem was
overcome by an alternative approach, which the enantioselective amination of
ammonia to the ortho-halocinnamic acids was first catalyzed by RgPAL

0] O

X RgPAL cucl
OH ———> OH ——> COOH
NHj H,0
NH, N
X X \
®<COOH
N

H
R = Me (perindopril) o N\/\/R
Ph (indolapril) B
COOEt

Scheme 5.56 RgPAL-mediated chemoenzymatic cascade synthesis of (5)-2-
indolinecarboxylic acid. Source: Based on Busto et al.[320].
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DSMPALO1, followed by an aqueous compatible copper-catalyzed cyclization
for the corresponding optical pure L-o-halophenylalanines. Under an excess of
aqueous NHj;, a CuCl catalyst, and optimized conditions, the overall produc-
tion yield achieved for (S)-2-indolinecarboxylic acid from 2-chlorocinnamic
acid was 60% with an enantiomeric excess of 99%. Using a similar approach,
(S)-1,2,3,4-tetrahydroisoquinoline-3-carboxylic acid was chemoenzymatically
prepared by an AvPAL-mediated reaction followed by a Pictet-Spengler reac-
tion with acidic formaldehyde solution to give a 53% isolated yield and enantio-
pure tetrahydroisoquinoline scaffold [247]. A chemoenzymatic strategy was
implemented for the synthesis of a range of N-Boc-protected nonnatural
L-biarylalanine derivatives, active pharmaceutical ingredient (API) precursors,
by combining the AvPAL-mediated amination for the starting p-bromocinnamic
acid with the subsequent palladium-catalyzed Suzuki-Miyaura coupling of a
panel of arylboronic acids under mild aqueous conditions [247, 318].
Although the applications in using PALs were concentrated on conducting the
reverse (nonnatural) amination of ammonia to cinnamic acids for synthesizing
huge amount of valuable amino acid enantiomers, the PALs-mediated natural
reaction has not been overlooked for its synthetic importance, particularly with
the assistance of synthetic biology of the multienzymatic cascade process. The
formation of cinnamic acid analogues by the deamination of corresponding phe-
nylalanine with PALs can afford a variety of commercially relevant compounds
via additional chemical and/or enzymatic processes. As an example, the coexpres-
sion of PAL, trans-cinnamic acid decarboxylase, and styrene monooxygenase in
E. coli can be employed for the in vivo synthesis of (S)-styrene oxide, a key fine
chemical used for producing functionalized chiral diols, from glucose via the pri-
mary metabolite phenylalanine [319]. Furthermore, the synthesis of a number of
para-vinylphenol derivatives from readily available simple substituted phenols
and pyruvate was performed through a three-step enzymatic cascade process
involving recombinant tyrosine phenol lyase M379V from Citobacter freundii
(CfTPL), tyrosine ammonia lyase from Rhodobacter sphaeroides (RSTAL)
expressed in E. coli, and ferulic acid decarboxylase from Enterobacter sp. (EsFAD)
expressed in E. coli, in which CfTPL was responsible for the initial C-C formation
between phenol and pyruvate in the presence of ammonia leading to the corre-
sponding L-tyrosine derivatives, followed by RsTAL-catalyzed deamination and
EsFAD-catalyzed decarboxylation to form corresponding coumaric acid deriva-
tives and substituted vinylphenols, respectively, with >99% conversion and iso-
lated yields of 65-83% (Scheme 5.57) [320]. The multienzymatic cascade strategy
was even applied for the sustainable asymmetric synthesis of high-value nonnatu-
ral chiral chemicals from biobased L-phenylalanine. The designed and engineered
set of unique nonnatural enzymatic cascades was an eight-step process using ten
enzymes including PAL, phenylacrylic acid decarboxylase (PAD), styrene



http://chemistry-chemists.com

5.3 Lyases with Carbon-Nitrogen Bonds | 187

OH [¢] (o}

o

CfTPL RsTAL EsFAD

z | + )J\ 7-T> =z | OH T’ z | x OH ﬁ’ X

& COOH S -

9 NH; HO HO R NH;  HO = cO, HO 2
A |

R =2-F, 2-Cl, 2-Br, 2-Me, 3-F, 3-Cl, 2,3-F5, 2-F-3-Cl

Scheme 5.57 Multienzymatic cascade synthesis for substituted para-vinylphenols.

monooxygenase (SMO), epoxide hydrolase (EH), alcohol dehydrogenase (ADH),
aldehyde dehydrogenase (ALDH), hydroxymandelate oxidase (HMO), transami-
nase (TA), glutamate dehydrogenase (GluDH), and catalase (CT) to produce a
variety of useful fine chemical intermediates such as styrene oxide, diols, o-
hydroxyacids, and phenylglycine derivatives. This biocatalytic cascade leads to the
synthesis of enantiopure (S)-phenylglycine with 85% conversion and >99% e.e. It
has also been proposed to combine this nonnatural enzyme cascade with the nat-
ural metabolic pathway of the host strain in order to achieve the chiral fine chemi-
cals from glucose fermentation [321].

The advances and combination of synthetic biology and metabolic engineering
allowed the microbial in vivo synthesis of bioactive compounds such as resveratrol
and pinosylvin from tyrosine and phenylalanine, respectively, with the potential
of industrial-scale production [322]. In this application, the PAL/TAL-catalyzed
deamination is the key step to the artificial stilbene biosynthetic pathway, involv-
ing steps of phenylalanine/tyrosine ammonia-lyase, 4-coumarate:CoA ligase, and
stilbene synthase that were co-expressed in E. coli (Scheme 5.58). The results
show 20 mg L™* pinosylvin and 37 mg L™* resveratrol were obtained from 490 mg L™
phenylalanine and 540 mg L™ tyrosine, respectively [323]. Microbial production
of resveratrol was improved by engineering the yeast S. cerevisiae to produce it
directly from glucose or ethanol via tyrosine intermediate. The stilbene biosyn-
thetic pathway was first introduced in a similar manner into S. cerevisiae, followed
by the control of metabolic fluxes through overexpression of the genes for the
enzymes involved in the feedback-inhibition-resistant versions of 3-deoxy-D-arab
ino-heptulosonate-7-phosphate synthase and chorismate mutase and in malonyl-
CoA synthesis. The final fed-batch fermentation using the final strain with glu-
cose or ethanol as carbon source resulted in the production of 415.65 and 531.4
1 mg L resveratrol, respectively [324]. The conversion of resveratrol was further
improved by applying a pull-push-block strain engineering strategy that the yeast
S. cerevisiae was engineered by overexpression of the resveratrol biosynthetic
pathway, optimization of the electron transfer to the cytochrome P450 monooxy-
genase, increase the precursors supply, and decrease of the pathway intermediates
degradation. The fed-batch fermentation using the final strain produced 800 mg L™
resveratrol from glucose [325]. Similarly, a flavonoid biosynthetic pathway was
engineered by expressing flavone synthase I from P. crispum into recombinant
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Scheme 5.58 PAL/TAL-mediated in vivo biosynthesis of various secondary metabolites
via metabolic engineering and synthetic biology. Source: Based on Kiddle et al. [328];
Yamagata et al. [330]; Steegborn et al. [331].

E. coli cells containing PAL, cinnamate/coumarate: CoA ligase, chalcone syn-
thase, chalcone isomerase and employed for the fermentative in vivo synthesis of
flavones (9.4 mg L™ chrysin from phenylalanine and 13 mg L™ apigenin from
tyrosine); when flavanone 3p-hydroxylase and flavonol synthase from the plant
Citrus species were simultaneously expressed into the recombinant E. coli cells,
flavonols of 15.1 mg L™ kaempferol from tyrosine and 1.1 mg L™" galangin from
phenylalanine were obtained (Scheme 5.27) [326]. In addition, the biosynthesis of
stilbenoid resveratrol, flavanone naringenin, isoflavone genistein, and flavonols
kaempferol and quercetin from phenylalanine has been conducted by different
metabolically engineering approach for four yeast strains (Scheme 5.27) [327].

5.4 Lyases with Carbon-Sulfur Bonds

Enzymes that catalyze the cleavage of a carbon-sulfur bond by means other than
hydrolysis or oxidation are carbon-sulfur lyases (C-S lyases, EC 4.4.x.X).
Specifically, carbon-sulfur bond lyases are pyridoxal-5-phosphate (PLP)-
dependent enzyme, which catalyze the elimination reactions of C-S bond in
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various sulfur-containing amino acids to yield corresponding sulfur-containing
molecules, a-keto acid, and ammonia. The C-S lyases are ubiquitous enzymes
existing in microorganisms, plants, and animals (including human). They are
involved in the biosynthesis of key primary and secondary metabolites in plants
bacteria, fungi, and mammals, which are important in reducing oxidative stress,
protein biosynthesis, antimicrobial activity, odor and flavor characteristic, medi-
cal disease, and signaling agent [328-336]. Generally, the reaction mechanism of
PLP-dependent lyases proceeds via three key chemical transformations between
the covalently bound PLP-amino acid intermediates, which involves the transami-
nation of the amino group between the substrate and the enzyme-bound cofactor
PLP, followed by the a-proton abstraction of the substrate to yield a carbanionic
intermediate stabilized as the pyridoxal-ketamine p-quinonoid intermediate, and
the subsequent release of the resulting thiol molecule by protonating the sulfur
atom to generate the PLP-aminoacrylate. Finally, reverse transamination of the
PLP-aminoacrylate takes place by attacking the C4’ atom with enzyme-bound
lysine to convert the aminoacrylate into an iminopropionate and regenerate the
enzyme-bound PLP. The hydrolysis of the released iminopropionate outside the
active site produces pyruvate and ammonia [334, 337-339].

Cysteine lyases (EC 4.4.1.x) cleave cysteine containing compounds, mainly
including cystathionases (cystathionine y-lyase, EC 4.4.1.1; cystathionine p-lyase,
EC 4.4.1.8), alliinases (EC 4.4.1.4), and several other subfamilies [329, 340].
Cystathionine y-lyase (CGL, also known as y-cystathionase, cysteine desulfhy-
drase, or cystalysin), which is often found in animals and fungi, catalyzes the
cleavage of the L-cystathionine Cy-S bond to produce L-cysteine, a-ketoglutarate,
and ammonia (Scheme 5.59) and is essential for the conversion of dietary
L-methionine to L-cysteine via a metabolic transsulfuration [328, 330, 331]. CGL
is a multifunctional enzyme able to catalyze a range of substrates including cysta-
thionine, L-cystine, L-cysteine, and S-alkyl-L-cysteine conjugate, S-sulfo-L-
cysteine, and L-cysteine sulfoxide [328, 341, 342].

In humans, this enzyme is related with the metabolic disorder diseases such as
cystathioninuria, cystinosis, and homocystinuria, which potentially result in
mental and physical impairments [331]. Cystalysin isolated from human oral
pathogen T. denticola was identified as a virulence factor by its hemeolytic and

H
\H/'\/\ /\‘)J\ OH —> HS/\HJ\OH + HBC/\H)J\OH + NH;

Scheme 5.59 y-Cleavage of L-cystathionine catalyzed by cystathionine y-lyase. Source:
Based on Kiddle et al. [328]; Ramirez and Whitaker [347]; Hamamoto and Mazelis [348];
Based on Kiddle et al. [328]; Yoshida et al. [346].
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heneoxidative activity, which leads to both tooth and gum damage and causes the
etiology of periodontal diseases. In vitro studies revealed that cystalysin is a
homodimeric PLP-dependent CB-S cleavage lyase, which catalyzes the o,p-
elimination of L-cysteine to produce pyruvate, ammonia, and H,S. Since H,S is
highly toxic for mammalian cells, the formation of H,S by cystalysin catalysis in
the septic subgingival sulcus might contribute to the initiation and progression of
periodontal diseases [328, 343-345]. The enzyme has a broad substrate specificity
and accepts several sulfur- and nonsulfur-containing amino acids as well as
disulfidic amino acids as substrate [344].

In plants and bacteria, cystathionine p-lyase (CBL) predominantly catalyzes
the cleavage of the L-cystathionine CB-S bond to produce L-homocysteine,
pyruvate, and ammonia (Scheme 5.60a) [328, 346]. In plants, L-homocysteine
is involved in methionine biosynthesis which is further converted to
L-methionine [328, 330]. In higher plants, L-cystine is also degraded by CBL
through p-elimination to yield L-thiocysteine, pyruvate, and ammonia
(Scheme 5.60b) [328, 329. 347, 348] and L-thiocysteine can be converted to
L-cysteine and H,S [344]. For cysteine, the products formed by the $-elimination
of the CBL are pyruvate, ammonia, and H,S. This enzyme is responsible for the
initial reaction that produces characteristic flavors and aromas in vegetables.
In addition to L-cystathionine, L-cysteine, and L-cysteine, this enzyme cata-
lyzes a broad spectrum of L-cysteine derived substrates including S-aryl-, S-
aralkyl-, and S-alkyl-L-cysteine to corresponding thiols, pyruvate, and
NH; [349-351]. Leukotriene E4 (LTE4) is a cysteinyl leukotriene involved in
inflammation. Increased production and excretion of LTE4 have been linked to
several respiratory diseases, such as severe asthma attacks. Thus, when
LTE4 was incubated with CBL isolated from the intestinal bacterium
Eubacterium limosum, the product 5-hydroxy-6-mercapto-7,9,11,14-eicosatetra

[0}

\H)\/\ /\‘)J\ \H/'\/\SH + 3C\”)J\ on + NHg
(b)
NH, o} NH, (0]
HO S CBL HO S H
\H/'\/ \S/\‘)J\OH —>H20 SSH O+ 3C oH + NH,4
o) NH, o) o)

Scheme 5.60 f-elimination reaction with cystathionine p-lyase to produce
corresponding thiol, pyruvate,and ammonia: (a) L-cystathionine, (b) L-cystine. Source:
Based on Kiddle et al. [328]; Nock and Mazelis [332]; Ramirez and Whitaker [347].
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enoic acid, together with pyruvate and NHj, was formed by the p-cleavage of
the cysteine C-S bond in LTE4. This reaction was also occurred by rat cecal
contents [352].

Alliin lyases (EC 4.4.1.4), also known as alliinases, are another well-known
class of C-S lyases, which catalyze the B-elimination of S-alkyl-L-cysteine sulfox-
ides to corresponding S-alkyl-sulfonic acids, pyruvate, and ammonia
(Scheme 5.61) [328, 332, 347]. The source of this class of lyases is usually from
Allium species, such as A. cepa (onion), A. sativum (garlic), A. porrum (leek), and
A. ursinum (wild garlic) [328]. The endogenous substrate specificities of alliin
lyases for garlic and onion are different. The A. sativum alliin lyase preferentially
cleaves S-ally-L-cystine sulfoxide, whereas the A. cepa alliin lyase prefers
S-propenyl-L-cystine [332]. Earlier studies indicate that the principal ingredient
of fruiting bodies of shiitake mushroom, Lentinus edodes, flavor lenthionine arises
from enzymatic action on the nonvolatile precursor (2-(y-glutamylamino)-4,6,8,
9,10-pentaoxo-4,6,8,10-tetrathioundecanoic acid (lentinic acid), which is related
with two different enzymes: a y-glutamyltransferase and a kind of alliin lyase
catalyzing f-elimination of desglutamyl-lentinic acid [353, 354].

In enzymology, L-methionine y-lyase (MGL, EC 4.4.1.11) is a PLP-dependent
enzyme that cleaves L-methionine at the Cy-S bond to form methylthiol, a-
ketobutyrate, and ammonia using a five-step mechanism (Scheme 5.62) [355].
Evidences demonstrate that MGL shows deaminase activity in the L-methionine
degradation reaction as well [355, 356]. Porphyromonas gingivalis is a Gram-
negative anaerobic oral pathogenic bacterium that causes halitosis and periodon-
titis in humans. Halitosis is due to the formation of volatile methylthiol by the
catabolism of methionine with MGL and the generated methylthiol can lead to

(0] (0]
Alliin lyase
I} 2
O NH, o}

Scheme 5.61 f-elimination of S-alkyl-L-cysteine sulfoxides with alliin lyases to form
corresponding sulfonic acids, pyruvate,and ammonia. Source: Based on Morcos
et al. [355].

o) o)
s MGL
HO “CHs T Ho CH, + CHaSH + NHg
o)

Scheme 5.62 L-Methionine degradation catalyzed by methione y-lyase to yield
a-ketobutyrate, methylthio,and ammonia.
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inflammation by oxidative damage to the oral mucosa and cause periodontitis. It
was suggested that the MGL inhibitor DL-propargylglycine could be useful for
controlling halitosis and periodontitis [355].

Ergothioneine and ovothiols are histidine derivatives with a sulfur substitution
at the e- and &-carbons of the histidine imidazole side chain, respectively.
Ergothioneine isolated from ergot functions as a cellular antioxidant thus plays
beneficial roles in human health. Humans obtain ergothioneine from the diet
through a specific ergothioneine-specific transporter [357, 358]. Ovothiol was first
isolated from the eggs and ovaries of sea urchins. There are three different forms
of ovothiol according to the degree of methylation at the amino group, which
ovothiol A, B, and C are unmethylate, monomethylated, and dimethylated amino
group, respectively. Ovothiols function as a potent radical and peroxide scavenger
and are believed to protect themselves from oxidative stress. In addition, ovothiol
A has also been demonstrated to induce autophagy in human liver carcinoma cell
lines [357, 359].

The mycobacterial biosynthesis of ergothioneine involves a five-step pathway
(EgtA-E) characterized with two novel reactions: the oxidative C-S bond forma-
tion using a mononuclear nonheme iron enzyme (EgtB) and a PLP-dependent
reductive C-S lyase (EgtE) reaction (Scheme 5.63). However, fungus Neurospora
crassa uses a more simpler pathway employing a nonheme iron enzyme Egtl and
cysteine instead of y-Glu-Cys as the substrate [357, 360].

The biosynthesis of ovothiol involves an initial nonheme iron enzyme OvoA
catalyzing the C-S bond formation oxidative coupling between cysteine and histi-
dine to yield a sulfoxide coupling product and a minor product cysteine sulfinic
acid. The C-S bond of the sulfoxide coupling product in the first step is cleaved by
the C-S lyase OvoB to produce a mercaptohistidine intermediate, which is

L-Cys + L-Glu
l EgtA

y-Glu-Cys y-Glu-Cys

(luj/\rcoo EgtD </ j/\‘/coo@ ( EgtB k \(/ coo®
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Scheme 5.63 Two aerobic biosynthetic pathways for ergothioneine. Source: Based on
Naowarojna et al. [357]; Chen et al. [358]; Naowarojna et al.[359].
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Scheme 5.64 Proposed biosynthetic pathway for ovothiol A. Source: Based on You
et al. [362]; Schallmey and Schallmey [363].

followed by a n-N-methylation at the imidazole group by OvoA methyltransferase
(OvoA MTase) to produce ovothiol A (Scheme 5.64) [357-359].

5.5 Lyases with Carbon-Halide Bonds

Halogenated organic compounds (HOCs) represent a large group of substance
combining one or more halogens (fluorine, chlorine, bromine, or iodine) with
carbon atom which occur either naturally or synthetically. Industrially, they have
been widely used for the manufacture of insecticides, fungicides, herbicides, and
intermediates for pharmaceuticals [361, 362]. Since HOCs are toxic, they are
harmful to human health. Therefore, the release of HOCs into environments
either by organisms or chemical industries causes environmental pollution prob-
lem. HOCs are stable chemicals and do not decompose spontaneously.
Dehalogenases existing in many microorganisms are enzymes catalyzing the
cleavage of carbon-halogen bonds, thus are important in the biodegradation of
HOCs. They are roughly categorized into haloalkane dehalogenases, haloacid
dehalogenases, and halohydrin dehalogenases which degrade halogenated
alkanes, halogenated alkanoic acids, and halogenated alcohols,
respectively [362].

Halohydrin dehalogenase (HHDH, EC 4.5.1.x), also called haloalcohol dehalo-
genase, halohydrin exposidase, or halohydrin hydrogen-halide-lyase, catalyzes
the reversible dehalogenation of halohydrins to their corresponding epoxides
through intramolecular nucleophilic displacement of the halogen substituent by
the neighboring hydroxyl group without the need of any cofactors
(Scheme 5.65) [362, 363]. In addition, HHDHs can also catalyze the reverse irre-
versible epoxide ring-opening reaction through other negatively charged nucleo-
philes such as cyanide, azide, and nitrite to form novel C-C, C-N, C-0, or C-S
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Scheme 5.65 The dehalogenation of a vicinal halohydrin by halohydrin dehalogenase.
Source: Based on You et al. [362]; Kabat et al. [369]; Barbachyn and Ford [370]; Assis
etal.[371].

bonds (Scheme 5.65) [364]. This remarkable catalytic ability not only allows
microorganisms to survive in a harsh environment but also affords the formation
of various epoxides and p-substituted alcohols for synthetic chemistry. The earli-
est report of the HHDH was about the degradation of 2,3-dibromo-1-propanol to
form corresponding epoxide epibromohydrin by removing the bromo-substituent
at the C2-position. In the presence of chloride ion, the enzyme can also rapidly
convert epibromohydrin into epichlorohydrin [365]. With significant sequence
similarity, HHDHs belong to the short-chain dehydrogenase/reductase (SDR)
superfamily and share mechanistic features. HHDHs are homotetramers that can
be regarded as a dimer of dimers, and the Ser-Tyr-Arg catalytic triad is similar to
the Ser-Tyr-Lys catalytic triad of many SDR enzymes. However, HHDHSs contain a
spacious nucleophile binding pocket instead of the NAD(P)H-binding site found
in SDR enzymes [366, 367].

The catalytic process with HHDHs can be divided into ring closure and ring
opening. During the ring closure by dehalogenation, the haloalcohol substrates
are fixed by the formation of a hydrogen bond with the Ser residue within the
active site, while the Tyr residue acts as a catalytic base abstracting a proton from
the hydroxyl group adjacent to the halide atom and in the meantime the substrate
oxygen proceeds a nucleophilic attack on the halogen-bearing carbon to cause a
ring closure and release a halide ion. Note that the Arg residue does not interact
with the substrate itself but only lowers the pK, of the tyrosine-OH via hydrogen
bonding in order to activate it for proton abstraction. In the reverse epoxide ring-
opening reaction, the nucleophile attacks the epoxide ring to result in ring open-
ing, while the Tyr residue donates a proton to the oxygen anion after the
nucleophilic attack to form the cyanohydrin rapidly [362, 363].

5.5.1 Synthesis of Chiral Epoxides

Due to their high regio- and enantioselectivity toward aliphatic and aromatic sub-
strates, HHDHs are useful tools for the synthesis and industrial production of
enantiopure epoxides and their ring-opening compounds, in particular, the f-
substituted alcohols as building blocks of pharmaceuticals [248, 368]. Chiral
epoxides have been extensively used as building blocks for synthesizing
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ceuticals and  agrochemicals.
HHDHs-catalyzed  ring-closure
reaction of halohydrins or kinetic
resolution of racemic epoxides is
one of the potential synthetic strat-
egies to produce chiral epoxides.
Chiral (R)-epichlorohydrin (ECH),
which has been employed for the
synthesis of optically active phar-
maceuticals such as (R)-carnitine
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Scheme 5.66 Synthesis of chiral epoxides by

HHDH: (a) DehA-catalyzed reaction for (R)-ECH
from 1,3-DCP, (b) Kinetic resolution of racemic

ECH to produce (R)-ECH. Source: Based on Haak
et al.[373]; Jerphagnon et al.[374].

and Linezolid, was directly pre-
paraed from 1,3-dichloro-2-propanol (1,3-DCP) by the action of the haloalcohol
dehalogenase (DehA) from Arthrobacter erithii H10a with 10.7% yield and > 95%
e.e. in an excess of KBr (Scheme 5.66a) [362, 369-371]. Using the same enzyme
but with epibromohydrin and KCl as the starting substrates, (S)-ECH can also be
formed by the transhalogenation [371]. The kinetic resolution of racemic ECH in
the presence of NO, by the halohydrin dehalogenase HheC from Agrobacterium
radiobacter AD1 and expessed in E. coli is another approach for the production of
(R)-ECH. Uner optimal conditions, (R)-ECH obtained was in 99% e.e. optical
purity and 41% yield for an 18 minutes reaction (5-65B) [372]. The limitation of a
50% maximum theoretical yield for the traditional kinetic resolution can be over-
come by the dynamic kinetic resolution (DKR) process to give a 100% theoretical
yield that the unreacted starting chiral p-haloalcohols is concurrently racemized
by the added metal complex catalyst iridacycle prepared by cycloiridation of
N-methylbenzylamine with an iridium precursor during the reaction [373].
When the DKR process was applied for the kinetic resolution of aromatic chlo-
rohydrins to enantiopure aromatic substituted epoxides using a mutant of HheC
and the iridacycle as racemization catalyst, the maximum yield can be as high as
90% and an e.e. of 98% (Scheme 5.67) [373, 374]. In contrst to the highly R-
enantioselectivity of the enzyme HheC from A. radiobacter AD1 in the resolution
of halohydrins and epoxides, a novel halohydrin dehalogenase of HheA10 from
Tsukamurella sp. 1534 has been heterologously expressed, purified, characterized
and demonstrated to be a highly S-enantioselective enzyme toward

OH o

HheC C153S W249F/Iridacycle

Cl

Scheme 5.67 DKR process of aromatic chlorohydrins catalyzed by HHDH for producing
enantiopure epoxides. Source: Based on Wan et al. [375].
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Scheme 5.68 HheAl0-catalyzed kinetic resolution of racemic aromatic halohydrins for
producing the corresponding epoxides.

2-chloro-phenylethanol derivatives. The exploitation of HheA10 for the kinetic
resolution of racemic aromatic halohydrins produced the corresponding epoxides
with the e.e. and E values up to >99% and >200, respectively (Scheme 5.68) [375].
Thus, this enzyme provides a complementary enantioselectivity for enzyme HheC.

5.5.2 Synthesis of Enantiopure -Substituted Alcohols

The stereoselective ring opening of epoxides catalyzed by HHDHs with various
small anionic nucleophiles has been widely used for the asymmetric synthesis of
enantiopure f-substituted alcohols, which are important building blocks of phar-
maceuticals and biologically active compounds [364, 376].

A series of compounds such as fB-halide alcohols, f-hydroxy nitriles, f-nitro
alcohols, and fp-zaido alcohol were synthesized based on different nucleophiles
(CI,Br,I,CN, NO,, N;, OCN", SCN", and HCOO") with HheC from A. radio-
bacter. When using 1,2-epoxybutane as the substrate, the preparative nucleophilic
ring-opening reactions demonstrated a predominant attack at the less-substituted
carbon atom and an enantioselectivity for the (R)-epoxide (Scheme 5.69). Note
that the ring opening of 1,2-epoxybutane with cyanate ion yielded (R)-5-ethyl-
oxazolidin-2-one as the sole product. In addition, the ring-opening reaction for
more sterically demanding aromatic substrates and disubstituted epoxides were
successfully performed with the same enzyme using different nucleophiles and
resulting in high enantioselectivity as well as high yields (Scheme 5.70) [364].

Among the various anionic nucleophiles, cyanide is the most interesting one due
to the facile transformation of nitrile group in the p-hydroxy nitriles into amino,
amide, or carboxy group by nitrile-amide converting enzymes [377]. The ring open-
ingof ECHwith cyanide catalyzed by HHDH expressed in E. coli from Corynebacterium
sp. strain N-1074 was employed for the enantioselective synthesis of (R)-y-chloro-f-
hydroxybutyronitrile in (R)-e.e. > 95% [378]. The enantioselective ring opening of
epoxides using cyanide to produce nonracemic p-hydroxy nitriles catalyzed by three
groups of HHDH (HheA, HheB, and HheC) was studied and found HheC was the
most selective one [376]. One of the most important biotechnological applications
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Scheme 5.69 HHDH-catalyzed 1,2-epoxybutane ring opening for yielding various
B-substituted alcohols with different nucleophiles. Source: Hasnaoui-Dijoux et al.[364].

OH
HheC ‘ Na
—_— +
NaN3
ON ON ON

47%, 97% ee (R)

o} Ne) ., 4OH
HheC : CN
—_— +
NaCN

40%, 99% ee (S)
o) HheC o)

HO NO,
—_— +
M NaNO, M \/\)_/v,,//

42%, >99% ee (2R, 3R)
HheC o
¢ e > -
NaOCN \/</ NH
40%, 97% ee (R)

Scheme 5.70 Enantioselective epoxide ring-opening reactions catalyzed by
HheC. Source: Based on Wan et al. [382].
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involving the cyanide-mediated epoxides ring opening catalyzed by HHDH is the
commercial enantioselecive synthesis of the cholesterol-lowering drug atorvastatin
calcium (Lipitor) precursor ethyl (R)-4-cyano-3-hydroxybutyrate ((R)-HN) from the
ethyl (S)-4-chloro-3-hydroxybutyrae ((S)-CHBE) via the corresponding intermediate
(S)-epoxide (Scheme 5.70) [362, 363, 379]. The HHDH used for this enzymatic con-
version was a heavily engineered HheC mutant generated by ProSAR-based protein
engineering in order to meet the high cyanolysis activity or increased enzyme stabil-
ity requirements [380]. This cyano-introducing reaction was performed at neutral
pH and ambient temperature for five hours with 92% recovered yield and >99.5% e.e.
In fact, this is a two-step reaction starting from ethyl 4-chloroacetoacetate, which was
first asymmetrically converted to (S)-CHBE using a ketoreductase in combination
with a NADP-dependent glucose dehydrogenase for cofactor regeneration [380]. In a
later process, (R)-HN was successfully produced in a preparative scale of 200 g L™
(S)-CHBE using a high catalyst loading whole-cell biocatalytic system of HheA3
from Parvibaculum lavamentivorans DS-1, which resulted in 95% conversion and
85% yield within 14 hours [381]. Alternatively, (S)-CHBE can be synthesized via
(S)-4-chloro-3-hydroxybutyronitrile ((S)-CHBN) from cheap 1,3-dichloropropan-2-ol
(1,3-DCP) using HheC. This reaction route involves the HheC-catalyzed dehalogena-
tion and ring closure of prochiral 1,3-DCP to epichlorohydrin followed by the enan-
tioselective ring opening of the formed (S)-epichlorohydrin (ECH) using cyanide as
the nucleophile (Scheme 5.71) [382]. The produced (S)-CHBN is easily esterified
with ethanol in acidified solution to give (S)-CHBE. The enantioselectivity of this
route toward (R)-HN can be >99% by applying the more selective mutant HheC
W249F. When scaling up the reaction to 200 mL, the yield of (S)-CHBN from 20 mM
1,3-DCP within 1 hour was 86% with only a slight decrease of product e.e. to
97.5% [363].

\/C'ijj’\ HheC M HheGC oH - Q
e Nl O

Cl O/\ O/\ O/\

(S)-CHBE Cl H* CN- H*

T EtOH, H*

OH HheC O o
C'\/k/CN -~ |>"'///C| + |>\/C| Ca*

CN- H*
(S)-CHBN (S)-ECH QNH
HheCT/‘ CI H*
OH
cl \)\/a
2
1,3-DCP Atorvastatin calcium

Scheme 5.71 HHDH-catalyzed synthesis of atorvastatin side-chain precursor ethyl
(R)-4-cyano-3-hydroxybutyrate. Source: Based on Campbell-Verduyn et al. [385].
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The second most popular nucleophiles in the enantioselective epoxide ring-
opening reaction are azide and nitrite. The recombinant HHDH from A. radiobac-
ter AD1 was used for catalyzing the highly enantioselective (E > 200) and
fB-regioselective azidolysis of (para-substituted) styrene oxides. The kinetic resolu-
tion performed in the scale of 7.8 g L™ p-nitrostyrene resulted in a yield up to 47%
of (R)-2-azidoalcohol and 97% e.e. and 46% of (S)-para-nitrostyrene oxide as well
as 98% e.e. [383] Later, an enzymatic dynamic kinetic resolution (DKS) by com-
bining the enantioselective irreversible ring opening of an epihalohydrin by N3~
and a racemization caused by a reversible ring opening by a halide was performed
in order to yield optically active (S)-1-azido-3-halo-2-propanol. However, when
ECH was used as the substrate, the reaction resulted in a mixed kinetic resolution
and DKS due to a higher ring-opening rate by N;~ than the racemization rate.
While with epibromohydrin as the substrate, the reaction showed an efficient
DKS because the racemization was higher than the rate of ring opening. Therefore,
under the optimal conditions, the product (S)-1-azido-3-bromo-2-propanol could
be obtained in 84% yield and 94% e.e. The enantioselectivity of (S)-1-azido-3-
bromo-2-propanol can be increased to >99% with 77% yield by the selective ring
closure of (R)-enantiomer of bromoalcohol [384]. When HheC-catalyzed azide-
induced ring opening of aromatic epoxides was combined with a one-pot “click”
reaction to ligate the 2-azido alcohols and alkynes in the presence of Cu(I), opti-
cally pure hydroxyl triazoles were produced with excellent enantiomeric excess
(80-99%) (Scheme 5.72) [385]. Furthermore, a one-pot four-step multienzymatic
cell cascade with alcohol dehydrogenase and HHDHs in designer single cells was
combined with the click chemistry to synthesize (R)- and (S)-enantiomers of dif-
ferent B-hydroxytriazoles from a-halo ketones via the corresponding azide inter-
mediates in high enantiomeric excess [386]. p-Hydroxytriazoles are useful as
B-adrenergic receptor blockers and thus important pharmacophores.

The enzymatic resolution of ten 2-alkyl-2-aryl-disubstituted epoxides using the
Codex HHDH P2E2 and sodium azide was applied for the synthesis of novel
regio- and enantioselective 1-azido-2-arylpropan-2-ols with the resulting (R)-
azido alcohols in 19-45% yield and 88-99% e.e. from test substrates [387].

R
O HheC 9 K<
/\ R—— > AN OH =
R + 2 NaN/Cu(l) R + /'\/N N
R, ~N
Ry = CeHs R, = COOH
P-NO»-CgHs CgHs
COOC,Hs

1,8-cyclooctyl

Scheme 5.72 HHDH-catalyzed one-pot tandem enantioselective epoxide ring opening
and [3+2] azide alkyne cycloaddition. Source: Elenkov et al. [389].
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Generally, the HHDH from A. radiobacter AD1 (HheC) catalyzes the kinetic ring
opening of broad 2,2-disubstituted epoxides with cyanide and azide, which exhib-
its excellent enantioselectivity (E up to >200) and gives access to various enantio-
pure epoxides and p-substituted tertiary alcohols (e.e. up to 99%) [388]. It has been
found that HHDH from Arthrobacter sp. (HheA) catalyzed highly regioselective
azidolysis of spiroepoxides containing 5-, 6-, and 7-membered cycloalkane rings.
In addition, the HHDH from A. radiobacter (HheC) not only displayed high regi-
oselectivity but also showed moderate-to-high enantioselectivity (E up to >200) in
the kinetic resolution of chiral spiroepoxides (Scheme 5.73) [389]. Nucleophile
nitrite was used for the ring opening of styrene oxide derivatives by HHDH
obtained from A. radiobacter AD1 (HheC).

When para-nitrostyrene oxide (p-NSO) was attacked by nitrite, two reaction
routes were found for this nitrite-mediated ring opening (Scheme 5.74) [390]. One
route is mainly the conversion of (R)-p-NSO to 2-hydroxy-2-(para-nitrophenyl)-et
hylnitrite ester through the attack of the oxygen atom of nitrite on the p-position
of the epoxide ring. The ring-opening product of this attack is unstable which is
spontaneously hydrolyzed to corresponding 2-(para-nitrophenyl)-1,2-ethanediol
and the nitrite is recovered. The other route is via the attack of nitrite on the
B-position of p-NSO through the nitrogen atom to form the product 2-hydroxy-2-
(para-nitrophenyl)-nitroethane but with low amounts. This conversion is exhib-
ited with high regioselectivity on the B-position and high enantioselectivity of the

0 HheC OH
R— =+ NaN3 —_— R—
n n N3

n=1-3 E =21 to >200
R=H, CH,

Scheme 5.73 HHDH-catalyzed regio- and enantioselective azidolysis of spiroepoxides.
Source: Based on Hasnaoui et al.[390].

HO HO
> —_—
i /@)—\ONO /@)—\OH
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—_—
NaNO, HO
O,N
—
NO,
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Scheme 5.74 HheC-catalyzed nitrite-mediated ring opening of p-nitrostyrene oxide.
Source: Based on Elenkov et al. [391].
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(R)-p-NSO that leaves the unreacted (S)-p-NSO in an e.e. of 99% and a calculated
yield of 48% as well as the calculated total yield for the diol and nitroalcohol prod-
ucts of 40 and 10%, respectively. Nitrite-mediated epoxide ring opening using
HheC from A. radiobacter AD1 was also applied for the synthesis of chiral epichlo-
rohydrin and the ring-opening product 1-chloro-3-nitro-2-propanol by kinetic
resolution of racemic epichlorohydrin which was proven to be more efficient than
the nucleophile cyanide or azide [372].

Besides those inorganic ions mentioned above, cyanate ion (OCN") is also
exploited as nucleophiles in the ring opening of epoxides catalyzed by halohy-
drin dehalogenase. One report showed that HHDH from A. radiobacter (HheC)
was explored as the biocatalyst for the enantioselective kinetic resolution ring
opening of different terminal aliphatic epoxides with cyanate to form highly
enantio-enriched 5-substituted 2-oxazolidinones in high yields. The ring open-
ing of epoxides can proceed via nitrogen or oxygen attack which leads to two
isomeric products, p-hydroxy isocyanate and p-hydroxycyanate, respectively.
The organic cyanates are unstable at room temperature that undergoes isomer-
ization to form isocyanate. In the meantime, f-hydroxy isocyanates are sponta-
neously and rapidly cyclized to form 2-oxazolidinones as the final product.
(Scheme 5.75a) [391]. This type of kinetic resolution was further employed to

(@) 0o

Br Br #
HheGC HO R < HheC

Br\% Br

Scheme 5.75 HHDH-catalyzed epoxide ring opening with cyanate for chiral
oxazolidinones by (a) kinetic resolution and (b) dynamic kinetic resolution. Source:
Schrittwieser et al. [395].
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an efficient DKR by including an in situ racemization of the slower reacting
epoxide enantiomer through reversible epoxide ring opening using bromide
and also catalyzed by HheC (Scheme 5.75b). Thus, substrates epibromohydrin
and 2-bromomethyl-2-methyloxirane were afforded corresponding (S)-5-
substituted 2-oxazolidinones in high yields (97 and 87%) and high enantiopu-
rity (89 and >99% e.e.) [392]. Note that (S)-oxazolidinones are important
synthetic building blocks of oxazolidinone antibiotics and important chiral
auxiliaries and ligands in chemical synthesis [370, 393].

5.5.3 Application of Cascade Reactions

The one-pot cascade synthesis of chemicals involving multienzymatic reaction
steps has merits such as the omission of separation and purification for interme-
diates, the shifting of reaction equilibria to lead high production yield, and cost-
effective. An early application of the cascade reactions was the kinetic resolution
of halohydrins for the synthesis of optically pure (S)-2,3-dichloro-1-propanol (E
> 100) and (S)-2-chloro-1-phenylethanol (E = 73), as well as corresponding
enantiopure epoxides, with an enantiomeric excess larger than 99% by the com-
bination of HheC and a recombinant epoxide hydrolase [394]. Later, a one-pot
three-step biocatalytic cascade using two enzymes was employed for the enanti-
oselective synthesis of optically active B-azidolalcohols and p-hydroxynitriles.
The first step involves the asymmetric bioreduction of prochiral a-chloroketones
via hydrogen transfer catalyzed by an alcohol dehydrogenase (ADH) to form the
stereogenic center, which gives an enantiopure chlorohydrin intermediates. The
second step is the ring closure to corresponding optically active epoxides, which
are followed by HheC catalyzed nucleophilic ring opening with either azide ion,
N;, or cyanide ion, CN™ to produce the final enantiopure p-azidolalcohols and
B-hydroxynitriles, respectively (Scheme 5.76) [395]. Similar biocatalytic cascade
strategy was adopted for a one-pot four-step preparation of enantiopure
B-hydroxytriazoles from prochiral a-haloketones with high enantiomeric excess

R-or S-
o} OH OH
ADH HHDH O HHDH
—_
R)J\/CI / i R)*\/CI \ R/*<’ NaNu R)*\/Nu
NAD(P)H + H* NAD(P)* R-orS- HCl  R.ors- R-orS-
o} OH Nu = CN~, Ny~

N A

R = CH,OPh, CH,CO,Me, Ph, n-CgH 14

Scheme 5.76 Multienzymatic cascade synthesis of p-substituted alcohols by the
combination of a stereoselective ADH and an HHDH. Source: Based on Yao et al. [397].
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using two kinds of designer cells that overexpress either the R-selective ADH
and HHDH or S-selective ADH and HHDH [386].

Following the same concept, a multienzymatic biosynthesis was designed for
the synthesis of both (R)- and (S)-p-hydroxy nitriles through the co-expression of
all necessary enzymes (ADH with opposite stereoselectivities, HHDH, and
cofactor-regenerating enzyme) in one E. coli host. After the preparation of two
engineered E. coli strains, they were separately used for the one-pot cascade pro-
duction of chiral p-hydroxy nitriles from parochial a-haloketones with different
co-enzyme regeneration systems to obtain high enantiomeric excess and substrate
conversion >99% [396]. A very efficient one-pot bienzymatic synthesis of ethyl
(R)-3-hydroxyglutarate (EHG), a key intermediate for the synthesis of rosuvasta-
tin, from ethyl (S)-4-chloro-3-hydroxybutyrate (ECHB) achieved by using recom-
binant E. coli whole cells expressing separately or co-expressing a mutant HHDH
gene from A. radiobacter AD1 (HheC) and a nitrilase gene from Arabidopsis thali-
ana (AtNIT2). The bienzymatic cascade involving three reactions which was
started with the dehalogenation ring closure of (S)-ECHB using HheC and the
subsequent ring opening of the epoxide intermediate by cyanide was also cata-
lyzed by HheC, while the final hydrolysis of the introduced nitrile group was cata-
lyzed by nitrilase AtNIT2 (Scheme 5.77) [397]. Since nitrilase exhibits with
substrate inhibition by high concentration of ECBH and cyanide, a fed-batch of
ECBH and NaCN to the one-pot one-step was performed for the bienzymatic cas-
cade reaction. The production of EHG by a one-pot two-step process from ECHB
can be implemented at a substrate concentration of 1.2 M with full conversion.
Furthermore, the immobilization of recombinant E. coli cells harboring both
HheC and epoxide hydrolase (EH) was combined with a two-step bienzymatic
cascade reaction and was used for preparing (R)-epichlorohydrin from
1,3-dichloro-2-propanol.

The immobilization carrier used for cells was perlite and the immobilization
method was by physical adsorption. In addition, a two-phase solution reaction

0 HheC OH O Nitrilase O OH O
?)x\v/ﬂ\ NC\V/l\V/M\ /u\v/l\v/u\
oet| NaCN OFEt HO OFEt

EHG

u HheC

One-pot (HheC and nitrilase)
OH O

NaCN

Cl
OEt
ECHB

Scheme 5.77 One-pot bienzymatic cascade synthesis of ethyl (R)-hydroxyglutarate
catalyzed by halohydrin dehalogenase and nitrilase.
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system, coupled with a specially designed reactor, was used for the bienzymatic
cascade reaction in order to improve the yield of (R)-ECH by reducing the sponta-
neous chemical hydrolysis and the reverse reaction of the formed ECH catalyzed
by HheC. Under optimal conditions, the yield of racemic ECH formed in the first
step was 73% and the yield of (R)-ECH was 25.1% with enantiomeric excess >99%
in the second step. Moreover, the yield of (R)-ECH can be further increased to
26.4% by optimizing the flow rate of air and the amount of immobilized cells [398].

The chemoenzymatic cascade reaction is another powerful tool for the synthesis
of bioactive compounds. The enantiopure (R)- and (S)-chromanemethanol are the
key building blocks for the synthesis of optical pure isomers of a-tocopherol, which
can be obtained from the starting material 2-methylprop-2-enol by the enantio-
complementary chemoenzymatic route via the biocatalytic resolution of racemic
2,2-disubstituted oxirane using either a halohydrin dehalogenase or epoxide hydro-
lase (Scheme 5.78). The introduction of chirality at an early stage of the synthesis
by the opposite enantioslectivity of EH and HHDH ensured a high efficiency,
which leads to total overall yield of 16 and 26% for (R)- and (S)-chromanemethanol,
respectively [399].
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6

Organic Synthesis with Isomerases

Many molecules that have the same molecular formula but present in different
molecular structures or different three-dimensional arrangements of atoms are
called isomers. Accordingly, the variety of isomers can be generally divided into
two categories: structural isomers and stereoisomers. For structural isomers, the
sequence and/or connectivity of bonds are different from one another. While ste-
reoisomers have the same ordering of individual bonds and the same connection
type but differ in their three-dimensional arrangement of bonded atoms.
Generally, isomerases are a class of enzymes that convert a molecule from one
isomer to another. Specifically, racemases, epimerases, and cis-trans isomers carry
out the interconversion of stereoisomers, and intramolecular lyases, intramolecu-
lar oxidoreductases, and intramolecular transferases catalyze the interconversion
of structural isomers. The enzyme classification for isomerases has been assigned
in the EC category of EC 5 and further classified into six subclasses. The occur-
rence of isomerases in nature is rare, while they are important in synthetic organic
chemistry by catalyzing “chemical impossible” isomerization reactions.

6.1 Racemases and Epimerases

6.1.1 Amino Acid Racemases and Epimerases

Amino acids play central roles both as building blocks of proteins and as interme-
diates in the metabolism of organisms, thus are among the most important com-
pounds in nature. With the exception of glycine, all amino acids found in protein
have a chiral center at the a-carbon atom that leads to two stereoisomeric forms:
the levorotatory (L) and the dextrorotatory (D) form. Although the L-amino acid
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enantiomers were exclusively found in mammals, various studies demonstrated
the presence of D-amino acid enantiomers in some bacteria. D-amino acids
(D-AAs) such as D-alanine and D-glutamic acid have long been found in the
peptidoglycan of the bacteria cell wall for the protection against peptidase and
protease attack [1, 2]. In addition, D-methionine, D-leucine, D-tyrosine, and
D-phenylalanine were synthesized in bacteria and incorporated into peptidogly-
can to modify it in order to adapt to changing environmental conditions [3].
D-AAs are also constituents of several peptide antibiotics synthesized by bacteria
and fungi, including gramicidin D, gramicidin S, polymyxins, penicillin G, cepha-
losporin, actinomycin D, and bacitracin [2, 4, 5]. Many reports have demonstrated
that D-AAs have been found in plants and animals as endogenous molecules
either in free form or incorporated form to play different physiological functions.
The physiological functions of D-AAs found in mammalian and human tissues are
related with aging, signaling, opioid peptides, neuropeptides, and
development [2, 5-8].

A number of enzymes can be used for the synthesis of D-AAs including hydro-
lases, oxidoreductases, D-amino acid aminotransferases, and racemases. D-amino
acids are normally produced by the inversion of the configuration of the asym-
metric carbon of the respect L-amino acids, which are generally catalyzed by
isomerase enzymes. The reversible stereochemical conversion between D- and
L-amino acids (L-AAs) is known as “racemization” [9]. Depending on the number
of chiral carbons of the amino acid, the nomenclature of isomerases of this kind
is referred to as racemases (substrates with one chiral center) and epimerases
(substrates with more than one chiral center). Although the basis of amino acid
racemization is always the same, that is, the a-hydrogen of an amino acid is
removed as a proton to form a planar carbanion transition state followed by the
reprotonation to the same carbon atom on either the re- or the si-face (Scheme 6.1),
the reaction mechanism of the array of racemases could be different based on the
use of pyridoxal 5’-phosphate (PLP) cofactor. Therefore, amino acid racemases
can be divided into two categories: (i) PLP-dependent racemases and (ii) PLP-
independent racemases [2, 7].

© © S
COO
O%C\ Racemase ® /COO ® Racemase H C/ ®
HsN'?_H — H3N—C\@ + H ¥ NH,
R R
L-Amino acid Anionic p-Amino acid

intermediate

Scheme 6.1 Racemases catalyzed racemization of amino acids.
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6.1.1.1 p-Amino Acid Synthesis with PLP-Dependent

Amino Acid Racemases

This class of racemases includes alanine racemase (AlaR), serine racemase (SerR),
arginine racemase (ArgR), and aspartate racemase (DR). The employment of PLP
coenzyme for the racemization is the increase of the acidity of the a-hydrogen of
the amino acid. In all these racemases, the PLP coenzyme exists as an internal
aldimine (Schiff base) with the e-amino group of a lysine residue present in the
active site. The e-amino group of lysine can be displaced by the amino moiety of
the amino acid substrate to establish a new aldimine (external aldimine), which
considerably increases the acidity of the a-hydrogen of the substrate by 15-17
order of magnitude. Thus, the a-hydrogen can be easily abstracted as a proton by
a tyrosine residue to form an anionic planar intermediate, which is subsequently
reprotonated from either side of this substrate—cofactor complex. The formation
of anionic intermediate exhibits the three most significant resonance forms with
the quinonoid resonance structure considered the major species responsible
for the catalytic power of PLP, in which the electrons produced by the abstraction
of the a-hydrogen are neutralized by the positively charged pyridine ring nitro-
gen [2, 7].

D-alanine generated in bacteria using the ubiquitous AlaR (EC 5.1.1.1) is mainly
for the biosynthesis of peptidoglycan, which is a strong and elastic polymer of
bacterial cell wall capable of maintaining cell shape, counteracting the osmotic
pressure of the cell, and anchoring components of the cell. The presence of D-Ala
and D-Glu in the structure of peptidoglycan also provides resistance against pepti-
dase and protease attacks [2, 4]. Producing D-Ala by spore-associated AlaR can be
implicated in regulating germination, which ultimately causes germination sup-
pression under unfavorable conditions or sporulation induction in response to the
presence of D-AAs [4, 10, 11]. In addition, the cyclic tetrapeptide HC-toxin, an
essential virulence determinant for the plant pathogenic fungus Cochliobolus car-
bonum and an inhibitor of histone deacetylase, contains D-Ala and D-Pro that
D-Ala is synthesized by the AlaR encoded by the toxG locus of C. carbonum [12].
Moreover, cyclosporin A, the widely used immunosuppressant drug in postallo-
genic organ transplant, is also a D-Ala containing cyclic peptide, which was pro-
duced by the AlaR isolated from fungus Tolypocladium inflatum [13]. Research
study showed that an amino acid racemase found in the fruit-body of a basidiomy-
cetous mushroom, Lentinus edodes (Shiitake), is responsible for the existence of
D-alanine in the fruit-body. Furthermore, this racemase is able to catalyze the
racemization of not only D-alanine but also D-serine, D-homoserine, D-2-amin-
obutyrate, D-glutamate, and D-asparagine [14].

SerR (EC 5.1.1.18) just like AlaR is a bifunctional enzyme because it catalyzes
the racemization of serine and the dehydration of serine to produce pyruvate and
ammonia. Thus, the catalysis of the reversible conversion of L- to D-Ser and serine
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catabolism by a,f-elimination of water by SerR is responsible for the regulation of
D-Ser levels in the body [15]. The bacterial serine racemase VanT of Enterococcus
gallinarum is related to the resistance of the glycopeptide antibiotic vancomy-
cin [16, 17]. Vancomycin inhibits peptidoglycan synthesis by the formation of a
complex with the D-Ala-D-Ala residue of the peptidoglycan precursors [18].
Resistance to vancomycin is due to the modification of D-Ala-D-Ala residue to a
D-Ala-D-Ser residue by SerR (VanT) that causes a low affinity of the peptidoglycan
precursor to vancomycin [19]. VanT serine racemase is also known as the only
bacterial racemase to possess a transmembrane domain, which is supposedly
involved in the transport of L-Ser from the external medium [20]. Literature report
shows that mammalian SerR, the primary enzyme responsible for brain D-Ser
production, acts as a D-Asp biosynthetic enzyme in some organs and/or tissues.
However, evidences also indicate that there should be some additional enzyme for
D-Asp synthesis in mammals [21].

The broad substrate specificity arginine racemase (ArgR, EC 5.1.1.9) was first
isolated from Pseudomonas graveolens as early as 1971. This PLP-dependent race-
mase is able to catalyze the racemization of arginine, lysine, e-N-acetyllysine,
ornithine, 2,3-diaminopropionate, homoarginine, 2,4-diaminobutyrate, ethio-
nine, citrulline, homo citrulline, §-N-acetylornithine, theanine, glutamine, and
methionine, except those hydrophobic, acidic, or aromatic amino acids [22, 23].
Research reports also revealed that ArgR found in Pseudomonas taetrolens,
Escherichia coli, and Pseudomonas putida KT2440 presents in the periplasm of the
cell, a feature so far unknown for any other amino acid racemase, and is a cata-
bolic enzyme needed for the efficient utilization of D-Lys and D-Arg [24, 25].

PLP-dependent aspartate racemase (DR) has been found in mammals including
humans, which converts L-aspartate to D-aspartate [26, 27]. Since D-Asp has been
detected in the brain and neuroendocrine tissues, D-Asp plays a crucial role for
neurotransmission and neurosecretion in the central neuro system, as well as for
the biosynthesis or secretion of hormones in the endocrine glands [2, 28].
Evidences have shown that DR is important in neuronal development, consistent
with the high levels of D-Asp in early neonatal stages [2, 26].

6.1.1.2 p-Amino Acid Synthesis with PLP-Independent

Amino Acid Racemases

This class of racemases includes proline racemase (ProR), aspartate racemase
(AspR), and glutamate racemase (GluR), as well as diaminopimelate epimerase
(DAPE). The racemization mechanism of these racemases is through a “two-
base” mechanism without involving the PLP coenzyme, which was first proposed
in the study of ProR catalyzed interconversion of L-proline and D-proline. Based
on the isotope incorporation and enzyme kinetics in D,0, the “two-base” mecha-
nism demonstrates that one base of the enzyme removes the substrate a-hydrogen
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Scheme 6.2 Proline racemase catalyzed interconversion of L-proline to p-proline with a
“two-base” mechanism. Source: Modified from Conti et al. [2].

as a proton to generate a carbanion intermediate, while the conjugate acid of
another base donates a proton to the opposite face of the a-carbon of the interme-
diate. In this mechanism, no deuterium exchange can be observed from the
enzyme-substrate complex indicating that the two bases of the catalytic site are
monoprotic. The study also showed that the active site is located at the interface
of two identical, or nearly identical, subunits. Each subunit provides one base
which is identified as the thiol group of two cysteines (Scheme 6.2) [2]. In addi-
tion, there are two forms of ProR; one is able to bind L-proline and the other solely
binds D-proline [29, 30].

The first eukaryotic ProR was purified from the human parasite Trypanosoma
cruzi (Tc), which is responsible for the etiological agent of Chagas disease. Later,
ProR also has been found in the livestock trypanosomes Trypanosoma vivax (Tv).
The presence of ProR in the genome of Tc and Tv makes both parasites a way to
escape the host immune responses. The substitution of the L-Pro residue with its
enantiomer D-Pro into the peptide sequence may increase the half-life, stability,
and resistance of Tc and Tv to host proteases [2, 31].

Glutamate racemase (GluR, EC5.1.1.3) is another PLP-independent racemase
that was isolated as early as 1952 in prokaryotes [32]. GluR catalyzes the reversi-
ble racemization of L-glutamate and D-glutamate with high specificity and uses a
“two-base” mechanism [33]. D-Glutamate as for D-alanine is a key component of
the peptidoglycan of the bacterial cell wall in a number of pathogenic organisms
that protects them against osmotic lysis, thus is essential for their viability. The
rise of antibiotic resistance in pathogenic organisms has led GluR to a target for
the development of antibacterial drugs [34, 35].

The PLP-independent aspartate racemase (AspR, EC 5.1.1.13) that catalyzes the
racemization of L-aspartate to D-aspartate via a “two-base” mechanism was
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Scheme 6.3 Diaminopimelate epimerase catalyzed stereoconversion of (L,L)-2,6-
diaminopimelate to meso-2,6-diaminopimelate. Source: Conti et al. [2].

partially purified from Streptococcus faecalis in 1972 [2, 36]. Later, the racemiza-
tion of aspartate was found exclusively in lactic acid bacteria, such as Streptococcus
species and Lactobacillus species, which contain D-Asp in the inter-peptide
bridges of their peptidoglycan layers [2, 4]. In the fresh-water cyanobacterium
Microcystis aeruginosa, the presence of D-Asp in the nonribosomal peptide micro-
cystin was found by the action AspR [4].

Diaminopimelate epimerase (DAPE, EC 5.1.1.7) catalyzes the interconversion
of (L,L)-2,6-diaminopimelate (DAP) into meso-2,6-diaminopimelate and is a
member of the PLP-independent amino acid racemases (Scheme 6.3) [2]. The
meso-2,6-DAP is a precursor of L-lysine and is a key component of the pentapep-
tide linker in bacterial peptidoglycan [37]. DAPE has been partially purified from
E. coli in 1957; however, its purification and characterization were implemented
until 1984 [38, 39]. DAPE shows its uniqueness by recognizing only the L-config-
uration at the distal site of the two stereoisomers of (L,L)- and (L,D)-DAP. Although
DAPE is involved in the lysine biosynthesis in plants and bacteria, the absence of
lysine synthesis in animals makes DAPEs attractive as targets for the rational
design of antibiotics.

6.1.1.3 Amino Acid Racemases with Broad Substrate Specificity

In addition to amino acid racemases with high substrate specificities to a single
amino acid, such as AlaR, SerR, ProR, GluR, AspR, and DAPE, there is a family of
PLP-dependent amino acid racemases (EC 5.1.1.10) exhibit broad substrate speci-
ficity that can be collectively called as broad-spectrum racemases (BSRs) [3, 24,
25, 40-44]. The BSR shown in P. putida KT2440 catalyzes the racemization of
lysine, arginine, alanine, and hydroxyproline, while the BSR in Pseudomonas tae-
trolens shows the racemization ability for lysine, arginine, ornithine, and alanine.
D-Amino acids formed by BSR in both Pseudomonas sp. can be further catabolized
via a unique pathway [24, 41-43]. Noncanonical D-amino acids (i.e. amino acids
different from D-Ala and D-Glu in peptidoglycan), such as D-Met and D-Leu, have
been found to accumulate at millimolar concentrations in extracellular medium
from Vibrio cholerae. To date, V. cholerae has been proved to be a broad-spectrum
amino acid racemase that enables the racemization of aliphatic and basic amino
acids as well as several nonproteogenic amino acids including norleucine,
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Scheme 6.4 Amino acid racemase catalyzed isomerization of L- or p-threonine at
a-C atom to form corresponding diastereomer p-allo- or L-allo-threonine. Source: Based on
Wiirges et al. [46]; Kino et al. [49]; Yagasaki and Ozaki [53].

homoserine, and diaminobutyrate [3, 44]. The roles of the noncanonical D-amino
acids in microbial physiology include the modulation of cell-wall structure and
the dissolution of biofilms [44, 45].

allo-Threonine (allo-Thr) or D-allo-Thr is important in the pharmaceutical
industry either used as the starting material or used for chemical synthesis of key
intermediates to produce potent antibiotics [46]. Although the enzymatic prepa-
ration of L-allo-Thr using threonine aldolase from Aeromonas jandaei DK-39 was
described before, the first report for the enzymatic isomerization of threonine
using amino acid racemase from P. putida ATCC17642 showing threonine-a-
epimerase activity (EC 5.1.1.6) was reported in 1993 [47, 48]. Whereas an efficient
enzymatic method for the production of very high purity D- and L-allo-Thr from
inexpensive L- or D-Thr can be obtained using a purified amino acid racemase
(AArac12996) from P. putida NBRC12996 expressed in E. coli (Scheme 6.4) [46, 49)].
Crystallization of D- and L-allo-Thr was simultaneously coupled to the enzymatic
isomerization and performed in a repetitive batch mode to give 30.8 g D-allo-Thr
and 32.4 g L-allo-Thr with very good diastereomeric excess of dep.ay > 99.2% and
dep a0 > 98.4%, respectively; the yields were also good with 83% D-allo-Thr and
79% L-allo-Thr [45]. AArac12996 is a broad-spectrum racemase, which is compa-
rable to those other PLP-dependent amino acid racemases [50].

Isoleucine 2-epimerase (ILEP, EC 5.1.1.21) purified from expressed recombi-
nant E. coli of Lactobacillus buchneri JCM 1115 is a novel branched-chain amino
acid racemase (BCAAR), which catalyzed the racemization of a broad spectrum
of nonpolar amino acids, in particular, the epimerization of L-isoleucine to D-allo-
isoleucine and D-allo-isoleucine to L-isoleucine [51]. Further study demonstrated
that marked accumulation of D-branched-chain amino acids (D-BCAAs) such as
D-valine, D-leucine, and D-allo-isoleucine was obtained in the growth medium



228

http://chemistry-chemists.com

6 Organic Synthesis with Isomerases

with the lactic acid bacterium Lactobacillus otakiensis JCM 15040. The recombi-
nant BCAAR is a PLP-dependent enzyme that catalyzes the racemization of
BCAAs as its main substrate. Research results indicated that a variety of lactic
acid bacteria carrying homologs showing 53-60% amino acid sequence identity to
the L. buchneri ILEP produce D-BCAAs [52].

6.1.1.4 Applications of Amino Acid Racemases and Epimerases

Optically pure D-amino acids are becoming important as intermediates for the
production of pharmaceuticals, food additives, and agrochemicals. The industrial
manufacturing of D-amino acids is favored by the availability of inexpensive start-
ing material D,L-amino acids or L-amino acids produced by chemical synthesis or
fermentation. An efficient one-pot fermentation using enzymatic cascade reac-
tions together with pH control has been developed for the production of D-glu-
tamic acid and D-proline. In this strategy, L-glutamate was converted to the
racemic DL-glutamate by the recombinant glutamate racemase of Lactobacillus
brevis ATCC8287. Subsequently, L-glutamic acid in the racemic mixture was con-
verted to y-aminobutyric acid (GABA) by the selective decarboxylation using
L-glutamate decarboxylase of E. coli ATCC11246 (Scheme 6.5) [53]. The same
strategy was applied to the production of D-proline. That is, L-proline was first
converted to D,L-proline mixture by the recombinant proline racemase of
Clostridium sticklandii ATCC12262, then, L-proline in the racemic mixture was
degraded by Candida sp. PRD-234 [53].

The continuous production of enantiopure D-methionine from the racemic
D,L-methionine mixture with a yield of 93.5% can be obtained by the integration
of an enantioseparation unit of chiral simulated moving bed (SMB) chromatog-
raphy, a mild enzymatic racemization unit of enzyme membrane reactor, and a
nanofiltration unit for recycling concentration of the undesired L-methionine in
SMB raffinate prior to racemization. This integrated continuous production of
D-methionine ran with an aqueous-organic solvent system to allow dynamic
kinetic resolution of racemic D,L-methionine and overcome the 50% yield
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Scheme 6.5 The production of p-glutamic acid from L-glutamic acid by enzymatic
cascade reaction using glutamate racemase and L-glutamate decarboxylase. Source:
Based on Femmer et al. [56]; Schnell et al. [57].
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limitation. The amino acid racemase with a broad spectrum of the substrate (EC
5.1.1.10) was from P. putida DSM 3263 showing high stability in this implemen-
tation [54, 55].

6.1.2 Hydroxy Acid Racemases and Epimerases

6.1.2.1 Lactate Racemase

Lactate racemase (LarA, EC 5.1.2.1) is a microbial enzyme that until now it is only
known to catalyze the racemization between D- and L-lactic acid (Scheme 6.6) [56,
57]. The isolation of this enzyme was first reported for two intact cells of
Clostridium species in 1936 [58]. Later, this enzyme was isolated and character-
ized from a number of bacteria, such as Lactobacillus curvatus, Lactobacillus sakei,
Haloferax volcanii, Clostridium butylicum, and Lactobacillus plantarum [59-63].
The early studies on the reaction mechanism of lactic acid racemization indicated
a direct internal hydride transfer mechanism [61, 62]. Recent studies on the reac-
tion mechanism of lactic acid racemization show a nickel-pincer cofactor depend-
ent proton-coupled hydride transfer (PCHT) mechanism [64-67].

Since the strict substrate specificity of this enzyme, very few applications were
implemented with the lactate racemase. The only interesting application with lac-
tic acid production should be its further usage for manufacturing the biodegrad-
able high-quality poly-L-lactic acid (PLA). During the open fermentation of
kitchen refuse under nonsterilized conditions for the production of L-lactic acid
with L-lactic acid-producing strains, it has been found that the selective prolifera-
tion of naturally existing L. plantarum, a predominant lactic acid bacteria in the
fermented kitchen refuse, catalyzed the racemization of L-lactic acid to D-lactic
acid to cause a decreased optical purity in the accumulated lactic acid [68].
However, an engineered L. plantarum by double-knockout of the D-lactate dehy-
drogenases (IdhD) gene and the lactate racemase operon (larA-E) can completely
abolish D-lactic acid production. Then, the AldhD AlarA-E mutant can be directly
used for the exclusive production of L-lactic acid with high yield and high optical
purity. Subsequently expressing a-amylase into the AldhD AlarA-E mutant
allowed the direct L-lactic acid production from raw corn starch with a yield of
91% g/(g consumed sugar) and optical purity of 98.6% [69].

HsC O LarA H3C O
: W

H OH OH H OH OH

p-Lactic acid L-Lactic acid

Scheme 6.6 Lactate racemase (LarA) catalyzed racemization of p- and L-lactic acids.
Source: Based on Schnell et al. [57]; Felfer et al. [70].
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6.1.2.2 Mandelate Racemase

Mandelate racemase (EC 5.1.2.2, MR) produced from the soil bacterium
Pseudomonas putida ATCC 12633 is an inducible divalent metal ion-dependent
but a cofactor-independent enzyme that catalyzes the interconversion of (R)- and
(S)-enantiomers of mandelic acid (Scheme 6.7) [57, 70]. The divalent metal ions
required for the enzyme activity are Mg?*, Mn**, Fe**, Co**, Ni**, and Mg** is the
most effective ones [71]. The catalytic mechanism of MR is a so-called “two-base
mechanism” as elucidated by X-ray crystal structure and function studies which is
feasible through the synergistic actions of chemical operators within the hydro-
phobic binding active site of MR on the substrate [72-76]. In this mechanism, the
abstraction of the a-proton of mandelate by two adjacent enantiomer-specific
basic amino acid residues on MR at either side of the chiral a-carbon atom of
mandelate, viz., His-297 and Lys-166 for (R)- and (S)-mandelate, respectively, that
one base acts as a base for the deprotonation and the other functions as an acid for
protonation from the opposite side to result in an efficient racemization [77, 78].
During the interconversion of mandelate enantiomers, the acidity of the a-proton
possesses a pKa value of 29 or smaller that is acid enough to induce an abstraction
to give the corresponding achiral enolate intermediate [79, 80]. The inducible
octameric enzyme (subunit 39 kDa) can be produced in large amounts by a ten-
liter batch-cultivation of P. putida ATCC 12633 using rac-mandelate as an inducer
or using a cloned Pseudomonas aeruginosa ATCC 15692 cells [81, 82].

Mandelate racemase is a “broad substrate spectrum” catalyst. As early in 1970,
it has been found that in addition to its natural substrate mandelate, structure
analogous of mandelate with para-monosubstituted phenyl groups was also reac-
tive substrates, particularly, the p-BrCsH, and p-CICsH, substituents [83]. Later,
vinyl glycolate (2-hydroxy-3-butenoic acid) was found a good substrate of MR
with a maximal racemization rate of 35% relative to mandelate [84]. This result
also indicates the importance of f,y-unsaturation in promoting MR catalyzed
racemization [70]. The enzymatic racemization of mandelic acid derivatives mod-
ified at the a-hydroxy acid moiety, such as the mandelic acid amide, was also per-
formed at an acceptable rate using MR. The racemization was significantly

H H
H,, 3 H,, O
. MR .
CO5 COz
(R)-mandelate (S)-mandelate

Scheme 6.7 Mandelate racemase catalyzed reversible interconversion of the (R)- and
(5)-enantiomers of mandelate.
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enhanced by an electron-withdrawing substituent in the phenyl moiety, which
could be explained by steric and electronic reasons [85]. The steric limitations for
aryl-substituted mandelate derivatives were particularly striking for o-substituents,
whereas m- and p-substituents were freely accepted [86]. Furthermore, the
aromatic group of mandelic acid can be extended to a naphthyl group and still
with good racemization activity; heteroaromatic analogs, such as thienyl and furyl
analogs, are accepted by MR as well [86].

The use of MR for the preparative deracemization of (+-)-mandelic acid to over-
come the 50% conversion limitation of the kinetic resolution was demonstrated by
using a stepwise lipase-mandelate racemase two-enzyme system. The initial step
of the processis the Pseudomonas sp. lipase-catalyzed enantioselective O-acylation
of rac-mandelic acid in diisopropyl ether using vinyl acetate as the acyl donor to
form (S)-O-acetyl mandelate. After the reaction, the enzyme was filtered off and
the organic solvent as well as excess vinyl acetate was removed by evaporation.
Then, the remaining unreacted (R)-mandelic acid was catalyzed by immobilized
MR in situ with the (S)-O-acetyl mandelate in an aqueous buffer. The enzyme and
the aqueous buffer were removed by filtration and lyophilization, respectively,
and the reaction cycle was resumed (Scheme 6.8). After four cycles, (S)-O-acetyl
mandelic acid obtained was in 80% isolated yield and >98% e.e. as the sole prod-
uct [57, 70, 87].

Similar one-pot enzymatic cascade strategy based on sequential hydrolysis and
racemization was employed to improve the enantioselectivity of esterase in order
to fulfill the requirement in industrial production of methyl (R)-o-chloromandelate
(R-CMM). R-CMM is a key intermediate for the production of clopidogrel, a plate-
let aggregation inhibitor. In this strategy, both the recombinant esterase BioH and
mandelate racemase were overproduced and purified from E. coli strain BL21.
Using the racemic (R,S)-CMM as the substrate, S-CMM is enantioselectively

OAc OAc
CO,H CO,H
OH Pseudomonas sp.
COH lipase
— P . +
2 Vinyl acetate *
i-Pr,0 OH OH
Immobilized MR
—_—
COH Aqueous buffer COH
1 3 subsequent cycles |

Scheme 6.8 Deracemization of rac-mandelate using a stepwise lipase-mandelate
racemase two-enzyme system.
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Scheme 6.9 One-pot enzymatic cascade production of methyl (R)-o-chloromandelate
based on sequential hydrolysis and racemization.

hydrolyzed into (S)-o-chloromandelate (S-CM), while the target compound R-
CMM remains almost unchanged. Subsequently, S-CM is catalyzed by the MR to
form a racemic (R,S)-CM mixture. The target compound R-CMM was recovered
with an e.e. value of >97%. The extraction raffinate was then adjusted to pH 2 and
extracted with ethyl acetate again to retrieve the racemic (R,S)-CM mixture, which
was further chemically esterified and used as the starting material (Scheme 6.9).
When the process was repeated five times, the yield of R-CMM can reach 88% [88].

Since enantiopure D-phenylglycine and its derivatives are an important group
of chiral chemicals for manufacturing pharmaceuticals and other bioactive com-
pounds such as p-lactam antibiotics and inhibitors, recombinant E. coli (LZ110)
was engineered to coexpress four enzymes, mandelate racemase, (S)-mandelate
dehydrogenase (SMDH), D-phenylglycine aminotransferase (DpgAT), and gluta-
mate dehydrogenase (GluDH), to catalyze a one-pot three-step enzymatic cascade
transformation for the enantioselective synthesis of D-phenylglycine from race-
mic mandelic acids (Scheme 6.10). In the third DpgAT catalyzed step, L-glutamate
was used as the amine donor to form a-ketoglutarate and was regenerated by
GluDH using NH;. The produced enantiopure D-phenylglycine was in 29.5 g L™
with 99% e.e. and 93% conversion. In addition, 12 other D-phenylglycine deriva-
tives were also produced from corresponding mandelic acid derivatives in high
conversion (58-94%) and very high e.e. (93-99%) using the same enzymatic cas-
cade strategy [89]. This one-pot three-step enzymatic cascade process utilizes
cheap, green, and easily available racemic mandelic acid, O,, NHj3, and glucose as
substrate and reagents to produce enantiopure D-phenylglycine in high yield, thus
representing one of the most efficient examples of biocatalytic conversion of an
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Scheme 6.10 One-pot three-step enzymatic cascade biotransformation for
enantioselective synthesis of p-phenylglycine from racemic mandelic acid.

OH group to an NH, group. A similar three-step one-pot domino reaction system
was established by employing a mandelate racemase from P. putida, a novel
NAD"-dependent D-mandelate dehydrogenase from Lactobacillus brevis, and a
leucine dehydrogenase from Exiguobacterium sibiricum for the efficient prepara-
tion of L-phenylglycine starting from racemic mandelate acid with internal
cofactor recycling to obtain 96.4% conversion, 86.5% isolation yield, >99% e.e., and
50.4 g L™ d™! space-time yield [90].

Benzoylformate (BA) is an important organic synthetic intermediate for throm-
boxane synthetase inhibitors and antihypertensive agents. Since racemic mande-
late is less expensive than BA, the genes encoding mandelate racemase and
mandelate dehydrogenase from P. aeruginosa strain NUST were cloned and
expressed in E. coli which was used for producing BA from racemic mandelate. In
this process, (R)-mandelate is converted to its enantiomer (S)-mandelate by MR,
then (S)-mandelate is specifically oxidized to BA using FMN-dependent
S-mandelate dehydrogenase. The results showed that the use of whole resting cells
of recombinant E. coli allowed the conversion of 65.7 mM racemic mandelate to
BA at 98.9% yield in 45 h reaction run [91]. One-pot enantioconvergent synthesis
of (R)-mandelic ethyl ester can be achieved by a novel aqueous/organic two-phase
DKR process comprising lipase-catalyzed enantioselective esterification of (R)-
mandelic acid in the racemic mandelic acid mixture in ethylene dichloride and
recombinant E. coli cells containing mandelate racemase mediated in situ racemi-
zation of unreacted enantiomer (S)-mandelic acid in the aqueous buffer to (R)-
mandelic acid within a preparative scale hollow-fiber membrane bioreactor
(Scheme 6.11). During the operation of the biocatalytic enantioconvergent process,
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Scheme 6.11 Enantioconvergent synthesis of (R)-mandelic ethyl ester catalyzed by
lipase-mandelate racemase in aqueous/organic two-phase membrane reactor.

rac-mandelic acid dissolved in an aqueous buffer was circulated through the hydro-
philic cellulose membrane lumen side and can be partitioned into the lipase-
containing organic phase countercurrent flowing in the shell side of the hollow-fiber
bioreactor. In the organic phase, rac-mandelic acid was enantioselectively esteri-
fied with ethanol by lipase to give ethyl (R)-mandelate, which is preferentially solu-
ble and accordingly accumulated in the organic phase. Simultaneously, unreacted
(S)-mandelic acid was accumulated in the aqueous buffer phase and racemized
into rac-mandelic acid by recombinant racemase. As a result, the isolated yield of
(R)-mandelic ethyl ester obtained was 65% with 98% e.e. [92, 93].

In order to broaden the applicability of MR and make it more economic, the
development of an immobilization method to allow MR recyclable is necessary.
The activity of MR from P. putida ATCC 12336 was significantly enhanced by
immobilization through ionic binding onto DEAE- and TEAE 23-cellulose as
compared to the native enzyme. DEAE-cellulose-immobilized MR can be effi-
ciently and repeatedly used for the batch reaction in the racemization of (R)-
mandelic acid under mild conditions [94]. MR from P. putida ATCC 12336 was
further immobilized in lyotropic liquid crystal consisting of aqueous buffer, di-
n-butyl ether, and a nonionic surfactant Brij 35, which can be activated in organic
solvent di-n-butyl ether and used for the two-phase batch racemization of (R)-
mandelic acid [95]. Immobilization of crude MR via covalent bonding onto com-
mercially available support Eupergit CM was used to establish an enzymatic
fixed-bed reactor to perform the continuous racemization of (R)-mandelate in the



http://chemistry-chemists.com

6.1 Racemases and Epimerases

racemic mandelate mixture to (S)-mandelate. The MR-packed fixed-bed reactor
was allowed to couple to an enantioselective preparative chromatographic col-
umn for separating the two enantiomers of mandelic acid. Running the combined
chiral chromatography and the enzymatic fixed-bed reactor system over several
cycles allows the provision of (S)-mandelic acid exceeding the 50% yield limita-
tion by conventional kinetic resolution [96, 97].

6.1.3 N-Acetyl-p-glucosamine 2- epimerase

In enzymology, the systematic name of N-acetyl-D-glucosamine 2-epimerase
(AGE) is N-acylglucosamine 2-epimerase (EC 5.1.3.8), which is an enzyme that
catalyzes the reversible conversion of N-acetyl-D-glucosamine (GIcNAc) to
N-acetyl-D-mannosamine (ManNAc) (Scheme 6.12) and plays a key role in sialic
acid metabolism [98-100]. This enzyme has been proved as ATP-dependent
epimerase, which ATP is an allosteric activator for its activity [98, 101]. The ter-
tiary structure of an AGE purified from Anabaena sp. CH1 solved by X-ray crystal-
lography shows a homodimer having an (a/a) barrel core structure. The concerted
action of the conserved residues His239 (deprotonation) and His372 (protona-
tion) at the active-site cleft catalyzes the reversible epimerization at the C2 posi-
tion of GlcNAc with an acid/base ping-pong mechanism [100]. The physiological
role of AGE in mammalian cells, such as pigs, rats, and humans, has been related
to be the regulation of the renin-angiotensin system [102].
N-Acetyl-D-neuraminic acid (Neu5Ac), the most ubiquitous species among the
sialic acids, is widely distributed in the animal kingdom as the terminal positions
of glycoproteins and glycolipids. Neu5Ac plays important role in various biologi-
cal functions by acting as receptors for microorganisms, viruses, toxins, and hor-
mones, by masking receptors, and by regulating of the immune system. Therefore,
Neu5Ac has been attracted to the development of new types of influenza drugs
that can be used to inhibit neuraminidase of the influenza virus [103]. There are
a variety of methods to prepare Neu5Ac. The enzymatic method for preparing
Neu5Ac from ManNAc and pyruvate using N-acetyl-neuraminate acid lyase
(NAL) as a catalyst has been reported [104-106]. While ManNAc is very expensive

HO
o AGE HO NHAc
HO = 1o O
HO OH
NHAG HO OH
GlcNAc ManNAc

Scheme 6.12 Reversible conversion of N-acetyl-p-glucosamine to N-acetyl-p-mannosamine
catalyzed by N-acetyl-p-glucosamine 2-epimerase (AGE). Source: Based on Altenbuchner
et al.[131]; Bommarius et al.[133]; Ishikawa et al.[137].
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Scheme 6.13 Synthesis of Neu5Ac from GLcNAc with a two-step enzymatic cascade
reaction.

and not readily available for large-scale production, an enzymatic cascade reac-
tion using inexpensive GIcNAc and pyruvic acid in the presence of AGE and NAL
was developed for the production of Neu5Ac (Scheme 6.13). Therefore, an enzyme
membrane reactor with AGE and NAL was developed for the synthesis of Neu5Ac
using excess pyruvate to obtain 90% yield but with a large amount of unreacted
pyruvate [107]. A fatal defect of this method was the provision of AGE in an effi-
cient amount for an unrestricted scale of the reaction. To solve this difficulty, the
gene of AGE from porcine kidney and gene of NAL from E. coli K-12 had been
cloned and overexpressed in E. coli. After feeding appropriate amounts of pyru-
vate to the reaction mixture, a high conversion of NeuAc from GIcNAc with a 77%
conversion rate on a molar base can be obtained and the product was recovered
directly using crystallization [108]. The same approach was also carried out by a
small-scale stirred glass vessel containing recombinant E. coli cells expressing
AGE gene from Anabaena sp. CH1 and NAL gene from E. coli NovaBlue sepa-
rately and the conversion yield obtained was 33.3% in a 12-h reaction. However, it
was found that the recombinant E. coli cells can be reused for more than eight
cycles with a productivity of >8.0 g Neu5Ac L™' h™ [109]. A similar strategy used
to produce Neu5SAc from GlcNAc was performed by overexpressing AGE from a
phototrophic cyanobacterium Synechocystis sp. PCC6803 and Neu5Ac synthetase
from E. coli K-1 (ATCC 13027) in E. coli NM522. While the necessary substrate
phosphoenolpyruvate (PEP) was generated by glucose fermentation of bacterium
Corynebacterium ammoniagenes DN510 and cofactor ATP were supplied by the
activity of E. coli. NeuSAc accumulated after 22 h reaction was at 39.7 mM (12.3g L™")
using 800 mM GIcNAc and 360 mM glucose initially [110].

Nowadays, a variety of methods have been developed in order to enhance the
production of Neu5Ac employing the cascade reactions strategy shown in
Scheme 6.13. Genes of AGE and NAL were separately expressed in E. coli cells
under the control of a temperature-responsive promotor, which is safe compared
to chemical-induced systems and coupled for Neu5Ac production from GlcNAc.
When 2200 mM pyruvate was used as a carbon source and substrate, 61.9 mM
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(19.1 g L") Neu5Ac was formed using 200 mM GIcNAc in 36 h [111]. In order to
improve the problems of lengthy reaction time and the low conversion rate of the
two-step reaction, a novel and simple one-pot synthesis of Neu5Ac from GIcNAc
using immobilized E. coli coexpressed AGE and NAL on Amberzyme oxirane resin
was developed, which gave a conversion rate of ~73% within 24 h. Furthermore,
the immobilized enzymes could be used up to five reaction cycles without loss of
activity or a significant decrease of the conversion rate [112]. Synthesis of Neu5Ac
from GlcNAc and pyruvate was performed by constructing and simultaneously
expressing a polycistronic plasmid encoding an AGE gene and a NAL gene in
E. coli Rosetta (DE3) pLysS. The plasmid, pET-28a-NAL-anAGE with anAGE gene
located next to the NAL gene caused the highest amount of Neu5Ac production,
which generated 61.3 g L™" in 60 h using whole-cell catalysis without the addition
of ATP for AGE activation [113]. Multiple approaches were used to engineer
E. coli strain to enhance the two-step enzymatic cascade production of Neu5Ac
from GIcNAg, first, by increased expression of NAL, second, by knocking out
nanTEK genes to keep the reactions to the synthetic direction to the final product,
and third, improving the performance of the system by promoting substrate trans-
port and optimizing substrate concentrations. The whole-cell biocatalytic reaction
performed by the engineered E. coli strain produced 240 mM Neu5Ac (74.2 g L™)
with the productivity of 6.2 g Neu5Ac L™ h™" and a conversion yield of 40% from
GIcNAc. The engineered strain could even be reused at least five cycles with a
productivity >6 g L™' h™' [114].

A novel AGE derived from the cyanobacteria Anabaena variabilis ATCC
29143 was recombinantly expressed in E. coli and employed to overcome the disad-
vantages (low specific activity, substantial inhibition by pyruvate, and strong
dependence on allosteric activator ATP) of the epimerization of GIcNAc to
ManNAc in the one-pot two-enzyme cascade reactions for producing Neu5Ac. The
results indicated a high activity of 117 + 2 U mg™" and a much weaker inhibitory
effect of pyruvate as compared to other AGEs. The ATP effect was more on the
substrate than on the enzyme activity [115]. Recombinant E. coli strains by over
expressing AGE from Synechocystis sp. and NAL from E. coli, respectively, were
developed and the activity ratio was optimized by varying recombinant amounts of
cell biomass for synthesis Neu5Ac. In addition, substrate concentrations and the
ratio of pyruvate and GIcNAc and detergent concentrations were optimized to
enhance the production of Neu5Ac. The resulting whole-cell process generated
237.4 mM Neu5Ac with a yield of 40.0% mol/mole GIcNAc. Furthermore, trans-
porter pathways involved in Neu5Ac and GIcNAc were engineered to give the overall
whole-cell biocatalytic process a maximum titer of 260.0 mM Neu5Ac (80.4 g L™)
with a conversion yield of 43.3% from GlcNAc, which is suitable to be used for
industrial large-scale production of Neu5Ac [116]. A multienzyme complex of
NAL from Corynebacterium glutamicum ATCC 13032 (CgNAL) and AGE from
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Anabaena sp. CH1 (anAGE), polycistronic plasmid with high levels of CgNAL and
anAGE expression was constructed by tuning the orders of the genes. The Shine-
Dalgarno (SD) sequence and aligned spacing (AS) distance were optimized. The
coexpression of both NAL and AGE as multienzyme complex in E. coli Rosetta
(DE3) by harboring the polycistronic plasmid pET-28a-Sd,-AS;-CgNAL-SD-AS-
anAGE increased the production of Neu5Ac by 58.7% to 92.5 g L™ in 36 h using
whole-cell catalysis and further increased by 21.9% up to 112.8 g L™" in 24 h with
the addition of Triton X-800 [117]. The strategy that combines the expression of the
two enzymes, AGE and NAL, balanced by promoter engineering, genes encoding
competing pathways by deleting GIcNAc catabolism, and a structure-guided pro-
cess was used to identify a more efficient NAL and an AGE in E. coli mutant with
the higher production rate of Neu5Ac. The whole-cell biocatalytic system gave
351.8 mM Neu5Ac with a yield of 58.6% from GlcNAc [118]. Recombinant E. coli
strain, E. coli BL21 (DE3) pET-bage-2nanA, synchronously expressing Anabaena sp.
CH1 N-acetyl-D-glucosamine-2-epimerase (bage), and E. coli N-acetyl-D-
neuraminic acid aldolase (nanA) were used as biocatalysts to produce Neu5Ac
from GIcNAc and pyruvate. The reaction generated 412.6 mM NeuS5Ac with a
GlcNACc yield of 34.4% and a production rate of 15.9 g L™" h™' [119]. A novel AGE
from a human gut symbiont Bacteroides thetaiotaomicron BT0453 was cloned and
characterized, which demonstrates the highest soluble fraction among the AGEs
tested. Using GIcNAc and pyruvate as substrates, Neu5Ac production performed
by coupling whole cells expressing BT0453 and E. coli NAL generated a 53.6%
molar yield, 3.6 g L™" h™" productivity, and 42.9 mM titer of Neu5Ac in 36 h [120].

6.1.4 Hydantoin Racemase

The systematic name of the enzyme hydantoin racemase (EC 5.1.99.5, also
known as 5’-monosubstituted-hydantoin racemase, HyuA, and HyuE) is
D-5-monosubstituted-hydantoin racemase. This enzyme has been purified and
characterized in several microorganisms, including Pseudomonas sp. strain NS671,
Arthrobacter aurescens DSM 3747, Agrobacterium tumefaciens C58, Sinorhizobium
meliloti CECT 4114, and Microbacterium liquefaciens AJ 3912, which are involved in
the production of optically pure D- and L-amino acids [121-126]. Except for
Pseudomonas sp., the native enzyme found from different microorganisms indicates
a homotetramer in structure with a molecular mass of about 100 kDa. Likewise,
genomic localization and genetic organization of the genes involved in the produc-
tion of the amino acids have been reported together with a hydantoinase, a carba-
moylase, and a putative hydantoin transport protein [127-130]. Hydantoin racemase
catalyzes the reversible transformation of both D- and L-isomers of 5-monosubsti-
tuted hydantoins to the corresponding racemic mixtures (Scheme 6.14). The cata-
lytic ability for the racemization of 5-monosubstituted hydantoins has made it very
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Scheme 6.14 Reversible racemization of b- and L-isomers of 5-monosubstituted
hydantoins catalyzed by hydantoin racemase. Source: Based on May et al. [142];
Nam et al. [143].

useful in the enzymatic cascade reactions known as hydantoinase process for the
production of optically pure natural and unnatural D- or L-amino acids, which are
valuable intermediates for the industrial synthesis of antibiotics, sweeteners, pesti-
cides, pharmaceuticals, and biologically active peptides [131-133]. The reaction
mechanism of the reversible racemization catalyzed by hydantoin racemase was
studied by the three-dimensional crystal structure for the binding properties and
specificity of the enzyme toward its substrates [134, 135].

The crystallographic studies of hydantoin racemase suggest a two-base mechanism,
that Cys76 (in a thiolate form) in the active site would act as a base and retrieve a pro-
ton from the D-isomer of a 5-monosubstituted hydantoin and a plane intermediate of
the substrate would be formed. Then, Cys181 in the active site would act as an acid
and add a proton to the opposite side of the substrate that produces the L-5-monosub-
stituted hydantoin. In the same manner, when L-isomer of a 5-monosubstituted
hydantoin is available, Cys181 in the active site would bind and act as a base to retrieve
a proton, and Cys76 would act as an acid to donate a proton to the putative plane
intermediate formed to give the D-5-monosubstituted hydantoin [136].

The “hydantoinase process” is a dynamic kinetic resolution (DKR) process that
involves cascade reactions of hydantoinase, N-carbamoylase, and hydantoin
racemase for the production of 100% yield of optically pure natural and unnatural
D- or L-amino acids from cheap and easily available racemic 5-monosubstituted
hydantoins (Scheme 6.15) [131, 133, 137]. In this process, hydantoin racemase
plays a key role for DKR. Hydantoin racemase is a broad substrate spectrum
enzyme: the enzyme from Pseudomonas sp. (HyuE) has a preference for hydan-
toins with aliphatic substituents, such as 5-isopropylhydantoin and 5-(2-methyl-
thioethyl)hydantoin [121, 127], the enzyme from A. aurescens shows a preference
for hydantoins with arylalkyl substituents, especially 5-benzylhydantoin [122],
and the enzyme from A. tumefaciens demonstrates the preference for hydantoins
with short, for example, 5-ethylhydantoin, rather than long aliphatic side chains
or hydantoins with aromatic rings [123, 125].

For the enantioselective preparation of L-amino acid using hydantoin racemase
associated “hydantoinase process,” a whole-cell E. coli coexpressed the genes
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Scheme 6.15 The enzymatic cascade reactions for the total conversion of racemic
5-monosubstituted hydantoins to corresponding p- or L-amino acids.

encoding the L-hydantoinase, the L-N-carbamoylase, and the hydantoin racemase
from A. aurescens DSM 3747 was constructed and used to convert D,L-5-(3-
indolylmethyl)-hydantoin to L-tryptophan. The productivity for L-tryptophan
from the corresponding hydantoin was found more than sixfold higher than that
achieved by using A. aurescens [138]. The three-enzyme “hydantoinase process”
was modified by a four-enzyme “double-racemase hydantoinase process” for the
production of natural and unnatural L-amino acids from racemic 5-monosubstituted
hydantoins. The four enzymes comprising the system include a D-hydantoinase from
A. tumefaciens BQL9, a hydantoin racemase from A. tumefaciens C58, a L-N-carba-
moylase from Geobacillus stearothermophilus CECT43, and a N-succinyl-amino
acid racemase from Geobacillus . kaustophilus CECT4264 (Scheme 6.16). The latter
enzyme presents catalytic promiscuity and racemizes N-carbamoyl-amino acids to
avoid the accumulation of N-carbamoyl-D-amino acid in the reaction due to the
strict D-enantioselectivity of the hydantoinase. The metal ion cobalt was needed
for this process. The enzymatic cascade reactions of this process for producing
different optically pure L-amino acids achieved 100% conversion without showing
substrate inhibition even at substrate concentration as high as 100 mM [139].
Later, the four enzymes were immobilized separately on different support materi-
als and tested for activity.

The results revealed that support size, weight, and hydrophobicity must be
homogeneous to avoid the formation of separate layers of the matrix selected.
Therefore, the support IB-350 was used for the immobilization of the four enzymes,
even though it may not be the most efficient one for some of the enzymes [140, 141].

Application of the “hydantoinase process” to the optically pure D-amino acids
production was first reported in 1976, in which D-phenylglycine and D-p-hydroxy-
phenylglycine were synthesized from corresponding N-substituted D,L-5-phenyl-
hydantoin and D,L-5-p-hydroxyphenylhydantoin (Scheme 6.17) [142, 143].
D-Phenylglycine and D-p-hydroxyphenylglycine are essential building blocks of
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Scheme 6.16 The “double-racemase hydantoinase process” for optically pure L-amino
acid production from racemic 5-monosubstituted hydantoins. Source: Modified from
Kimuraet al. [168].
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Scheme 6.17 Hydantoinase process used for the production of b-phenylglycine and
p-p-hydroxyphenylglycine from 5-monosubstituted hydantoins.
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the p-lactam antibiotics including amoxicillin, cephalexin, and cefadroxy, com-
mercially produced on a scale > 1000 tons per year today [132, 144]. Nowadays,
whole-cell recombinant E. coli coexpressing the three genes of D-hydantoinase,
D-carbamoylase, and hydantoin racemase from various microorganisms have
been widely exploited for the production of optically pure D-amino acids from
D,L-5-monosubstituted hydantoins. For example, a reaction system consisting of
recombinant E. coli whole-cell biocatalysts containing separately expressed
D-hydantoinase and D-carbamoylase from Agrobacterium radiobacter NRRL
B11291 and putative hydantoin racemase from A. tumefaciens C58 was capable of
producing D-methionine with 100% conversion in 30 min.

The results also showed that the system had high substrate specificity and was
effective toward both aliphatic and aromatic D,L-monosubstituted hydantoins [145].
After coexpressing the D-hydantoinase and D-carbamoylase genes from A. tumefa-
ciens BQL9 as well as the hydantoin racemase 1 gene (hyuA1l,,) from A. tumefaciens
C58 in one plasmid in a polycistronic structure in E. coli, the whole-cell recombi-
nant reaction system was able to produce 100% conversion and 100% optically pure
D-methionine, D-leucine, D-norleucine, D-norvaline, D-valine, D-aminobutyric
acid, D-phenylalanine, D-tyrosine, and D-tryptophan from the corresponding
hydantoin racemic mixture quickly [146]. Similarly, a whole-cell recombinant reac-
tion system designed by coexpressing D-hydantoinase, N-carbamoyl-D-amino acid
amidohydrolase, and hydantoin racemase in E. coli was applied for the enzymatic
production of D-amino acids. The use of this whole-cell system was able to
efficiently produce eight amino acids, that is, D-phenylalanine, D-tyrosine, D-tryp-
tophan, O-benzyl-D-serine, D-valine, D-norvaline, D-leucine, and D-norleucine,
from corresponding D,L-5-monosubstituted hydantoins [147]. The development of
a DKR cascade reaction system by combining a newly found D-carbamoylase
(AcHyuC) from Arthrobacter crystallopoietes screened by genome mining with
hydantoin racemase from A. aurescens (AaHyuA) and D-hydantoinase from A. tume-
faciens (AtHyuH) was used for the enantioselective resolution of L-indolylmethylhy-
dantoin into D-tryptophan. L-indolylmethylhydantoin (80 mM) could be totally
converted to D-tryptophan with 99.4% yield, > 99.9% e.e., and 36.6 g L™ d™" pro-
ductivity within 12 h [148].

6.2 Cis-Trans Isomerase

6.2.1 Maleate Cis-Trans Isomerase

Maleate cis-trans isomerase (EC 5.2.1.2), or simply maleate isomerase (MI), cata-
lyzes the geometric cis-trans isomerization of the C2-C3 double bond in maleate
to produce fumarate (Scheme 6.18). Maleate isomerase is known to be distributed
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Scheme 6.18 Maleate isomerase catalyzed isomerization of maleic acid to fumaric acid.
Source: Modified from Bhosale et al. [187].

among a number of maleate-assimilating bacteria, such as Pseudomonas,
Arthrobacter, Proteus, Alcaligenes, Bacillus, Serratia, and Nocardia species
[149-154]. Even more, a putative maleate isomerase gene from Rhodococcus jostii
was synthesized and expressed in E. coli. The protein produced after N-terminal
truncation efficiently functions the catalytic process of maleate cis-trans isomer-
ase for the production of fumaric acid from maleate [155]. The enzyme has a
molecular weight of 74 000 and is a member of the Asp/Glu racemase superfam-
ily [149, 155-157]. The structure of MI revealed four molecules in the asymmetric
unit, representing two dimers with a flat dimerization surface [155, 158, 159].
Analogous to other superfamily racemase members, each monomer consists of
two domains connected by a pseudo-twofold symmetry, with each domain con-
tributes one catalytic cysteine, which is critical to the catalytic activity at the active
site of the isomerase [155, 159]. At the active site, a few other amino acid residues
help the recognition of the substrate and the stabilization of the reaction interme-
diate. For instance, in MI from P. putida Ser16, Asn17 and Asn169 form hydrogen
bonds with the carboxylate group of the maleate distal to Cys82, Tyr139 forms
hydrogen bonds with the carboxylate group of the maleate proximal to Cys82,
Prol4, and Val84 using van der Waals forces interact with the C2 and C3 carbon
atoms of the maleate [155, 159].

Although the catalytic mechanism of MI has not been fully understood, it is
considered similarly to the Asp/Glu racemase superfamily. One reaction mecha-
nism revealed from the crystal structure of Nocardia farcinica IFM 10152 and its
C194A mutant is initiated by nucleophilic attack of the deprotonated sulfur atom
in Cys76 to covalently bonding to the C2 atom of the maleate, concomitantly, the
thiol proton of Cys194 is transferred to the C3 atom of the maleate to yield a suc-
cinyl-cysteine like covalent intermediate. Then, the newly formed C2-C3 single
bond is rotated, the single bond between the sulfur atom of Cys76 and the C2
atom is dissociated, and the C3 atom of maleate is deprotonated by Cys194 to form
fumarate with the regeneration of a neutral Cys194 [155, 160].

Maleate isomerase catalyzes the cis-trans isomerization of maleate to fuma-
rate, which is an important intermediate in a citric acid cycle, and this is biocata-
lytic reaction step that is involved in butanoate metabolism and nicotinate and
nicotinamide metabolism, which is the last step of the metabolic degradation
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Maleate
cis-trans
HOOC\ /COOH isomerase HOOC\ /H Fumarase HO .\\\COOH
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Maleic acid Fumaric acid L-Malic acid

Scheme 6.19 Bioconversion of maleic acid into L-malic acid by consecutive catalysis
with maleate cis-trans isomerase and fumarase.

pathway of nicotinic acid [161-164]. Fumaric acid is an important starting mate-
rial for polymerization and esterifications and is used in the food industry and
pharmaceutical preparations. A number of industrially useful compounds such
as L-aspartic acid, L-alanine, and L-malic acid are produced from fumaric acid via
the bioconversion process [153, 162]. Maleic acid is not a natural compound,
which is usually produced from maleic anhydride [162]. The conversion of
maleic acid into fumaric acid using maleate isomerase is occurred at high tem-
peratures that causes low yields due to by-products formation. In addition, natu-
ral maleate isomerase is unstable at moderate temperatures [165]. In order to
solve these problems, heat-stable maleate isomerases are engineered and
applied [162]. In a study, the heat-treatment of Pseudomonas alcaligenes XD-1
can improve the production rate and yield of fumaric acid from maleic acid to as
high as 95.0% as a result of inactivating the fumarase of strain XD-1, which con-
verts the fumaric acid produced to L-malic acid [166, 167]. Therefore, an enzy-
matic process used for the production of L-malic acid from maleic acid by
incorporating maleate isomerase and fumarase in Alcaligenes sp. T501was per-
formed to give a molar yield of 98.4% (Scheme 6.19) [168].

6.2.2 Linoleate Isomerase

The enzyme linoleate isomerase (LI, EC 5.2.1.5) catalyzes the isomerization reac-
tion of linoleic acid (LA, cis-9, cis-12-octadecadienoic acid) to produce conjugated
linoleic acid (CLA, cis-9, trans-11-octadecadienoic acid) (Scheme 6.20). The system-
atic name of linoleate isomerase is linoleate Deltal2-cis-Deltall-trans-isomerase

H
H
HO
HO. = H = H
o H 0 H

Scheme 6.20 Linoleate isomerase catalyzed isomerization of cis-9, cis-12-
octadecadienoic acid to cis-9, trans-11-octadecadienoic acid.



http://chemistry-chemists.com

6.2 Cis-Trans Isomerase

and is also called linoleic acid isomerase (LAI). Sources of LAI come from the mem-
brane-bound protein of anaerobic bacteria such as Butyrivibrio fibrisolvens,
Lactobacillus acidophilus, and Clostridium sporogenes in rumen or human
gut [169-171]. This enzyme involves the metabolism of LA as the first step to con-
vert LA into CLA (mainly cis-9, trans-11-18:2), then to vaccenic acid (trans-11-18:1),
and finally to saturated fatty acid stearic acid (18:0). A similar protective meta-
bolic cascade occurs in the rumen, commonly known as biohydrogenation, which
eliminates double bonds in polyunsaturated fatty acids (PUFA) [169, 172]. The reac-
tion model based on the crude purification and characterization of LI from
B. fibrisolvens suggested a concerted mechanism for the isomerization of LA to
CLA, which involves a hydrogen abstraction from C11 by a general base and ste-
reospecific transfer of the solvent-derived proton by the enzyme to C13 of the
substrate in the pro-R configuration [169, 170].

Conjugated linoleic acids are a group of naturally occurring positional and geo-
metric isomers of octadecadienoic fatty acids with conjugated double bonds, for
example, cis-9, trans-11 and trans-10, cis-12-octadecadienoic acid. These CLAs
have been reported to have potential health beneficial effects including anticarci-
nogenic, antiatherogenic, antidiabetic, antiobese, antioxidative, immunomodula-
tive, antibacterial, cholesterol depressing, and growth-promoting properties. For
these reasons, they have been widely studied and intensely worked for efficient
preparation. Enzyme extracts prepared from L. acidophilus (CCRC14079) and
Propionibacterium freudenreichii ssp. shermanii (CCRC11076) were used to con-
vert LA into a variety of CLAs with ¢9, t11-, £10, c12-, and c11, t13-CLA being the
three major isomers produced. At pH 5, more CLA was formed from L. acidophi-
lus treatment than those of P. freudenreichii ssp. shermanii treatment [173].
Further study using crude enzyme extract from L. acidophilus indicated sharp
increases in total CLA levels in 50 mg LA treatment and 75 mg LA treatment as
enzyme extract level increased from 0 to 50 mg. Forty-eighty percent of CLA iso-
mers in total CLA produced were in cis,trans/trans,cis form and 14% were in c9,
t11-CLA [174]. Both washed cells of Lactobacillus delbrueckii ssp. bulgaricus and
crude enzyme extract from the culture were also proved to be able to improve CLA
production. In addition, the enzyme extract was observed to be capable of oleic
and linolenic acid conversions into CLA, demonstrating the possibility of desatu-
ration activity in the enzyme extract [175].

Isolation of different strains of the genus Bifidobacterium from the fecal mate-
rial of neonates was used for assessing their ability to produce the cis-9, trans-11
CLA isomer from free LA. The species Bifidobacterium breve was the most effi-
cient producer that two different strains converted 29 and 27% of the free LA to
the cis-9, trans-11 isomer/pg dry cells, respectively. A strain of Bifidobacterium
bifidum demonstrated a conversion rate of 18% free LA/pg dry cells [176]. Later
experiments demonstrated that there was an increase in cis-9, trans-11-CLA in the
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livers of mice and pig after feeding with LA in combination with B. breve NCIMB
702258. Moreover, the profile of polyunsaturated FA composition was altered,
including higher concentrations of the omega-3 (n - 3) FAs eicosapentaenoic acid
and docosahexaenoic acid in adipose tissue. These changes were associated with
reductions in the proinflammatory cytokines tumor necrosis factor-a and
interferon-y [177]. A new strain of B. fibrisolvens had higher ability to produce
CLA from LA and was much more tolerant to LA than other strains. However,
CLA reductase causes the conversion of CLA to trans-vaccenic acid (t-VA). Since
fatty acids (FAs) with 18 carbon backbone induce the LI activity and unsaturated
FAs induce the CLA reductase, a diet with a low ratio of unsaturated to saturated
FAs may benefit CLA production [178]. Another novel strain of B. fibrisolvens
MDT-5 was isolated from the goat rumen, which exclusively converted LA to CLA
with high levels of ¢9, t11-CLA. The oral administration of MDT-5 to mice resulted
in increased amounts of CLA in the contents of the large intestine as well as in
adipose tissue. A prolonged period of MDT-5 administration can further increase
the CLA content in body fat with a high-LA diet. Thus, MDT-5 may be useful in
pet animals as a probiotic to provide CLA continuously [179].

A screening of lactic acid bacteria (LAB) indicates that Lactobacillus curvatus,
Lactobacillus plantarum, and Lactobacillus sakei strains displayed LI activity by
converting LA and a-linolenic acid (a-LNA) to CLA and conjugated linolenic acid
(CLNA), respectively. The conversion rate of CLA production for the three strains
was low (2-5%) and CLNA conversion rates varied largely (1-60%). Furthermore,
the production of CLA and CLNA is pH and temperature-dependent assessing by
L. sekei LMG 13558 [180]. Six L. plantarum strains isolated from traditional dairy
products of minority nationalities were found to be able to convert CLA from free
LA in vitro using sunflower oil as a substrate of during soy milk fermentation. An
increased production of CLA was observed when adding a high concentration of
LA to sunflower oil. The strain IMAU60042 gave the highest CLA both in sun-
flower oil and soy milk. The CLA produced had two isomers: cis-9, trans-11 CLA
and trans-10, cis-12 CLA with cis-9, trans-11 CLA the most abundant CLA in the
total CLA formed except for the strain P8. During storage, CLA in the fermented
soy milk decreases and the decrease of trans-10, cis-12 CLA is more rapid than
cis-9, trans-11 CLA. The proportion of unsaturated FAs varied after fermentation
with different L. plantarum strains [181]. The freeze-thawing permeabilization
method was employed to modify L. plantarum A6-1F cells in order to enhance the
LI activity of the cells for producing CLA from LA. It was observed that pH, tem-
perature, substrate concentration, and cell concentration were the main factors to
affect the yield of CLA production. Under the optimal conditions, the maximum
CLA produced was 275.7 pg mL™" and the main CLA isomer in the reaction mix-
ture was ¢9, t11-CLA [182]. The permeabilized L. acidophilus cells were also used
for the production of CLA from LA through LI in order to overcome the problem
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of enzyme extraction and poor permeability of cell to LA. The maximum produc-
tion of CLA could be obtained after the cells were treated with cetyltrimethylam-
monium bromide. Under optimized batch reaction conditions, the conversion
yield of LA to CLA was up to 86.4% corresponding to a yield up to 1.52 g g~ wet
permeabilized cells. The permeabilized cells could be reused for at least 10 cycles
in the biosynthesis reaction [183].

The ability of producing CLA isomers cis-9, trans-11-CLA, trans-10, cis-12-CLA,
and trans-9, trans-11-CLA from free LA was tested for two strains L. acidophilus
and Lacticaseibacillus casei in MRS broth and skim milk supplemented with
LA. The results showed maximum production of free CLA from 80.14 to 131.63 pgmL™"
was observed at 24 h of incubation in broth containing 0.02% of free LA. For skim
milk supplemented with 0.02% free LA, the total amounts of free CLA after 24 h
of incubation were in the range from 54.31 to 116.53 pg mL™". Free CLA in MRS
broth or skim milk would likely to be more readily absorbed by the digestive tract
than if it were incorporated into the cells [184]. Cells of Lactobacillus reuteri
ATCC 55739 grown in MRS broth with and without added LA were harvested and
washed. The cells grown in the medium without added LA transformed LA into
CLA (mainly c9, t11-C18:2) better than did those cells grown with LA. It was also
found that glycocholate occurring in humans will not influence the production of
CLA with the resting cells [185]. After screening 85 strains of LAB isolated from
artisanal cheeses, four L. plantarum and two L. casei strains were found capable of
synthesizing CLA and the highest level of CLA formed in MRS broth for 48h
incubation was 19.26 ug mL™". Some of the screened strains of LAB were able to
produce gamma-aminobutyric acid (GABA) [186].

6.3 Intramolecular Oxidoreductases

6.3.1 Aldose-Ketose isomerases

6.3.1.1 Xylose (Glucose) Isomerase

Xylose isomerase (XI, EC 5.3.1.5) in enzymology is an enzyme that catalyzes the
reversible conversion between D-xylose and D-xylulose. Xylose isomerase belongs
to those intramolecular oxidoreductases in the isomerases family converting
aldoses, such as D-xylose, D-glucose, and D-ribose, to corresponding ketoses. The
systematic name of XI is D-xylose aldose-ketoseisomerase. Other names include
D-xylose isomerase, D-xylose ketoisomerase, and D-xylose ketol-isomerase. Xylose
isomerase is also commonly known as glucose isomerase (GI) due to its ability to
interconvert glucose and fructose for their extensive industrial application in the
production of high fructose corn syrup (HFCS) from glucose. In view of its cata-
lytic ability to catalyze the reversible isomerase of D-glucose and D-xylose to
D-fructose and D-xylulose, respectively, it may be the most important of all
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(a) In vivo o. CH,OH
HO/E&M Xylose (glucose) isomerase HO
HO oH OH OH
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p-Xylose p-Xylulose
(b) In vitro
OH OHO,C o OH
Xylose (glucose) isomerase H
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HO 2
HOOH OH
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Scheme 6.21 The isomerization of either p-xylose or p-glucose catalyzed by xylose
(glucose) isomerase. (a) /n vivo reaction, (b) In vitro reaction.

industrial enzymes (Scheme 6.21) [187]. Generally, the interconversion of xylose
and xylulose involves in the xylose metabolism of microorganisms, which serves
a nutritional requirement in the saprophytic bacteria for their growth on decaying
plant material, and in the meantime aids the ethanol production from hemicel-
lulose [187, 188]. In addition to the above two main applications of XI, recent
carbohydrate researches indicated that XI is useful in pharmaceutical industries
for the production of rare sugars (20 hexoses and 9 pentoses including xylulose),
which can be used to stimulate our immune system, to control diabetes, or as
building blocks for anticancer and antiviral drugs [189]. Wide sources of XI (GI)
have been reported, including microorganisms, such as bacteria, actinomycetes,
and fungi, as well as plants and animals [187, 188, 190].

Xylose (glucose) isomerases purified from different species have similar spatial
structures, even if there are certain differences in their primary structure of pro-
teins. Generally, they are all nonglycoproteins with a tetramer or a dimer of simi-
lar or identical subunits bound by noncovalent bonds. The molecular mass of XI
(GI) is wide from 52 to 191 kDa. Each subunit monomer of the protein is sym-
metrically distributed and divided into two domains. XI (GI) requires a divalent
cation such as Co®*, Mg**, or Mn**, or a combination of these cations, for maxi-
mum activity. Although both Mg?" and Co?" are essential for enzyme activity,
they play different roles. However, Mg** is superior to Co®" as an activator, Co*" is
responsible for the stabilization of the enzyme by holding the ordered conforma-
tion, especially the quaternary structure of the enzyme. The structure of XI (GI)
consists of eight strains of a/f helical folded structure. Each of the tetramer subu-
nit consists of paired a/f barrels that are nearly coaxial to form two cavities and
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Scheme 6.22 Hydride shift mechanism of xylose (glucose) isomerase.

each of the two cavities can bind the divalent metals. Metal site 1 binds the sub-
strate tightly, while metal site 2 binds the substrate loosely. Both share an acid
residue Glu216 of the enzyme to bridge the two cations. Two basic amino acids
surround the negatively charged ligands to neutralize them. The second cavity
faces the metal cavity and both cavities share the same access route. The second
cavity is hydrophobic in nature and has an important residue His53 that is acti-
vated by a residue Asp56 that is hydrogen bonded to it. This histidine residue is
important in the isomerization of glucose [187, 191-194].

The earlier proposed catalytic mechanism of XI (GI) was assumed to function in
a manner similar to sugar-phosphate isomerases that acts as a cis-enediol mecha-
nism. Recent studies have attributed the action of XI (GI) to a hydride shift mech-
anism (Scheme 6.22), which has been studied by the active-site configuration
using different approaches including chemical modification, X-ray crystallogra-
phy, and isotope exchange. The main features of the mechanism proposed for XI
(GI) are ring opening of the substrate, isomerization via a hydride shift from C2 to
C1, and ring closure of the product. In the isomerization of glucose, His53 is used
to catalyze the proton transfer of O1 to O5 via a ring-opening step that the first
metal mentioned earlier coordinates to O3 and O4 and is used to dock the sub-
strate. In the isomerization of xylose, xylose sugar binds to the enzyme in an open
chain conformation. Metal 1 binds to O2 and O4, and once bound, metal 2 binds
to O1 and O2 in the transition state, and these interactions along with a lysine
residue help catalyze the hydride shift necessary for isomerization. The transition
state consists of a high energy carbonium ion that is stabilized through all the
metal interactions with sugar substrate [187, 194-197].

Since the first observation of the isomerization activity for D-xylose to D-xylu-
lose by the bacterium Lactobacillus pentosus in 1953 and the isomerization on
D-glucose to D-fructose with Pseudomonas hydrophila in 1957, a wide range of
pentoses and hexoses are found to be suitable substrates for XI (GI) in addition to
xylose and glucose, such as D-ribose, D-allose, L-arabinose, L-rhamnose, and
2-deoxyglucose [187, 198-200]. However, the research results indicated that
xylose (glucose) isomerase can only catalyze the isomerization for the a-optical
isomer of D-glucose or D-xylose, but not for the f$-optical isomer [201, 202]. In
order to make the carbohydrate conversion reactions of XI (GI) more industrial
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relevance, a variety of techniques have been developed to increase the yield, ther-
mal stability, or lowering of the pH optimum. Recombinant D-xylose isomerase
gene from L. reuteri was expressed in the food-grade host L. plantarum and the
recombinant enzyme was purified and used for the isomerization of D-glucose to
D-fructose with a maximum conversion rate of 48% at 60°C [203].

The immobilization of XI (GI) has long been studied since 1971 that GI from
Streptomyces phaeochromogenes NRRL B-3559 was entrapped in polyacrylamide
gel to perform the glucose conversion to fructose at an optimum temperature of
80°C and an optimum pH of about 8 [204]. Similarly, GI from Streptomyces griseo-
lus was entrapped in polyacrylamide gel and covalently bound to porous glass, but
poor results were achieved for the low activity and the instability of the enzyme
prepared by this method [205]. The immobilization by physical entrapment into
poly(acrylic acid-co-2-acrylamido 2-methyl propane sulfonic acid) hydrogel poly-
mer networks was applied to GI and employed to carry out the isomerization of
glucose to fructose at the optimum pH 7.5 and reaction temperature at 65°C. The
immobilized GI retained 81% of its initial activity after being recycled for 15 times,
while it retained 87% of its initial activity after being stored at 4°C for 48 days [206].
Instead of using physical entrapment for immobilization, GI from Streptomyces
rubiginosus was immobilized covalently onto Eupergit C 250L made by the copo-
lymerization of N,N’-methylene-bis-methacrylamide, glycidyl methacrylate, allyl
glycidyl ether, and methacrylamide. The catalytic efficiency of immobilized GI in
the isomerization of glucose to fructose was threefold higher than that of free
GI. The residual activity of immobilized GI after 18 reuses using a stirred batch
reactor was about 85% of its initial activity and the thermal stability was almost
the same as that of the free GI at 60°C for 18 h preincubation time. When stored
at 5°C and 25°C for 4 weeks, the residual activity was 72 and 69% of the initial
activity, respectively [207]. GI from S. rubiginosus was also covalently immobi-
lized onto GAMM support (similar to Eupergit C 250L) synthesized by inverse
suspension polymerization of glycidyl methacrylate, ally glycidyl ether, N,N’-
methylene-bis(acrylamide), and methacrylamide. The immobilized GI was
applied for isomerization of glucose to fructose, which shows better operational
stability, thermal stability, and storage stability by retaining 91% of its initial activ-
ity after 18 reuses and retaining 97% of its initial activity after being stored at 4°C
for 6 weeks [208].

The immobilization of enzyme has been combined with reactor design to per-
form a continuous type of reaction. In the research report, bilayer GI from
Streptomyces sp. was immobilized in porous p-trimethylamine-polystyrene
(TMPS) beads through molecular deposition technique and packed into a column
to conduct the continuous production of high fructose syrup (HFS). Under opti-
mized conditions, the maximum catalytic activity of the immobilized bilayer GI in
the packed-bed column reactor was 2238 IU g™ dry gel, which retained 68.5% of
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the initial activity. The half-life of the immobilized GI was approximate 45 d at pH
8.5 and 60°C with 50% w/v glucose. The specific productivity of the immobilized
GI was 223 g dry D-glucose/g dry immobilized enzyme per day [209]. In another
study, three sizes of XI crystals (20, 40, and 80 pm) from S. rubiginosus were pre-
pared and cross-linked. The cross-linked xylose isomerase crystals (CLXIC) of dif-
ferent sizes were separately packed into steel columns to perform the isomerization
of rare pentose and hexose sugars. The isomerization of pentose sugars in the plug
flow mode CLXIC-reactor was found to concomitantly undergo the product sepa-
ration, while the concomitant enzymatic isomerization and product separation
were weak with hexose sugars. In case of L-arabinose isomerization to L-ribose,
the concomitant reaction and separation led to relatively high L-ribose concentra-
tion using the CLXIC-packed column reactor, particularly, recycling of saturated
L-arabinose solution through the CLXIC-reactor turned out to be more efficient
method for the production of L-ribose. Three new substrates, L-lyxose, L-man-
nose, and D-mannose, also were discovered [210]. The solid-liquid catalyzed
isomerization of D-glucose to D-fructose using immobilized GI (Sweetzyme T)
prepared from Suncus murinus was provided by Novo Nordisk and carried out in
a tangential flow two impinging streams reactor (TFTISR). The conversion of glu-
cose using TFTISR was much higher than those expected in conventional reac-
tors [211]. The same type of reaction was studied but performed in a downflow jet
loop reactor (DJR). The performance capability for the conversion of glucose to
fructose with DIR was found to be higher than that of a conventional batch reac-
tor. The results also revealed that the draft tube diameter has the highest and the
ratio of liquid circulation rate to the gas flow rate has the least effects on the con-
version of glucose [212]. Furthermore, a novel type impinging streams reactor
using immobilized GI gifted by Novo Nordisk was employed to perform the solid-
liquid isomerization of glucose to fructose in order to reduce the external mass
transfer resistance. This impinging streams reactor shows higher performance
capability that 30% conversion of glucose was obtained within 9 s, while the same
conversion in packed-bed reactors requires 5 min [213].

A number of methods or their combinations were developed and utilized to
solve the thermostability of XI (GI) during the isomerization. Novel thermosta-
ble GIs from Thermoanaerobacterium xylanolyticum (TxGI), Thermus oshimai
(ToGI), Geobacillus thermocatenulatus (GtGI), and Thermoanaerobacter sidero-
philus (TsGI) were screened via genome mining approach. The results revealed
that ToGI had higher catalytic efficiency and superior thermostability toward
in vitro conversion of D-glucose to D-fructose for producing HFCS among the
screened GIs. Its optimum temperature reached 95°C and could retain more than
80% of initial activity in the presence of Mn** at 85°C for 48 h. The maximum
conversion yield of 400 g L™" D-glucose to D-fructose at 85°C was 52.2% [214]. A
new hyperthermophilic GI from Thermoanaerobacter ethanolicus CCSD1 (TEGI)
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was identified by genome mining, and then gene encoding the TEGI was synthe-
sized and expressed in E. coli, which was further modified through site-directed
mutagenesis to improve the activity for the production of HFCS by the isomeriza-
tion of glucose to fructose. The specific activity, thermostability, and glucose con-
version yield of mutant TEGI were 2.3-fold, 1.21-fold (90°C for 24 h), and >55.4%
(90°C), respectively, as compared to the wild-type TEGI [215]. Later, whole-cell
immobilization of refractory ToGI onto Celite 545 using tris(hydroxymethyl)
phosphine (THP) as crosslinker was developed by the same group for producing
HFCS at elevated temperature. This THP-immobilized biocatalyst demonstrated
an enhanced thermostability with 70.1% residual activity retaining after incuba-
tion at 90°C for 72 h and exhibited superior operational stability with 85.8% ini-
tial activity retaining after 15 batches of reaction at 85°C [216]. GI from
Thermobifida fusca was engineered and expressed in E. coli supplemented with
Co”". The engineered cells were immobilized with the method of flocculation-
cross linking and used for the reversible isomerization glucose to fructose that
showed 2.1-fold higher activity and a better operational performance with 43.1%
conversion rate at the end of six reaction cycles than cells without the addition of
Co?* [217]. The thermostable L-arabinose isomerase of Bacillus stearothermophi-
lus US100 (L-AI US100) and the mutant D-glucose isomerase obtained from
Streptomyces SK were co-expressed in E. coli and exploited for the concomitant
production of D-tagatose and D-fructose. The recombinant cells were immobi-
lized by entrapment in alginate beads and showed optimal temperatures for
D-galactose and D-glucose isomerization of 80 and 85°C, respectively. The two
immobilized isomerases showed enhanced acidotolerance and stability at high
temperatures. The simultaneous isomerization of D-galactose and D-glucose at
65°C and pH 7.5 using a packed-bed reactor, cells concentration, dilution rate,
productivity, and bioconversion rate were 32 g L™, 26h7%3 g L~V h, and 30%,
respectively [218].

Mixed food and beverage (F&B) waste hydrolysate from saccharification is rich
in glucose and fructose but also contains trace preservatives, caffeine, colorants,
ions, and soluble proteins. Before the enzymatic isomerization of mixed F&B
waste hydrolysate to produce HFS, over 99% of the impurities were first removed
by adsorptions chromatography and ion-exchange chromatography. After impuri-
ties removal, the isomerization of glucose in the mixed F&B waste hydrolysate
was performed by using a glass column packed with GI, where glucose was con-
verted to reach 50% of fructose content. This pilot-scale downstream processing
was successfully conducted with more than 89% of sugars recovered from hydro-
lysate and an overall conversion yield of 0.08 kg HFS/kg mixed F&B waste was
obtained, which conforms to industrial standards [219]. Hemicellulose is renew-
able biomass comprising up to 35% of plant materials. D-Xylose is the major prod-
uct in the hemicellulose hydrolysate. It was found that D-xylulose, an intermediate
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Scheme 6.23 Simultaneous isomerization and fermentation of p-xylose for ethanol
production. Source: Modified from Makkee et al.[224].

of D-xylose catabolism, can be fermented to ethanol and carbon dioxide in a yield
greater than 80% by yeasts. Therefore, ethanol can be produced from D-xylose in a
yield greater than 80% by a two-step process, in which D-xylose is converted to
D-xylulose by XI, and then D-xylulose is fermented to ethanol by yeasts
(Scheme 6.23). In some yeasts, xylitol is a by-product formed during the conver-
sion of D-xylulose into ethanol. Thus, the simultaneous isomerization and fer-
mentation of D-xylose to ethanol by isomerase and yeasts provide an additional
dimension in the conversion of waste biomass such as hemicellulose to liquid
fuels, especially ethanol [220]. Ethanol production from xylose by the simultane-
ous isomerization and fermentation was also modified by anaerobic fermentation
using an anaerobic yeast strain Schizosaccharomyces pombe. The results show that
the simultaneous isomerization and fermentation of 6% xylose can produce 2.1%
w/v ethanol within 2 days at temperature 39°C [221].

D-Psicose has been already used as a substrate for the preparation of allitol
and other rare sugars. A method for the preparation of D-psicose from inexpen-
sive glucose was developed by the direct coupling of immobilized D-xylose
isomerase (Sweetzyme T) and immobilized D-tagatose 3-epimerase (D-TE)
from Pseudomonas sp. ST-24 on Chitopearl beads BCW 2503 (Scheme 6.24).

H\C//O ?H2OH ?HZOH
I = —_—
Cc=0 c=0
H—(IJ—OH p-Xylose I p-Tagatose I
HO—C—H _isomerase ~ HO—=G—=H  g-epimerase ~ HO—G—H
H—C—OH H—C—OH H—C—OH
H—é—OH H—C—OH H—C—0OH
I
CH,0OH CH,OH CH,OH
p-Glucose p-Fructose b-Psicose

Scheme 6.24 Conversion of p-glucose to p-psicose by coupling p-xylose isomerase and
D-tagatose 3-epimerase.
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A continuous production of D-psicose from D-fructose was also performed by a
packed-bed column filled with immobilized D-TE. About 90 g of D-psicose was
obtained from 500 g D-fructose after a 10-day continuous reaction using this col-
umn at 45°C [222].

A novel method to convert cellulose into 5-hydroxymethylfurfural (HMF) with
a high yield of 46.1% was developed by integrating sequential enzyme cascade
reactions in an aqueous system with solid acid chemocatalysis in an organic sol-
vent system. Magnetic Fe;04 nanoparticles of approximately 20 nm were first syn-
thesized, which were then added to the precursor used for mesoporous silica
nanoparticles (MSNs) synthesis. Subsequently, the synthesized Fe;O4-loaded
MSN (Fe;04,-MSN) was used as hosts for the immobilization of cellulase (cellu-
lase-Fe;0,@MSN) and glucose isomerase (isomerase-Fe;O4,@MSN). The sul-
fonic-acid-functionalized MSNs (HSO3-MSN) were also prepared for use as a solid
acid catalyst. These synthesized biocatalysts, that is, cellulase-Fe;04@MSN and
isomerase-Fe;O4@MSN, and chemical catalyst, that is, HSO3;-MSN, were sepa-
rately applied in the sequential cellulose-to-glucose, glucose-to-fructose, and fruc-
tose-to-HMF conversion, respectively, across both aqueous- and organic-solvent
systems after the optimized reaction conditions (Scheme 6.25). This method
could be an effective and economically friendly process for various catalytic
applications [223].

The crystalline of D-mannitol is nonhygroscopic and has no teeth decaying
effects. It also will not cause laxatives with a daily intake up to 10-20 g. Therefore,
D-mannitol is used as a sweet builder in “sugar-free” chewing gum and in phar-
maceutical preparation to mask the unpleasant taste as well as to give a higher
mechanical strength and stability of drugs. The industrial large-scale production
of D-mannitol, 1:1 mixtures of D-glucose/D-fructose are reduced by high-pressure
hydrogenation using Raney-Nickle as the catalyst to yield D-mannitol and D-glucitol
(D-sorbitol) concomitantly, which leads to a low D-mannitol yield of 25-30%.

HO

OH HO o, OH
OH O, OH
O HO o Cellulase-Fe;0, @MSNs Isomerase-Fe;0,@MSNs HO
e s e, —_— e e
HO o o OH 'CH,OH
OH HO
OH n OH OH

Cellulose Glucose Fructose

'HSOa-MSNs

HO/\QAO

5-hydroxymethylfurfural

Scheme 6.25 Integrated enzyme cascade-chemocatalytic conversion of cellulose into
HMF with enzyme immobilized on magnetic MSN and acid functionalized MSN. Source:
Based on Lim and Oh [251]; Bhuiyan et al. [252].
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During the hydrogenation, D-glucitol and D-mannitol are formed from D-fructose,
while D-glucose is reduced to D-glucitol. Thereby, expensive downstream process-
ing of the product is required. The source of D-glucose/D-fructose mixture can be
acquired either by enzymatic hydrolysis of sucrose using invertase or the enzy-
matic isomerization of D-glucose using GI. Consequently, the development of
alternative procedures for producing D-mannitol is needed and is interested by
many researchers. A survey of the investigations indicates that among the variety
of procedures, a large part involves the combination of enzymatic and chemocata-
lytic reactions, and can be divided into four categories, based on the species
exploited toward D-mannitol: 1. D-glucose, 2. D-fructose, 3. D-mannose, and 4.
D-mannose + D-fructose. However, enzymatic isomerization of D-glucose using
GI is found an important process and used in many of the combined procedures
to give high D-mannitol yield. One example is the process based on the enzymatic
interconversion of D-glucose into D-fructose using GI with simultaneous and
preferential hydrogenation of D-fructose using Cu/SiO, catalyst, which results in
a 65% yield of D-mannitol (Scheme 6.26) [224].

In addition to the chemocatalytic hydrogenation or combined enzymatic cataly-
sis/chemocatalytic hydrogenation for the production of D-mannitol from inex-
pensive sugars, whole-cell biotransformation was also developed for the formation

HC=0 HoC—OH
H?—OH C|3:O .
HO—CH Glucosei somerase ~ HO—CH Addition | 1:1 mixture of
| | ~— | p-Glucose &
H?_OH H?_OH p-Fructose
H(IJ—OH H(;)—OH
H,C—OH H,C—OH
p-glucose p-fructose
l H2,CU/ASi02/ le,Cu/SiOZ
H,,Cu/SiO,
H,C—OH H,C—OH
Hc:)—OH HO—CH
HO—CH HO—CH
HC—OH HC—OH
H(I)—OH H(I)—OH
H,C—OH H,C—OH
p-Glucitol p-Mannitol

Scheme 6.26 D-Mannitol production by simultaneous enzymatic isomerization and
hydrogenation.
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of D-mannitol [224]. Additionally, the supplementation of the recombinant E. coli
strain with extracellular glucose isomerase from S. rubiginosus was employed to
convert 1000 mM D-glucose to yield 800 mM D-mannitol. Coexpression of a glu-
cose isomerase (xylA) gene of E. coli in the biotransformation strain resulted in a
D-mannitol concentration of 420 mM from 1000 mM D-glucose [225].

6.3.1.2 L-Rhamnose Isomerase

L-Rhamnose isomerase (L-RI, EC 5.3.1.14), an aldose-ketose isomerase, catalyzes
the reversible isomerization between L-rhamnose (6-deoxy-L-mannose) and
L-thamnulose (6-deoxy-L-fructose) (Scheme 6.27) and initiates microbial catabo-
lism of L-rhamnose, an essential component of mycobacterial cell wall. The sys-
tematic name of L-RI is L-thamnose aldose-ketose isomerase and other common
names in use include rhamnose isomerase and L-rhamnose keto-isomerase. L-RI
is found in many microorganisms due to its essential role for L-rhamnose metabo-
lism, that is, a sequential conversion: L-thamnose — L-rhamnulose — L-rhamnu-
lose 1-phosphate — dihydroxyacetone phosphate plus L-lactaldehyde. The former
product enters the tricarboxylic acid (TCA) cycle for glycolysis. In E. coli, L-lactal-
dehyde is converted to L-lactate and further converted to pyruvate under aerobic
conditions, while it is reduced to L-1,2-propanediol to be secreted out of the
cell [226-228].

L-Rhamnose isomerase has been isolated, purified, and characterized from
E. coli [229], Pseudomonas sp. strain LL172 [230], Pseudomonas stutzeri [231, 232],
Bacillus pallidus Y25 [233], Thermoanaerobacterium saccharolyticum NTOU1
[234], Thermotoga maritima ATCC 43589 [235], Caldicellulosiruptor saccharolyti-
cus ATCC 43494 [236], Bacillus halodurans ATCC BAA-125 [237, 238],
Mesorhizobium loti Tono [239], Dictyoglomus turgidum DSMZ 6724 [240], Bacillus
subtilis ATCC 23587 [241], and Bacillus subtilis 168 [242]. In summary, except one
showing a homodimer all of L-RIs are in tetramer configuration that gives the
subunit molecular mass in the range 42-49 kDa and the total molecular mass

H.° CH,OH
OH H——OH —O 1) CH,OH
HsC 0 H——o0H L-RI H——OH OH
HO oo HO——H HO——H HaC OH
OH HO——H HO——H OH
CHs CH,
L-Rhamnose L-Rhamnulose

Scheme 6.27 -Rhamnose isomerase catalyzed reversible isomerization between
L-rhamnose and L-rhamnulose. Source: Based on Shommpoosang et al. [265]; Wen
et al.[266].
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between 184 kDa and 194 kDa (except for the dimer 121 kDa). The optimal pH
and temperature for the activity of this enzyme are between 7.0 and 9.0, as well as
between 60°C and 90°C, respectively. The crystal structure of L-RI indicates a
tight tetramer of four (B/a)s-barrels, which is most similar to xylose isomerase.
The crystal structure also confirmed the presence of two metal ion-binding sites:
a structural metal ion-binding site for substrate binding, and a catalytic metal ion-
binding site used for catalyzing the isomerization by a metal-mediated hydride-
shift mechanism for substrates in a linear form, like D-xylose isomerase [232, 237,
243, 244]. In general, the metal ion required for the mechanism is Mn2* or Co** as
a divalent metal cofactor for activation, although Zn** also appears to bind at the
structural binding site [234, 236, 243-246]. The structural analysis of the metal
ion-bound catalytic site revealed Asp237 to be responsible for the ring opening of
furanose, while a catalytic water molecule acting as an acid/base catalyst in the
isomerization reaction is likely to be involved in the pyranose-ring opening.
Furthermore, a newly found substrate subbinding site in the vicinity of the cata-
lytic site may recognize different anomers of substrates [245, 246].

L-RI shows very broad substrate specificity toward a variety of aldoses and
ketoses and thus displays a great potential in biological production of many
expensive rare sugars. According to the definition by the International Society of
Rare Sugars, rare sugars are monosaccharides, and their derivatives exist in nature
in very limited quantities [226, 247, 248]. L-Rhamnulose is a precursor of the
strawberry aroma furaneol and has been used in the flavor industry. Free L-RI
from B. pallidus Y25 produces L-rhamnulose from L-rhamnose with a turnover
ratio of 45% [226, 233]. L-Rhamnulose was also continuously produced by immo-
bilized L-RI from D. turgidum DSMZ 6724 in a packed bed bioreactor with a con-
version yield 43% [240]. L-Rhamnulose was prepared from L-rhamnose by a
convenient, efficient, and cost-effective one-pot two-enzyme two-step strategy
using L-RI and L-rhamnulose kinase. In the first reaction step, L-rhamnose was
isomerized and phosphorylated to form L-rhamnulose 1-phosphate in the pres-
ence of ATP to increase the conversion ratio. In the second step, sugar phosphates
were purified by silver nitrate precipitation, followed by the hydrolysis of the
phosphate group of L-rhamnulose 1-phosphate to produce L-rhamnulose. The
purity of L-thamnulose produced exceeds 99% and the conversion yield is more
than 80% [249]. In order to improve the thermostability of L-RI, a thermostable
recombinant L-RI from the hyperthermophile Caldicellulosiruptor obsidiansis
OB47 was used for catalyzing the isomerization of L-rhamnose to produce
L-thamnulose. The activity of the recombinant L-RI was maximum at pH 8.0 and
85°C in the presence of Co** and the conversion ratio was 44% [250]. In addition
to L-rhamnulose, L-RI is also able to catalyze the isomerization reaction of other
aldoses or ketoses, including the isomerization of D-allose/D-allulose, D-gulose/D-
sorbose, L-mannose/L-fructose, L-talose/L-tagatose, L-galactose/L-tagatose, and
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L-lyxose/L-xylulose. Recently, rare sugars have been proven to be of paramount
significance in the food industry, nutraceuticals, pharmaceuticals, and other
applications.

The rare sugar D-allose, an aldohexose, has beneficial pharmaceutical activities
including anticancer, antitumor, anti-inflammatory, antioxidative, antihyperten-
sive, cryoprotective, and immunosuppressant activities. In addition, D-allose is a
noncaloric sugar with no toxicity, thus it has potential as a functional ingredient
in formulated food. D-Allose exists in several cyclic forms, consisting of $-D-
allo-1,5-pyranose (77.5%), o-D-allo-1,5-pyranose (14%), p-D-allo-1,4-furanose
(5%), and a-D-allo-1,4-furanose (3.5%). They are white odorless crystalline solid
and are soluble in water and insoluble in alcohol [251]. The first report about the
production of D-allose was from D-psicose using immobilized L-RI on Chitopearl
beads of BCW 2603 from P. stutzeri LL172. The conversion yield of the batch reac-
tion after a 20-day reaction period was 40%. However, the reaction substrate
D-psicose was in turn obtained from D-fructose using immobilized D-tagatose
3-epimerase (D-TE) (Scheme 6.28) [252]. Applying the same strategy, 25% of
D-psicose was isomerized to D-allose with 8% by-product D-altrose by crude
recombinant L-RI crosse-linked with glutaraldehyde within 30 days. The D-allose
in the product mixture containing unreacted substrate D-psicose was easily sepa-
rated and crystallized by ethanol. The operative half-life of the cross-linked
enzyme was 2 months after repeated usage [253]. Next, large-scale production of
D-allose from D-psicose using recombinant L-RI partially purified from E. coli and
immobilized on BCW-2510 Chitopearl beards was performed by a continuous bio-
reactor. When 50% w/w D-psicose was employed in the column, approximately
30% D-psicose was isomerized to D-allose in a period of 17 days [254]. In addition,
L-RIs obtained from other microorganisms, such as B. pallidus Y25, T. saccharo-
lyticum NTOU1, C. saccharolyticus ATCC 43494, and B. subtilis str. 168, were also
applied for the enzymatic production of D-allose from D-psicose without any by-
product, and the maximal conversion yield was 35, 34, 33, and 37.5%,

CI:HZOH (|3H20H (IDHO
(IJZO CI::O H—CI:—OH
HO—(IJ—H D-TE H—(II—OH L-RI H—(II—OH
H—CI>—OH H—(IJ—OH H—(IJ—OH
H—(IJ—OH H—CII—OH H—CII—OH
CH,OH CH,OH CH,OH

p-Fructose p-Psicose p-Allose

Scheme 6.28 Production of p-allose from p-fructose via p-psicose by using p-tagatose
3-epimerase and L-rhamnose isomerase in sequential.
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respectively [233, 234, 236, 242, 255]. As a matter of fact, D-allose can be synthe-
sized from D-glucose via a three-step enzyme reaction, that is, the applying of
D-xylose isomerase for converting D-glucose to D-fructose as the first step in the
two-step enzymatic process shown in Scheme 6.28 [251].

The isomerization of D-allulose (D-psicose) for the production of D-allose using
a thermostable recombinant L-RI from Thermobacillus composti KWC4 as the bio-
catalyst was activated in the presence of Mn?** at optimal pH 7.5 and temperature
65°C, and D-allose was the sole product obtained from D-allulose [256]. A recom-
binant L-RI from the thermophilic bacterium Clostridium stercorarium was also
reported to have a high isomerization activity in the presence of Mn* to convert
D-allulose to D-allose without any by-product. A conversion yield of 33% was
achieved under the optimized conditions of pH 7 and 70°C [257]. The thermosta-
bility and catalytic activity of wild-type L-RI from C. obsidiansis OB47 on D-allu-
lose were improved by rationally designed site-directed mutagenesis in order to
meet the requirements of industrial production of D-allose. Compared with that
of the wild-type enzyme, the relative activities of two mutants toward D-allulose
were increased by 105.6 and 134.1%, respectively, and the thermostability of
another mutant was also enhanced by raising the half-life to 7.7 and 1.1 h at 70
and 80°C, respectively [258].

Gulose is an aldohexose sugar. It is very rare in nature, but has been found in
archaea, bacteria, and eukaryotes. It also exists as a syrup with a sweet taste. It is
soluble in water and slightly soluble in methanol. Studies revealed that it can be
used as a drug-formulation agent and food additive. Owing to its scarcity in
nature, it is very expensive, therefore, it must be obtained by synthesis. A simple
enzymatic production of D-gulose from D-sorbose has been developed using
immobilized L-RI. L-Rhamnose isomerase from P. stutzeri was immobilized on
BCW 2603 Chitopearl beads. At equilibrium, the production yield of D-gulose was
10% [259].

L-Lyxose is generally the second favored aldose substrate of L-RI, because of its
high structural similarity with L-rhamnose [226]. The thermostable L-RI from
T. maritima shows much higher specific activity toward L-lyxose than L-rham-
nose. Under the optimum conditions of pH 8.0 and 85°, and in the presence of
Mn**, 500 g L™ L-xylulose was converted to 225 g L™ L-lyxose without any by-
product in 3 h using 100 U enzyme mL™" [235]. When 100 g L™" of L-xylulose was
utilized for the isomerization by the recombinant L-RI from B. subtilis under opti-
mal conditions (pH 8.0 and 60°C), 40 g L™" of L-lyxose was solely produced in
60 min [241]. L-Lyxose could be prepared from ribitol by a method comprising
sequential reactions with microbial cells and immobilized enzymes. In the first
reaction step, the complete transformation of ribitol to L-ribulose was attained by
using washed cells of Acetobacter aceti IFO 3281. Then, the L-ribulose produced
was employed as the substrate for the subsequent production of L-xylulose by the
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Scheme 6.29 Production of L-lyxose from ribitol using sequential microbial and
enzymatic reactions.

immobilized D-tagatose 3-epimerase (D-TE) of recombinant E. coli JM 105, and
followed by the conversion of L-xylulose to L-xylose using immobilized L-RI of
Pseudomonas sp. strain LL172 in a one-pot reaction strategy (Scheme 6.29). The
conversion yield of L-xylose from L-ribulose was about 60% and overall about 5.0
g L-xylose can be recovered from 10.0 g ribitol in a flask reaction [260]. Xylitol can
also be used as a raw material for the production of L-lyxose and L-xylose by a one-
pot coupled microbial-immobilized enzymatic reaction strategy, that is, xylitol
was first converted to L-xylulose using NAD-dependent xylitol dehydrogenase in
Alcaligenes 701B strain with a yield of 34%, then the produced L-xylulose was con-
verted to L-xylose and L-lyxose using immobilized L-RI. The final equilibrium
mass ratio between L-xylulose, L-xylose, and L-lyxose was 53:26:21 [261].

The first report of the enzymatic production of L-mannose from L-fructose was
through an immobilized L-RI from P. stutzeri. The immobilized enzyme has a
broad pH range (pH 5-11) for optimal activity that gave a production yield 30% at
the optimal temperature 60°C [262]. Later, a recombinant L-RI from a facultative
thermophilic bacterium B. pallidus Y25 was used for catalyzing L-fructose to
L-mannose. The conversion yield was 25% when the enzyme was at its maximum
activity (pH 7.0 and 65°C) [233]. In addition, free L-RIs either in recombinant
form or native form from B. subtilis or T. maritima, respectively, were also found
to be employed to perform the production of L-mannose from L-fructose. For
recombinant L-RI from B. subtilis, 25 g L™ L-mannose was produced from 100 g L™
L-fructose for 80 min under the optimum conditions of pH 8.0 and 60°C [241]. For
purified L-RI from T. maritima, 500 g L™" L-fructose was converted to 175 g L™
L-mannose under the optimum conditions of pH 8.0 and 85°C, and in the pres-
ence of Mn** [235].

The rare sugar L-talose was first enzymatically prepared from L-tagatose using
immobilized L-RI of Pseudomonas sp. strain LL172 to afford a production yield of
12% [259]. Recombinant L-RI from M. loti was immobilized and applied to the
production of L-talose from L-tagatose. At equilibrium, the L-tagatose to L-talose
conversion ratio was 90:10 [239]. Both immobilized L-RIs from Pseudomonas sp.
LL172 and M. loti gave no by-product, while recombinant L-RI from P. stutzeri



http://chemistry-chemists.com

6.3 Intramolecular Oxidoreductases

produced L-galactose as a by-product when it was applied to L-talose production
from L-tagatose [263].

When L-RI of P. stutzeri immobilized on BCW 2510 was utilized for the conver-
sion of L-tagatose to L-galactose, L-talose was formed as a by-product. At equilib-
rium, the conversion ratio of L-tagatose/L-galactose/L-talose was 60:30:10. A
novel two-step enzymaticroute usingimmobilized D-TE from Pseudomonas cichorii
mutant and recombinant L-RI of P. stutzeri for preparing L-galactose from L-sor-
bose was developed. At equilibrium, an overall yield of 7.5% for L-galactose pro-
duction was obtained with some isomerization by-product L-talose [226, 264].

Deoxy sugars are monosaccharide derivatives in which one or more of the
hydroxyl groups of the common monosaccharide has been replaced by a hydrogen
atom. They are important carbohydrates that play roles as potentially active com-
ponents of natural products. 6-Deoxy sugars are building blocks of a variety of
natural products, including antifungals, antibiotics, and anticancer agents.
6-Deoxy-L-psicose is a 6-deoxy rare sugar that is used for the preparation of
6-deoxy-L-glucose, 6-deoxy-L-altrose, and 6-deoxy-L-allose. The enzymatic pro-
duction of 6-deoxy-L-psicose was performed by incubating L-rhamnose (6-deoxy-
L-mannose) with recombinant L-RI and recombinant D-TE. The final equilibrium
mixture containing L-rhamnose, L-thamnulose, and 6-deoxy-L-psicose in a ratio
of 55:35:15 was obtained. After purification, the conversion yield of 6-deoxy-
psicose with respect to L-rhamnose was only 8.7%. Therefore, a more efficient and
convenient two-step strategy of “isomerization — epimerization — phosphoryla-
tion — dephosphorylation” cascade reaction was developed to prepare 6-deoxy-L-
psicose from L-rhamnose, thatis, L-thamnose was first isomerized to L-rhamnulose
catalyzed by L-RI, then L-rhamnulose was epimerized to 6-deoxy-L-psicose cata-
lyzed by D-TE, and finally 6-deoxy-L-psicose was selectively phosphorylated with
ATP at C-1 position to produce 6-deoxy-L-psicose 1-phosphate catalyzed by fruc-
tose kinase (FK). In the second reaction step, the purified 6-deoxy-L-psicose
1-phosphate was hydrolyzed to eliminate the phosphate group using acid phos-
phatase (AphA) to produce 6-deoxy-L-psicose in a high yield of 81% with respect
to L-rhamnose. (Scheme 6.30) [265, 266]. The rare deoxy sugar 6-deoxy-L-talose
can be directly produced from L-fucose (6-deoxy-L-galactose) via the intermediate
L-fuculose by a novel coupling reaction of immobilized D-arabinose isomerase
(D-AI) and immobilized L-RI. In this one-pot synthesis, the equilibrium ratio of
L-fucose, L-fuculose, and 6-deoxy-L-talose was 80:9:11 that corresponds to a pro-
duction yield of 7.1% with respect to L-fucose [267].

6.3.1.3 L-Fucose Isomerase

The L-fucose isomerase (L-FI, EC 5.3.1.25) is an enzyme that catalyzes the aldose
L-fucose into the corresponding ketose L-fuculose using Mn®* as a cofactor
(Scheme 6.31). In addition, this enzyme can also act on D-arabinose (L-fucose
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Scheme 6.30 Two-step enzymatic synthesis of 6-deoxy-L-psicose from L-rhamnose.

OH OH OH OH

07 ™Y CHjg HO CHj
OH OH O OH

L-Fucose L-Fuculose

Scheme 6.31 The isomerization reaction of L-fucose catalyzed by L-fucose isomerase.
Source: Modified from Wong et al. [277].

without the 6-methyl group) to convert it into D-ribulose, thus is known as D-ara-
binose isomerase (L-Al, EC 5.3.1.3) as well in literature [268-272]. The enzyme
existed as a hexamer, which isolated from E. coli forms the largest structurally
known ketol isomerase of 65 kDa per subunit and shows neither sequence nor
structural similarity with other ketol isomerases. The structure was solved with an
L-fucitol molecule bound to the catalytic center to mimic a bound L-fucose mole-
cule in its open-chain form. The protein environment strongly suggests an enol-
diol type reaction mechanism [273, 274]. However, the native L-FI purified from
C. saccharolyticus is a trimer with the molecular mass 204 kDa [275].

L-Fucose isomerase shows a broad spectrum of substrate specificity. However,
the isomerization activity of the enzyme with aldose substrates displays activity in
a decreasing order for L-fucose, D-arabinose, D-altrose, and L-galactose, which are
converted to the ketoses L-fuculose, D-ribulose, D-psicose, and L-tagatose, respec-
tively [274, 275]. L-Rhamnulose and L-fuculose are two crucial rare deoxy ketoses
that play important roles in sugar metabolism. In bacteria, L-fucose must be
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Scheme 6.32 Two-step enzymatic synthesis of L-fuculose from L-fucose.

converted to their ketose 1-phosphate forms, which are later split into dihydroxy
acetone phosphate and L-lactaldehyde by L-fuculose 1-phosphate aldolase (FucA)
to facilitate further metabolic function, therefore FucA is a powerful biocatalyst
and has been widely used in synthetic chemistry to prepare rare ketoses or their
derivatives. In addition, L-fuculose can also be directly isomerized or epimerized
into other rare sugars [249]. Based on the metabolism of L-fucose in bacteria, an
efficient preparation of L-fuculose from L-fucose was developed by a two-step
enzymatic synthesis strategy. The first reaction step of this strategy involves the
one-pot isomerization of L-fucose to L-fuculose and subsequently phosphoryla-
tion of L-fuculose to L-fuculose 1-phosphate in the presence of ATP as the phos-
phate donor by L-FI and L-rhamnulose kinase (L-RhaK), respectively. The
by-products (ATP and ADP) were selectively separated by the silver nitrate pre-
cipitation method. In the second reaction step, the phosphate group of L-fuculose
1-phosphate was removed by hydrolysis using acid phosphatase (AphA)
(Scheme 6.32). The overall yield (gram scale) of L-fuculose obtained with regard
to L-fucose was 84% and a purity exceeding 99% [249].

The coupled enzyme cascade reaction strategy involving L-FI was exploited for
the synthesis of unnatural low-calorie sweeteners L-glucose and L-fructose. The
reaction was carried out in a step-by-step synthesis manner (Scheme 6.33) using
rhamnulose-1-phosphate aldolase (RhuA) first to perform the stereospecific aldol
condensation of dihydroxyacetone phosphate (DHAP) and L-glyceraldehyde
to yield L-fructose 1-phosphate. After isolation, the barium salt of L-fructose
1-phosphate was converted to sodium salt followed by neutralization with
NaOH. Then L-fructose 1-phosphate was subsequently hydrolyzed by acid phos-
phatase to remove the phosphate group and produce L-fructose as a single prod-
uct. Finally, L-fructose was isomerized to L-glucose with L-FI to give a 40:60
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Scheme 6.33 A step-by-step coupled enzymatic synthesis of L-glucose and L-fructose.

(L-glucose:L-fructose) mixture, which was further chromatographed to yield pure
products. This method uses relatively inexpensive cell-free extracts prepared from
commercially available recombinant E. coli strains and shows the advantages of
shorter synthesis step and higher yields [276]. This strategy was further applied
for the synthesis of L-fucose and analogs.

For the preparation of L-fucose, the starting materials used were DHAP and
DL-lactaldehyde and the enzymes used in sequence were L-fuculose-1-phosphate
aldolase (L-FucA), AphA, and L-FI. Moreover, DL-lactaldehyde was prepared from
DL-lactaldehyde dimethyl acetal and used directly without further purification.
Both the stepwise and the one-pot sequential procedures were successfully used
for the synthesis of L-fucose with a yield of 38.6% and 55.2%, respectively. For the
preparation of L-fucose analogs, the combined enzymatic process was carried out
by either a stepwise approach or sequential approach (Scheme 6.34) [277]. The
same strategy using the same three enzymes, which L-FucA and L-FI were from

oH
Q )Oi/ LFucA _ AphA LFI R7297 on
= + o]
OaHPO\)J\/OH pNF |2 ioJH

OH

DHAP R = H, Et, ~CH,0H,
~Ch,Nj, -Ch,0OMe

OH HO OH
o B 0 L-FucA AphA L-FI O
R = a OH
“03HPO \)J\/OH * \:/\/ R OH
OH OH
DHAP R =Me 7-deoxy-p-glycero-L-galactoheptose

Scheme 6.34 Enzyme cascade reactions for the synthesis of L-fucose analogs.
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Scheme 6.35 Structures of L-fucose and L-fucose analogs modified at chain termini.
Source: Modified from Moustafa et al. [292].

recombinant E. coli, the L-fucose analogs modified at the nonpolar methyl termi-
nus of L-fucose (1a) were also reported.

Starting from the appropriate hydroxy aldehyde precursors and dihydroxyace-
tone phosphate, those fucose derivatives bearing extended linear (1b) and
branched (1c) saturated, or various unsaturated aliphatic chains (1d, 1e) and the
6,6,6-trifluoro derivative (1f) have been prepared by a sequential method
(Scheme 6.35). An overall yield of up to 30% has been acquired for these enanti-
omerically pure L-fucose analogs [278].

In addition to the isomerization activity of aldoses to ketoses catalyzed by L-FI,
the report has shown that L-xylulose can be used as a raw material for the produc-
tion of L-xylose with a recombinant E. coli L-FI as the catalyst. The enzyme had a
very alkaline pH (over 10.5) and the half-lives determined for the enzyme at 35°C
and 45°C were 6 h 50 min and 1 h 30 min, respectively. The equilibrium ratio
between L-xylulose and L-xylose was 15:85 at 35°C, which shows a favorable pro-
duction of L-xylose. The results also suggest that L-FI is a more suitable catalyst
for L-xylose production from L-xylulose than L-RI, since the by-product L-lyxose
was not detected in the reaction catalyzed by the former enzyme. Since xylitol
appears to inhibit L-xylulose isomerization only to some extent, the L-xylose pro-
duction from L-xylulose is economically feasible because L-xylulose production
from xylitol can be combined with the isomerization of L-xylulose to L-xylose [279].

6.4 Intramolecular Transferases

6.4.1 Phosphopentomutase

Phosphopentomutases (PPMs, EC 5.4.2.7) reversibly catalyze the interconversion
between a-D-ribose 5-phosphate (ribose 5-phosphate, R5P) and a-D-ribose 1-phos-
phate (ribose 1-phosphate, R1P) (Scheme 6.36), which bridges glucose metabolism
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Scheme 6.36 Phosphopentomutase catalyzed reversible transfer of a phosphate group
within a molecule.

and RNA biosynthesis [280]. PPM has been purified from both prokaryotes and
eukaryotes, while the sequence and structure of PPMs from the two sources are
unrelated [281-284]. The molecular identity of the mammalian PPM is still not
ascertained. Bacterial PPMs are alkaline phosphatase superfamily members, which
is a large and diverse family of dimetalloenzymes catalyzing phosphoryl or sulfo-
nyl transfer via a conserved reaction cycle [283, 285]. The catalytic cycle for the
interconversion of R5P and R1P proposed according to PPM from Bacillus cereus is
a six-step mechanism: in step 1, the enzyme is phosphorylated and active; in step 2,
the substrate, R5P encounters the active enzyme; in step 3, a phosphoryl group is
transferred from the enzyme to the 1-OH of R5P, resulting in a ribose 1,5-bisphos-
phate (R1,5bP) chemical intermediate and an unphosphorylated enzyme interme-
diate; in step 4, the R1,5bP is reoriented in the enzyme active site; in step 5, the
reoriented R1,5bP encounters the unphosphorylated enzyme; in step 6, a phos-
phoryl group is transferred from R1,5bP back to the enzyme, which results in the
R1P product and an active phosphorylated enzyme [286, 287]. Study results also
indicated that PPMs catalyze the reversible transfer of an intramolecular phos-
phate group between C1 and C5 carbon atoms of deoxyribose [288, 289].

The modified nucleosides are used as antiviral and antitumoral agents, thus
they have an important impact on human health. The chemical preparation of
nucleoside analogs often requires difficult and time-consuming multistep pro-
cesses, particularly, the challenge of stereoselective glycosylation. Therefore, an
alternative biotechnological preparation of nucleosides was employed instead of
the traditional chemical synthesis. In a chemoenzymatic strategy, ribose, arab-
inose, and deoxyribose 5-phosphates were first chemoenzymatically synthesized
from corresponding ribose, arabinose, and deoxyribose. These furanose 5-phos-
phates were used as starting materials to prepare natural and modified purine and
pyrimidine nucleosides by coupling PPM and purine nucleoside phosphorylases
(PNPs) overexpressed in E. coli [290]. Since out of the natural environment, PPM
is unstable and its ability is affected by parameters such as pH and temperature. In
order to stabilize PPM, PPM overexpressed in E. coli was irreversibly immobilized
on several supports. The results showed that PPM in 10% (v/v) glycerol solution
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Scheme 6.37 Biosynthesis of adenosine from ribose 5-phosphate by immobilized PPM
and stabilized PNP multienzymatic system. Source: Modified from Valino et al. [300].

covalently immobilized on glyoxyl-agarose (PPM-Gx) was most stable and activity
evaluated for adenosine biosynthesis using PPM-Gx and stabilized PNP (PNP-
CNBr) multienzymatic system from R5P gave a high yield (Scheme 6.37). The
immobilized PPM was further used for the biosynthesis of ribavirin, a guanosine
analog with a broad spectrum of antiviral activity, from R5P [291].

An in vitro non-natural enzymatic pathway to utilize the chemical energy stored in
xylooligosaccharides from biomass to split water to produce a nearly theoretical yield
of H, was proposed. This green hydrogen production pathway through water split-
ting at low temperatures was constructed on the basis of the novel enzymatic cascade
activities of PPM catalyzing the conversion of D-xylose 1-phosphate into D-xylose
5-phosphate and of ribose 5-phosphate isomerase (R5P isomerase) catalyzing the
conversions of D-xylose 5-phosphate and D-xylulose 5-phosphate (Scheme 6.38) [292].

2’-Deoxyribonucleoside is used as a building block of promising antisense drugs
for cancer therapy, a synthesis intermediate for antiviral agents such as azidothy-
midine, and also a precursor of an indispensable material 2’-deoxyribonucleoside
triphosphate for widespread PCR applications. Since PPM shows activity for the

H.__HOPO; H. 0 H__-OH
N PPM HO H isomerase HO H
H——OH H——OH H——OH
OH HOPO3 HOPO3
p-Xylose 1-phosphate p-Xylose 5-phosphate p-Xylulose 5-phosphate

Scheme 6.38 Isomerization of p-xylose 1-phosphate into p-xylulose 5-phosphate
catalyzed by enzymatic cascade reactions. Source: Based on Aberhart et al. [301];
Frey [302]; and Frey and Reed [303].
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reversible transfer of an intramolecular phosphate group between C1 and C5 car-
bon atoms of deoxyribose, PPM was exploited for the biochemical production of
2’-deoxyribonucleoside via 2-deoxyribose 5-phosphate (DR5P) synthesis from glu-
cose and acetaldehyde. In this multienzymatic cascade strategy, three enzymes
involved are deoxyriboaldolase (DERA), which catalyze the condensation of acet-
aldehyde and glyceraldehyde 3-phosphate (G3P) to DR5P, PPM, which catalyzes
intermolecular phosphate transfer from DR5P to 2-deoxyribose 1-phosphate
(DR1P), and nucleoside phosphorylase (NP), which catalyzes 2’-deoxyribonucleo-
side formation from a nucleobase and DR1P. The production of DR5P was through
the glycolysis of glucose using Klebsiella pneumoniae B-4-4 and DERA-
overexpressing E. coli cells in the presence of ATP. Under the optimum condi-
tions, a molar yield of 84% for DR5P was obtained in 2 h from acetaldehyde and
dihydroxyacetone phosphate (DHAP) [293, 294].

The microbial production of 2’-deoxyribonucleosides from glucose, acetalde-
hyde, and a nucleoside was in essence through the reverse reactions of 2’-deoxy-
ribonucleoside degradation and the glycolytic pathway. However, the glycolysis
of glucose performed by baker’s yeast (Saccharomyces cerevisiae) yields fructose
1,6-diphosphate (FDP) with ATP generated from AMP through alcoholic fer-
mentation of the yeast. FDP is further transformed to DR5P in the presence of
acetaldehyde by DERA-expressing E. coli cells via D-G3P. Subsequently, DR5P
and a nucleobase can be transformed into 2’-deoxyribonucleosides via DR1P
through the reverse degradation reactions of 2’-deoxyribonucleoside by E. coli
transformants expressing PPM and NP (Scheme 6.39). The molar yield of

CH,OH NH,
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HO OH N J
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2 Ho ] _©
J Ho o. OPO3 NP
PO Adenosine
oproz] O~ [ oPoz- NH, OH
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OH DR1P N SN deaminase
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/ \ pPM H N N
i NH
N o OH Adenine </ | )
CH,0H cHo bERA OPO3 N7
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2 3 2 3 CH3CHO OH
DHAP G3P DR5P 2'-Deoxyinosine
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Scheme 6.39 Enzymatic synthesis of 2-deoxyinosine from glucose, acetaldehyde, and
adenine through the glycolytic pathway and the reverse reaction of
2-deoxyribonucleoside degradation.
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2’-deoxyinosine produced from glucose, acetaldehyde, and adenine as to glucose
was 17.8% [295]. Based on the same method, a one-pot enzymatic synthesis of
2’-deoxyinosine from 100 mM glucose, 333 mM acetaldehyde, and 100 mM ade-
nine was performed and about 33 mM 2’-deoxyinosine was produced in 24 h.
The production of 2’-deoxyinosine from adenine was due to the adenosine
deaminase activity of E. coli transformants [296]. A novel PPM and a DERA
were found in hyperthermophilic archaeon, Thermococcus kodakarensis, which
clearly indicate the presence of a metabolic link between central carbon metab-
olism and pentose biosynthesis and catabolism in T. kodakarensis [297]. An
acetaldehyde-tolerant and phosphorylated compound-tolerant PPM was also
found in Bacillus sphaericus, which is an excellent catalyst for the production of
2’-deoxyribonucleoside in the presence of acetaldehyde and phosphorylated
compounds such as FDP and G3P derived from the glycolysis of glucose with
yeast cells [298].

One of the two approaches used for the synthesis of 2-chloro-9-(2-deoxy-2-
fluoro-B-D-arabinofuranosyl)adenine (clofarabine) starts with the cascade
one-potenzymatic transformation of 2-deoxy-2-fluoro-D-arabinose into 2-deoxy-
2-fluoro-a-D-arabinofuranose-1-phosphate, followed by its condensation with
2-chloroadenine thereby affording clofarabine in ca. 48% yield in 24 h. In this
approach, the sequential conversion of 2-deoxy-2-fluoro-D-arabinose into
2-deoxy-2-fluoro-a-D-arabinofuranose-1-phosphate was carried out by the fol-
lowing recombinant E. coli enzymes in sequence: ribokinase, PPM (no
1,6-diphosphates of D-hexoses as cofactor required), and PNP. The substrate
activities of D-arabinose, D-ribose, and D-xylose in the similar cascade synthe-
ses of the relevant 2-chloroadenine nucleosides were compared with the
activities of 2-deoxy-2-fluoro-D-arabinose. The results indicated that D-ribose
showed the best substrate activity (90% yield of 2-chloroadenosine in
30 min) [299].

Purine nucleoside analogs such as abacavir, fludarabine, and amdoxovir as
well as pyrimidine ones such as stavudine, zidovudine, and lamivudine are
widely used in clinical treatments for HIV. Since the preparation of nucleoside
5’-diphosphate by classical methodologies is complex, one-pot multistep enzy-
matic synthesis of pyrimidine nucleosides diphosphates from readily available
reagents such as glucose was developed. For thymidine 5’-diphosphate synthe-
sis, two consecutive one-pot multistep enzymatic processes were employed. In
the first step, 2’-deoxyribose 5-phosphate (DR5P) was obtained from glucose by
Erwinia carotovora whole cells containing DR5P aldolase (DERA) as a catalyst
for the aldol addition between acetaldehyde and D-glyceraldehyde 3-phosphate
(G3P), which s in situ generated by the glycolytic pathway, followed by the action
of PPM and thymine phosphorylase (TP) affording thymidine in 85% conversion
yield relative to DR5P. In the next step, the thymidine was converted to
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Scheme 6.40 One-pot multistep enzymatic synthesis of thymidine 5-diphosphate from
glucose. Source: Baumann et al. [320].

thymidine 5’-diphosphate (TDP) via thymidine 5’-monophosphate (TMP) by the
combined action of nonspecific acid phosphatase (PP) in E. coli and thymidine
monophosphate kinase (TMPK) in S. cerevisiae (Scheme 6.40) [300].

6.4.2 Lysine 2,53-Aminomutase

Lysine 2,3-aminomutase (2,3-LAM, EC 5.4.3.2) catalyzes the reversible intercon-
version of L-lysine and L-B-lysine, a reaction that involves the intramolecular
migration of the a-amino group to the p-carbon with the concomitant transfer of
the p-hydrogen to the a-carbon (Scheme 6.41) [301-303]. The enzyme contains
PLP and [4Fe-4S] cluster and is activated by S-adenosylmethionine (SAM). This
enzyme in Clostridium subterminale SB4 and in other anaerobic bacteria was the

HO N 23 1AM !
+H3N/\/>2\ COO- *HN - coo-
HY “he HNY 4

Scheme 6.41 Lysine 2,3-aminomutase catalyzes the interconversion of L-lysine and
L-p-lysine. Source: Based on Frey et al.[303]; Wu et al. [324]; Morley and Stsdtman [325];
Morley and Stsdtman [326]; Morley and Stsdtman [327]; Morley and Stsdtman [328].
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first aminomutase discovered and purified during investigations of lysine metabo-
lism in Clostridia [304]. The enzyme purified from C. subterminale SB4 exhibits an
apparent subunit molecular weight of 48 kDa as detected by sodium dodecyl sul-
fate polyacrylamide gel electrophoresis (SDS-PAGE), and the native enzyme has
an apparent molecular weight of 285 kDa as detected by electrophoresis and gel
filtration chromatography that shows a hexameric structure [304-306]. The
enzyme contains cobalt as the major metal cofactor with small amounts of zinc
and copper [307]. The structure of 2,3-LAM was determined by X-ray crystallog-
raphy to 2.1-A resolution. The unit cell contains a dimer of hydrogen-bonded,
domain-swapped dimers, the subunits of which adopt a fold that contains all
three cofactors in a central channel defined by six /o structural units. Zinc coor-
dination links the domain-swapped dimers [308]. In biosynthesis, B-lysine is a
precursor for several antibiotics in Streptomyces, such as streptothricin F and vio-
mycin [303, 309].

The generalized nonpolar, free radical reaction mechanism for the interconver-
sion of L-lysine and L-B-lysine by 2,3-LAM from C. subterminale SB4 takes place
in five steps: (1) L-lysine is bound as the external PLP-aldimine by transaldimina-
tion with the internal Lys337-aldimine of PLP; (2) SAM is assumed to be cleaved
to generate the 5’-deoxyadenosyl radical in a reversible process, and the resultant
radical abstracts the 3-pro-R hydrogen from the lysyl side chain to generate the
substrate-related radical 1 and 5’-deoxyadenosine, which remains bound to the
enzyme; (3) radical 1 undergoes isomerization to the azacyclopropylcarbinyl radi-
cal 2 and then to the L-p-lysine-related radical 3; (4) hydrogen abstraction from
5’-deoxyadenosine generates the external PLP-aldimine of L-p-lysine and regener-
ates SAM; (5) transaldimination with Lys337 releases the product and regenerates
the internal Lys337-aldimine of PLP [303]. In addition, LAM was identified to be
encoded by the yodO gene of B. subtilis, which similarly employing the above-
described mechanism catalyzes the interconversion of L-lysine and L-f-lysine [310,
311]. There was also a report to show that, in the absence of chemical reductants,
2,3-LAM from Porphyromonas gingivalis can be activated using a reducing protein
such as flavodoxin-NADP™ reductase, flavodoxin, or ferredoxin [312].

The stereochemistry of the reversible interconversion of L-a-lysine and L-p-
lysine catalyzed by 2,3-LAM from C. subterminale SB4 has been elucidated and
the corresponding equilibrium constants as well as binding energy have been
studied in detail as well [301, 313-315]. While research evidence indicates that
2,3-LAM from E. coli catalyzes (S)-a-lysine (L-a-lysine) to the product (R)-f-lysine
(D-p-lysine), an opposite stereochemistry exhibited by 2,3-LAM from C. subtermi-
nale SB4. The radical in the reaction of E. coli 2,3-LAM has the (R)-configuration
at the active site that has been confirmed by electron paramagnetic resonance
(EPR) studies. Therefore, even though (S)-p-lysine is not a substrate of E. coli 2,3-
LAM, it undergoes hydrogen abstraction to form an (S)-p-lysine-related radical
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with the same stereochemistry of hydrogen transfer from C2 of (S)-p-lysine to the
5’-deoxyadenosyl radical as in the action of the Clostridium 2,3-LAM. The p-lysyl
radical formed possesses an (R)-configuration, which is different from that at the
active site of the Clostridium 2,3-LAM [316].

Streptothricin F is a representative of a large family of ubiquitous nitrogen-con-
taining antibiotics, which includes the p-lysine moiety in its chemical structure.
The incorporation of the p-lysine moiety into streptothricin F has been reported
by a chemoenzymatic synthetic method. In this method, DL-lysine was the source
of p-lysine, which was chemically synthesized from (bromopropyl)phthalimide
with 9% overall yield. Then, DL-lysine and pure helianthate salt were microbial
transformed to produce streptothricin F using Streptomyces L-1689-23 as the cata-
lyst. It was shown that only L-a-lysine was utilized for the formation of the p-lysine
moiety in streptothricin F [309, 317].

The tuberactinomycins are a family of nonribosomal peptide antituberculosis
drugs to treat the bacterium Mycobacterium tuberculosis. Tuberactinamine A,
tuberactinomycin A, and tuberactinomycin B (viomycin) are members of this
antibiotic family with structural difference shown in Scheme 6.42. The general
structural difference between tuberactinamine A and tuberactinomycins is the
p-lysine side chain present in tuberactinomycins but not in tuberactinamine A. It
has been proved that the p-lysine side chain is derived from L-lysine by the action
of 2,3-LAM. The fermentation of Streptomyces griseoverticillatus var. tuberacticus
NRRL 3482 was used to produce predominantly tuberactinomycin A with minor
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Scheme 6.42 Chemical structures of tuberactinamine A, tuberactinomycin A, and
tuberactinomycin B (viomycin). Source: Based on Kreimeyer et al. [329]; Berkovitch
et al. [333]; Sandal et al.[337].
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viomycin and other tuberactinomycins. In accordance, the inhibitor of 2,3-LAM,
(S)-2-aminoethyl-L-cysteine, was demonstrated for the efficient production of
tuberactinamine A during the fermentation of Streptomyces griseoverticillatus var.
tuberacticus NRRL 3482 [318]. Later, viomycin was also produced by the heterolo-
gous biosynthesis of Streptomyces lividans 1326 [319].

The strategy used by the majority of living cells is the accumulation of small,
soluble, organic molecules that are termed compatible solutes. The unique com-
patible solute N*-acetyl-p-lysine found in methanogenic archaea is produced at
high salinities to cope with the salt stress. The 2,3-LAM and p-lysine acetyltrans-
ferase genes, ablA and ablB, were identified and characterized from the
methanogenic archaea Methanosarcina mazei Go1, Methanosarcina acetivorans,
Methanosarcina barkeri, Methanococcus jannaschii, and Methanococcus mari-
paludis, which were proved to be essential for the biosynthesis of N-acetyl-p-
lysine via L-lysine (Scheme 6.43) [320]. Furthermore, a mutant of M. mazei G61
by deletion of the genes that encode the 2,3-LAM (ablA) and the p-lysine acetyl-
transferase (ablB) could still grow well at low to intermediate salinities and the
growth was only slowed down at high salt concentration but not impaired.
Analysis results revealed an increased glutamate pool in the mutant and a novel
solute, alanine, was produced, which indicating alanine is used as a compatible
solute by M. mazei G61 [321]. The production of the archaeal osmolyte N¢-acetyl-
B-lysine also can be performed by homologous overexpression of the yodP-kamA
genes, that encode a ablA-related 2,3-LAM and ablB-related putative acetyltrans-
ferase, in B. subtilis. The recombinant B. subtilis synthesized considerable amounts
(0.28 pmol mg™" protein) of Ne-acetyl-p-lysine [322]. The 2,3-LAM (ablA) genes
from the marine M. mazei N2M9705, halotolerant Methanocalculus chunghsin-
gensis K1F9705b, and halophilic Methanohalophilus portucalensis FDF1 were
cloned by PCR southern hybridization. AblAs from methanoarchaea are
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Scheme 6.43 Pathway of N°-acetyl-B-lysine synthesis in methanogenic archaea. Source:
Modified from Wu et al. [324].
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characterized and identified as 2,3-LAM, which were then applied for the synthe-
sis of p-lysine in vivo and in vitro [323].

6.4.3 Lysine 5,6-Aminomutase

A PLP and adenosylcobalamin (coenzyme B,,, AdoCbl)-dependent aminomutase
lysine 5,6-aminomutase (5,6-LAM, EC 5.4.3.3) was initially discovered in the
studies of lysine metabolism in anaerobic bacteria, such as C. sticklandii and
Porphyromonas gingivalis, that catalyzes the reversible interconversion of (S)-p-
lysine (L-p-lysine) and 3,5-diaminohexanoic acid as well as (R)-lysine (D-lysine)
and 2,5-diaminohexanoic acid (Scheme 6.44) [303, 324-328]. 5,6-LAM from
C. sticklandii, a gram-positive anaerobe, participates in the second step of the fer-
mentation pathway of lysine in which lysine is transformed to acetic acid, ammo-
nia, and butyric acid [329].

The purified native 5,6-LAM comprises two protein components, the core
enzyme E; is a 170 kDa heterotetramer composed of two a- (~52 kDa) and two -
(~32 kDa) subunits and formulated as («/f),, whereas the auxiliary activating pro-
tein E, has an approximate molecular mass of 80 kDa. The crystal structure of the
PLP and adenosylcobalamin bound 5,6-LAM complex studied by X-ray crystal-
lography shows that the a-subunit harbors a PLP-binding triosephosphate isomer-
ase-like (TIM) barrel with PLP embedded and liked to the B-subunit through the
aldimine bond to Lys144f and the p-subunit incorporates an AdoCbl-binding
Rossmann-like domain. The crystal structure shows adenosylcobalamin cleaved
to cobalamin and 5’-deoxyadenosine [303, 324, 328, 330-333]. The reaction mech-
anism of 5,6-LAM is similar to that of 2,3-LAM by substituting the adenosylco-
balamin cofactor for SAM as the source of the 5’-deoxyadenosyl radical and the
g-amino group of the substrate forming the external aldimine with PLP and
undergoing migration between C6 and C5 so that the substrate (S)-p-lysine is

NHg* 5,6-LAM NH3z" Nhg*
HaN A~ _CO0™ A _A_COO"
(3S)-p-Lysine (3S,5S)-Diaminohexanoate

NH5

NH,* 5,6-LAM \/\/L
- (elolen
*HsN /\/\/'\Coo— B

(2R)-Lysine (2R, 5S)-Diaminohexanoate

Scheme 6.44 Stereochemical reactions catalyzed by lysine 5,6-aminomutase. Source:
Based on Cooke and Bruner [345]; Lin et al.[346] and Huang et al. [347].
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Scheme 6.45 Reaction of racemic lysine catalyzed by lysine 2,3-aminomutase and/or
lysine 5,6-aminomutase. Source: Based on Rachid et al. [348]; Rachid et al. [349]; Krug
and Miller [350].

catalyzed to produce (3S,5S)-diaminohexanoate [333-336]. The reaction of 5,6-
LAM is believed to follow an intramolecular radical rearrangement mechanism
involving the formation of a cyclic azacyclopropylcarbinyl radical intermediate.
The arrangement of PLP and adenosylcobalamin binding sites in internal aldimine
is presented as a locking mechanism preventing adventitious cleavage of the
cobalt-carbon bone, with the potential complications of exposing the enzyme to
the destructive effects of radical side reactions in the absence of the
substrate [303].

As early as the 1950s, it has been demonstrated that L-a-lysine was catabolized
to acetate, butyrate, and ammonia by C. sticklandii and by two strains of E. coli.
The first two steps of the fermentation pathway are catalyzed by 2,3-LAM and 5,6-
LAM, respectively, which are responsible for the transformation of L-a-lysine to
the intermediate (3S, 55)-diaminohexanoate (Scheme 6.45). The in vitro combina-
tion of 2,3-LAM and 5,6-LAM also provides a method for the simultaneous pro-
duction of 2,5-diaminohexanoate and 3,5-diaminohexanote (Scheme 6.45) [329,
333, 337].

6.4.4 Tyrosine 2,3-Aminomutase

In enzymology, tyrosine 2,3-aminomutase (TAM, EC 5.4.3.6) is a 4-methylide-
neimidazole-5-one (MIO) cofactor dependent aminomutase that catalyzes the
amine shift isomerization of L-tyrosine to (S)-p-tyrosine (Scheme 6.46) [324]. This
enzyme is also called tyrosine a,p-amino mutase, which was first isolated from the
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Scheme 6.46 Tyrosine 2,3-aminomutase catalyzed isomerization of L-tyrosine to
(5)-p-tyrosine. Source: Spiteller et al. [354].

bacterial cells of Bacillus brevis Vm4 and characterized with a molecular mass of
75 kDa [338]. This enzyme is also found in the bacterium Streptomyces globispo-
rus, which was termed SgTAM and was used for the biosynthesis of C-1027, an
enediyne antitumor antibiotic of chromoprotein family [339, 340]. The X-ray crys-
tal structure of SgTAM was solved at 2 A resolution, which provides strong evi-
dence to an MIO-containing aminomutase with structural homology to ammonia
lyases. However, the crystal structure shows that SgTAM has a closed active site
well suited to retain ammonia and minimize the formation of lyase elimination
products [341]. The mechanism of this enzyme has been extensively studied that
employs the cofactor MIO in the active site as the potent electrophile formed by
the self-condensation of the tripeptide sequence Ala-Ser-Gly in the protein back-
bone. The a-amine of L-tyrosine adds into the electrophilic moiety of MIO via a
conjugate addition. Formation of this covalent adduct facilitates deprotonation of
the B-hydrogen and elimination of ammonia to produce p-hydroxycinnamate.
The enzyme-bound ammonia and p-hydroxycinnamate in the active site are then
allowed readdition at the B-position of the substrate. Ultimately, the product (S)-
pB-tyrosine is released to regenerate the prosthetic group MIO [342, 343].

The cultures of B. brevis Vm4 were used for the production of two peptide anti-
biotics, edeine A and edeine B, that contain a group of novel amino acids includ-
ing p-tyrosine. In the cultures, B-tyrosine is formed by the isomerization of
L-a-tyrosine catalyzed by TAM [338, 344]. The enediyne antitumor antibiotic
C-1027 is a natural secondary metabolite produced by S. globisporus. C1027 is
composed of an apoprotein (CagA) and a reactive enediyne chromophore, which
has four distinct chemical moieties, including a fascinating and unique p-amino
acid moiety, (S)-3-chloro-4,5-dihydroxy-p-phenylalanine. The biosynthesis of the
B-amino acid moiety starts from L-tyrosine requiring five enzymes in which the
tyrosine aminomutase SgTAM is the first enzyme employed for the formation of
(S)-B-tyrosine in the biosynthetic pathway. Then, a sixth enzyme catalyzes the
incorporation of this p-amino acid moiety into C-1027 (Scheme 6.47) [345-347].

The highly cytotoxic chondramides are mixed nonribosomal peptide/polyketide
secondary metabolites produced by the myxobacterium Chondromyces crocatus
Cm c5, which exhibit striking structural similarity to the antifungal marine depsi-
peptides jaspamides characterized by an unusual (R)-p-tyrosine moiety.
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Scheme 6.47 Biosynthetic pathway for the 3-amino acid moiety of the C-1027 enediyne
chromophore from L-tyrosine. Source: Based on Wu et al. [324]; Walker et al. [355]; Steele
et al. [356].

Chondramides belong to a family of molecules, which potently affect the function
of the actin cytoskeleton. (R)-p-tyrosine in chondramides was demonstrated to be
produced directly from L-tyrosine by the tyrosine aminomutase CmdF in C. croca-
tus (CcTAM) through heterologous gene expression and site-directed mutagene-
sis. The biosynthetic pathway of chondramides from L-tyrosine to (R)-f-tyrosine
and its incorporation into the natural product was also elucidated through
sequenced chondramides gene cluster identification and characterization for pol-
yketide synthases (PKSs) and nonribosomal polypeptide synthetases (NRPSs)
(Scheme 6.48) [348-350]. The cryptic stereochemistry of the CcTAM mechanism
was evaluated by deuterium-labeled isotopomers of a-tyrosine. The results
revealed that the a-amino group was transferred to Cp of the phenylpropanoid
skeleton with retention of configuration and the pro-(3S) proton exchanges with
protons from the bulk media during its migration to Ca during catalysis. The
migratory proton attached to Ca of the product also with retention of configura-
tion. The enantioselectivity of CcTAM yields 85% (R)-p-tyrosine yet also forms
15% (S)-B-tyrosine through inversion of configuration. Interestingly, the produc-
tion of (S)-p-tyrosine increased with solvent pH [351] In addition to bacteria, the

NRPS
CCTAM
OH —>
NH,

%@

L-Tyrosine (R)-p-Tyrosine |
Chondramides A-D Ro N
A: R; =0OMe, R, = H; B: Ry =OMe, R, =Cl
C:R;=Ry=H; D:R1=H,R,=Cl

Scheme 6.48 Biosynthetic pathway for the synthesis of chondramides from L-tyrosine
via (R)-p-tyrosine. Source: Cox et al. [373].
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Scheme 6.49 Biosynthesis of (R)-B-dopa in C. violaceous with L-tyrosine as precursor.
Source: Wu et al. [374].

MIO-dependent tyrosine aminomutase was also discovered from Japanese culti-
vated rice Oryza sativa (OsTAM). OsTAM converts L-tyrosine to a mixture of (R)-
and (S)-p-tyrosines with unique high enantioselectivity and retention of
configuration to 94% e.e. in (R)-p-tyrosine, which does not change with
pH [352, 353].

The new natural -amino acid (R)-3,4-dihydroxy-f-phenylalanine ((R)-$-dopa)
was found present in the mushroom Cortinarius violaceus as the iron(IIT)-catechol
complex to give the blue-purple color of their fruit bodies. The biosynthesis of (R)-
B-dopa in C. violaceus was proved to proceed through (R)-p-tyrosine using L-tyros-
ine as the substrate, which is catalyzed by the tyrosine 2,3-aminomutase (CVTAM)
and (R)-B-tyrosine was subsequently hydroxylated by a monooxygenase
(Scheme 6.49) [354]. This study also showed that rac-3-fluorotyrosine was able to
produce 5-fluoro-p-dopa with traces of 3-fluoro-f-tyrosine. The investigation of
the substrate specificity of CvTAM using both (S)-3-fluorotyrosine and racemic
mixture was performed with C. violaceus that revealed a strictly stereospecific to
give only (R)-enantiomer 3-fluoro-p-tyrosine for both experiments. Therefore,
CvTAM transforms exclusively (S)-3-fluorotyrosine. Likewise, the hydroxylation
of 3-fluoro-B-tyrosine is strictly stereospecific to (R)-5-fluoro-p-dopa [354].

6.4.5 Phenylalanine Aminomutase

6.4.5.1 L-p-Phenylalanine Forming

The phenylalanine aminomutase from Taxus chinensis (TcPAM, EC 5.4.3.10) cata-
lyzes the reversible isomerization of L-a-phenylalanine ((2S)-a-phenylalanine) to
L-p-phenylalanine ((3R)-p-phenylalanine), which is the first committed step in
the biosynthesis of the C-13 side chain of the widely used anticancer alkaloid
Taxol (paclitaxel) (Scheme 6.50) [324, 355, 356]. Taxus PAM also has low phenyla-
lanine ammonia lyase (PAL) activity to catalyze the o,f-elimination of ammonia
from the a-isomer to form trans-cinnamic acid. However, the first detection of this
kind of aminomutase was from the cell-free extracts of Taxus brevifolia tis-
sue [357]. As PAM cDNA from Taxus cuspidata was cloned and heterologously
expressed in E. coli, the enzyme was confirmed virtually identical to the recombi-
nant enzyme from T. chinensis involved in Taxol biosynthesis [355]. Purified PAM
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Scheme 6.50 Phenylalanine aminomutase from Taxus chinensis catalyzed L-a-
phenylalanine to (R)-p-phenylalanine. Source: Kajani et al. [375]. Licensed under
CCBY 3.0.

from T. chinensis cell cultures shows a Ky, of 1.1 mM, a Vipay of 110.1 pm min™

mg™! protein, a pH optimum of 7.5-8.0, and the PAM cDNA deduced molecular
mass of 75.3 kDa [356].

The first X-ray crystal structure of a PAM from Taxus canadensis (TcaPAM) was
determined at 2.4 A resolution. TcaPAM is a tetramer with protomers in the same
relative orientation as observed for the PAL and SgTAM, and each monomer has
a molecular mass of 76 kDa. The active site of the TcPAM contains the cofactor
4-methylidene-imidazole-5-one (MIO) prosthesis, observed in all catalysts of the
class I lyase-like family. The active site of the TcPAM structure also is complex
with (E)-cinnamate [358]. The later found crystal structure of PAM from T. chin-
ensis (TcPAM) also shows a tetramer structure with four monomers assembling
into a dimer of dimers. The TcPAM monomer has an elongated shape and con-
tains three domains, the tail domain, the body domain, and the head domain. The
head domain contains the MIO group and the lid loop, which covers the active
site [359]. The reaction mechanism studied by experimental and computational
methods revealed that the MIO-dependent Taxus sp. PAM catalyzes the isomeri-
zation of (S)-a-phenylalanine to (R)-p-phenylalanine through the exchange of the
amino group from C2 of the substrate to C3 of the product and the pro-C3S hydro-
gen of the substrate to C2 of the product via a trans-cinnamic acid intermediate as
well as an aminated-methylidene imidazolone (NH,-MIO) adduct with both
retention of configuration [358-366].

A range of arylalanine substrates with various substituents on the phenyl ring
can be catalyzed by Taxus sp. PAM to the corresponding (R)-p-arylalanines [367].
Para-fluoro-phenylalanine had the best activity whereas some substrates had very
poor activity. While the results indeed show that the native PAM is able to accept
some substrates with substituents on the aromatic ring, no clear trend in the cata-
lytic rate emerged in relating to electron-withdrawing or electron-donating sub-
stituents. Since trans-cinnamic acid (t-CA) is an intermediate in the mutase
catalyzed isomerization reaction, PAM was used for catalyzing the addition of
ammonia to substituted cinnamic acid to produce enantiopure a- and
B-phenylalanine. Due to the high stereoselectivity of PAM, only (R)-a-phenylalanine
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and (S)-B-phenylalanine are formed. As in the isomerization reaction, PAM also
accepts a variety of (E)-cinnamates with different substituents, such as alkyl,
alkoxy, halogen, nitro, on the phenyl ring [368, 369]. The regioselectivity of the
conversion indicated from the results demonstrates that substrates with electron-
donating groups on the phenyl ring are preferably converted to f-amino acids,
whereas cinnamic acids with electron-withdrawing groups on the phenyl ring pro-
duce mainly a-amino acids. Further studies have shown that the regioselectivity of
the MIO-dependent TcPAM can be tailored toward $-regioselectivity. An engineer-
ing redesigned TcPAM mutant allows the synthesis of almost pure (R)-f-
phenylalanine and its derivatives by one-step asymmetric amination of cinnamic
acid [370]. Similarly, two amino acid residues (Asn458 and Leul08) in active sites
of TcPAM were mutated to yield variant TcPAM-Asn458Phe/Leul08Glu, which
improves the f-selectivity of the hydroamination of -CA to p-phenylalanine
approximately 5.2-fold higher than the wild-type TcPAM and decreases the
a-selectivity to 68%. The percentage of p-phenylalanine in the product mixture
increased from 42 to 83% [371]. The mutant was also applied to synthesize substi-
tuted B-arylalanines with various substituent groups on the phenyl ring using sub-
stituent #-CA as a substrate. The regioselectivity was affected by the electronic
properties and position of the substituent groups, and the 4-methoxy and methyl
substituent t-CA were transferred into their corresponding f-arylalanines with
conversion rates larger than 90%. Furthermore, an MIO-dependent TcaPAM was
repurposed to irreversibly catalyze the conversion of ring-substituted trans-cinna-
mate epoxide racemates to their corresponding arylserines. This catalyst also con-
verted each cinnamate epoxide analog to its corresponding isoserine, which play a
key role in building the pharmacophore seen in anticancer and protease inhibitor
drugs [372].

A dynamic kinetic resolution process was developed by coupling TcaPAM with
a broad-spectrum alanine racemase from P. putida in order to achieve a yield
greater than 50% for the racemic o-arylalanines to the corresponding (R)-f-
arylalanines. The use of a range of different arylalanines as substrates was inves-
tigated as well. The inclusion of a biocatalytic racemization step alongside the
PAM-catalyzed reaction moderately increased the overall yield of the enantiomer-
ically pure p-arylalanines between 4 and 19% (depending on the arylalanine),
which corresponded to as much as a 63% increase compared to the turnover with
the aminomutase reaction alone (Scheme 6.51) [373].

A simple and efficient enzymatic tandem reaction was employed for preparing
a series of enantiomerically pure (S)-B-phenylalanine and its analogs from the
corresponding racemates. In this approach, an efficient kinetic resolution of (R)-
B-phenylalanine in the racemates is initially enantioselective isomerization to
(S)-a-phenylalanine by TcPAM. The latter is then deaminated in situ to the corre-
sponding cinnamic acids by phenylalanine ammonia lyase from Rhodosporidium
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Scheme 6.52 Kinetic resolution of racemic p-phenylalanine and its derivatives using
coupled PAM and PAL. Source: Csuka et al. [384].

toruloides (RtPAL) (Scheme 6.52) [374]. The use of the latter enzyme overcomes
the unfavorable equilibrium to convert a range of aromatic (S)-p-amino acids with
excellent enantioselectivity of 99% e.e. Small scale preparative reactions resulted
in ca. 50% yield for the aromatic (S)-B-amino acids.

A broad range of natural diterpenoids known as toxoids (taxanes) are produced
by Taxus species and approximately 350 of them have been identified. Among the
identified toxoids, taxol has been proven to be one of the most important anticancer
drugs with powerful effects against a range of cancers. In general, the molecular
structure of taxol consists of two components: the taxane ring moiety (10-deacetylb-
accatin IIT) derived from the terpenoid pathway and C-13 side chain derived from
the phenylpropanoid pathway (Scheme 6.53) [375]. There are about 20 distinct
enzymatic steps for the taxol biosynthesis, while the taxane ring moiety is much
more readily available, the low content of taxol should be related to the side chain
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Scheme 6.53 Conversion of a-phenylalanine to p-phenylalanine catalyzed by PAM and
its attachment to the C-13 side chain of Baccatin Il in the biosynthesis of Taxol. Source:
Based on Jin et al.[377]; Magarvey et al. [378]; Ratnayake et al. [385].

assembly. The first step in the side chain assembly of taxol involves the conversion
of a-phenylalanine to -phenylalanine catalyzed by PAM, which has been first dem-
onstrated in the cell-free extracts of T. brevifolia [357]. PAM gene from T. cuspidata
and T. chinensis has been cloned and functionally expressed in E. coli and the cor-
responding PAM hasbeen characterized and employed for the taxol’s f-phenylalanine
side chain biosynthesis [355, 356]. In addition, the PAM gene from Taxus baccata L.,
which contains higher content of baccatin III ring moiety of taxol, was cloned,
expressed, and used for the taxol side chain synthesis [375].

6.4.5.2 p-p-Phenylalanine Forming

The MIO-dependent phenylalanine aminomutase from the bacterium Pantoea agglo-
merans (PaPAM, EC 5.4.3.11) catalyzes the isomerization of L-phenylalanine ((2S)-a-
phenylalanine) and D-B-phenylalanine ((3S)-p-phenylalanine) (Scheme 6.54), which
is the enantiomer of the product made by the mechanistically similar aminomutase
TcPAM [376]. PaPAM activity was first reported and designated as AdmH in the anti-
biotic andrimid production by Pantoea agglomerans (formerly Erwinia herbicola)
using gene cluster cloned into E. coli, which functions the formation of -Phe [377].
The activity of aminomutase AdmH for its specific conversion from L-Phe to (S)-f-
Phe was further confirmed in the study concerned about the early stages of the
andrimid biosynthetic assembly line [378]. PaPAM is a member of the class I lyase
family that includes aminomutase PAMs and TAMs, as well as ammonia lyase PALs,
TALs, and HALSs.
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Scheme 6.54 Isomerization of L-phenylalanine to (S)-p-phenylalanine catalyzed
by PaPAM.

The X-ray crystal structure of PaPAM was determined at 1.7 A resolution with
cinnamate included in the crystallization buffer, which shows similar architec-
ture to the class of MIO-dependent aminomutases and ammonia lyases. PaPAM
is a tetramer with the configuration of dimer of dimers and each subunit contains
an active site. The inner-loop region is just above the active site and is packed
toward MIO. The PaPAM MIO is made autocatalytically from three amino-acid
residues Thr-Ser-Gly instead of from the common Ala-Ser-Gly [379]. The crystal
structure of PaPAM was solved as - and p-phenylpropanoid adducts, which pro-
vide that PaPAM reacts by an alkylamine elimination pathway (such as a
Hoffmann-type or E2 elimination process) as demonstrated previously for
SgTAM. The carbon skeleton of the (S)-phenylalanine substrate remains in one
rotameric conformation, while the exocyclic C-N bond of the amine-MIO adduct
rotates into position below the «- and f-carbon atoms to complete the isomeriza-
tion reaction and results in an inversion of configuration at each migration termi-
nus [379]. Later investigation of the reaction mechanism using MS and NMR for
recombinant PaPAM also shows that the isomerization reaction is performed
through the intramolecular exchange of NH, with pro-3R hydrogen of
a-phenylalanine with inversion of configuration. The PaPAM shuttles the a-NH,
of a-phenylalanine to f site to replace the pro-3R hydrogen and the pro-3R hydro-
gen is simultaneously shifted to « site to produce p-phenylalanine. In addition,
Phe455 in the active site is the key residue to control the exchange way by chang-
ing the binding orientation of the carboxyl group of the intermediate trans-cin-
namic acid to control the NH,-H pair exchange [380]. Moreover, factors that affect
MIO-dependent mutase and lyase activity were explored for enzyme AdmH. The
results reveal that the enzyme AdmH displays thermal bifunctionality, with
mutase activity predominant at lower temperature and lyase activity preferred at
a higher temperature, which is associated with the higher-energy barrier of the
movement of the active-site loops. In addition, the MIO-dependent p-lyase activ-
ity is consistent with the amino-MIO adduct mechanism as well [381].

Since PaPAM has a broad spectrum of substrate specificity, several commer-
cially available (S)-arylalanine substrates were selected to survey the substrate
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specificity of PaPAM for making non-natural f-amino acids. Compared to pheny-
lalanine, substrates containing substituents that were either electron-withdraw-
ing or -donating through resonance or inductive effects affected the k. of
PAM. Generally, the turnover and catalytic efficiency of PaPAM for the meta-iso-
mers were better than for the corresponding para- and ortho-isomers, with some
exceptions. PaPAM principally synthesizes the p-amino acids at >90% and the
cinnamate by-products at <10% for 11 of the 19 productive substrates. The yield
for those less productive substrates was 14-65% of the cinnamate analog. The
computational chemistry was also used to gain further insights on the substrate
selectivity of PaPAM that the steric barriers created by specific active-site residue
interactions with the substituted aryl portion of the substrate significantly influ-
ence the substrate selectivity [382]. Substrate specificity of PaPAM was further
surveyed with a wide range of racemic a- and f-arylalanines. Both a- and
B-arylalanines were accepted as substrates when the aryl moiety was relatively
small, like phenyl, 2-, 3-, 4-flurophenyl or thiophen-2-yl. While 2-substituted
a-arylalanines bearing bulky electron-withdrawing substituents did not react, the
corresponding substituted p-aryl analogs were converted rapidly. Conversion of
3- and 4-substituted a-arylalanines happened smoothly, while conversion of the
corresponding p-arylalanines was poor or nonexistent. In the range of pH 7-9,
there was no significant influence on the conversion of racemic a- and
B-(thiophene-2-yl)alanines, whereas increasing the concentration of ammonia
inhibited the isomerization progressively and decreased the amount of the by-
product ((E)-3-(thiophen-2-yl)acrylic acid). Except for (S)-2-nitro-a-phenylalanine
produced from its p-isomer with a 92% e.e., all of the tested substrates showed
high e.e. values of the products that indicated excellent enantioselectivity and ste-
reospecificity of the isomerization [383].

Pseudomonas fluorescens R124 strain isolated from a nutrient-limited ortho-
quartzite sandstone cave encodes three different MIO-dependent enzymes,
including a histidine ammonia-lyase (HAL), a tyrosine/phenylalanine/histidine
ammonia-lyase (XAL), and a phenylalanine aminomutase (PfPAM). Identification
and characterization of P/PAM show a 51% overall sequence identity to PeAPAM
and to the full identity of the conserved catalytically important motifs. Therefore,
PfPAM showed similar stereoselectivity to that of PaPAM and catalyzed the con-
version of either (S)-Phe or (R,S)-Phe to (S)-B-Phe in up to 99% e.e. When PfPAM
was used to catalyze the reverse reaction for (R,S)-p-Phe, (S)-Phe was formed with
11.8% conversion from the consumed (S)-p-Phe. In addition, the product mixture
of PfPAM-catalyzed biotransformation of (S)-Phe contained 55% (S)-B-Phe, 25%
(S)-Phe, and 20% (E)-cinnamic acid revealing that PfPAM also exhibits ammonia-
lyase activity. The kinetic study demonstrated that the rate of conversion from
(S)-Phe to (S)-p-Phe proceeded at a higher rate than that of the reverse reaction
(Scheme 6.55) [384].
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Scheme 6.55 Isomerization of L-phenylalanine catalyzed by PAM from P. fluorescens to
(5)-p-phenylalanine and (E)-cinnamic acid. Source: Christianson [388].
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Scheme 6.56 Whole-cell biocatalyst catalyzed substituted a-phenylalanines to their
corresponding (S)-p-aryl-B-amino acids.

Whole-cell E. coli was engineered to express PaPAM, which was employed for
the in vivo conversion of 18 variously substituted a-phenylalanines to their unnat-
ural (35)-B-aryl-p-amino acids at >99% e.e. (Scheme 6.56) [385]. The small-scale
fermentation conversion yields of the whole-cell biocatalyst biosynthesis of 18
B-arylalanines were ranged from 4% (p-nitro-p-phenylalanine) to 96% (m-bromo-
B-phenylalanine), corresponding to the production levels between 8.5 and 235 mg
L~ over 6 h, respectively. Notably, E. coli cells can be reused at least five reaction
cycles without noticeable loss of activity and cell viability.

A newly discovered PAM from Bacillus sp. strain LM 4-2 (PabH) was found with
(S)-selectivity for L-phenylalanine to produce (S)-p-phenylalanine, which could
be linked to the secondary metabolism of a pyloricidin-like secondary metabolite.
However, PabH was shown to display better p-lyase activity in many cases. Despite
the PabH, the kinetic resolution strategy by combining an (S)-selective amino-
mutase EncP from Streptomyces maritimus (SmPAM) and a strict a-lyase from
Anabaena variabilis (AvPAL) was applied to several racemic substituted
B-phenylalanines to acquire better conversion yield of enantiopure substituted
(R)-B-phenylalanine. The results showed that high conversion for five racemic
substrates with >98% (R) enantiomeric excess was obtained using a one-pot pre-
parative-scale reaction [386].

The antibiotic andrimid is a polyketide/non-ribosomal peptide that inhibits the
bacterial f-subunit of acetyl coenzymeA carboxylase (ACC). Since ACC converts
acetyl-CoA to malonyl-CoA, which is used for fatty acid biosynthesis, the
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Scheme 6.57 L-Phenylalanine to (S)-p-phenylalanine catalyzed by the enzyme AdmH
(PaPAM) involved in the biosynthetic pathway of andrimid by P. agglomerans. Source:
Modified from Su et al. [407].

inhibition of ACC prevents cell growth. The structure of andrimid contains three
amino acids, phenylalanine, valine, and glycine, while the phenylalanine moiety
is actually (S)-p- Phe. Andrimid biosynthesis is widely distributed in the bacterial
realm, while P. agglomerans readily produces andrimid by converting L-phenyla-
lanine to (S)-p-phenylalanine using the enzyme AdmH (PaPAM). (S)-B-
Phenylalanine, which in turn is activated by AdmJ and ATP to form
(S)-p-Phe-aminoacyl-AMP and followed by a sequence of steps to form andrimid
(Scheme 6.57) [377, 378].

Hitachimycin, also known as stubomycin, isolated from Streptomyces scabrispo-
rus is a macrolactam antibiotic showing antiprotozoal and antitumor activity, as
well as having potent antimicrobial activity against B. subtilis and Micrococcus
luteus. The main structural features of hitachimycin are the unique f-phenylalanine
starter unit of its polyketide skeleton and a bicyclic structure with an internal five-
membered carbocycle. The biosynthetic gene cluster for hitachimycin in
S. scabrisporus was identified by genome mining, including a putative phenylala-
nine-2,3-aminomutase (HitA), five polyketide synthases, four B-amino-acid-
carrying enzymes, and a characteristic amidohydrolase. Incorporation studies
illustrated that the p-Phe starter unit is derived from a-Phe, presumably by the
action of PAM. The enzymatic activity of HitA PAM was confirmed by HitA knock
mutant. The results suggest that the identified gene cluster is responsible for the
biosynthesis of hitachimycin (Scheme 6.58). A plausible biosynthetic pathway for
hitachimycin, containing a unique polyketide skeletal transformation mecha-
nism, was proposed [387].
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Scheme 6.58 PAM HitA catalyzed conversion of L-phenylalanine to (S)-B-phenylalanine
for hitachimycin biosynthesis. Source: Modified from Zhou et al. [416].

6.5 Intramolecular Lyases

6.5.1 ent-Copalyl Diphosphate Synthase

The enzyme, ent-copalyl diphosphate synthase (CPS, EC 5.5.1.13), is an enzyme
that catalyzes the cyclization of all trans geranylgeranyl diphosphate (GGPP) to
copalyl diphosphate (CDP), a labdane-related diterpenoid (Scheme 6.59) [388].
This reaction is the first step in the gibberellin (GA) biosynthetic pathway. The
systematic name of this enzyme class is ent-copalyl-diphosphate lyase (decycliz-
ing) and other names such as ent-kaurene synthase A and ent-kaurene synthetase
A are also common in use. ent-Copalyl diphosphate synthase belongs to class II

OPOPO*  (pg OPO4PO4*

H

W

trans-geranylgeranyl diphosphate ent-copalyl diphosphate

Scheme 6.59 Cyclization of all-trans geranylgeranyl diphosphate to ent-copalyl
diphosphate catalyzed by ent-copalyl diphosphate synthase.
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Scheme 6.60 Conversion from geranylgeranyl diphosphate to ent-kaurene catalyzed by
ent-copalyl diphosphate synthase and ent-kaurene synthase in sequence. Source:
Modified from Mafu et al. [420].

terpenoid cyclases and is found in plants, fungi, and bacteria to serve various
functions [388].

CPSs from fungi and mosses also have a distinct ent-kaurene synthase (KS)
activity associated with the same protein molecule, which catalyzes the next step
from ent-CDP to ent-kaurene in the gibberellin biosynthesis [389-394]. However,
two separated proteins, one for CPS and one for KS (EC 4.2.3.19), are found in
higher plants, even though they are probably associated as weakly bound dimers
or enzymes complexes [391, 395-397]. Therefore, the labdane diterpenoid ent-
CDP is an intermediate in the plant biosynthetic pathway leading to the formation
of ent-kaurene and ultimately to the gibberellin phytohormones (Scheme 6.60),
which are important for plant growth and development [388]. Initially, CPS was
designated as ent-kaurene synthetase A when first cloned from Arabidopsis thali-
ana [398]. Only one form of ent-copalyl diphosphate synthase was isolated from
eubacterial Streptomyces sp. strain KO-3938 to convert GGPP into ent-CDP [399].
The bifunctional enzymes from lower plants are larger (106-107 kDa) than the
monofunctional enzymes from higher plants (90-98 kDa).

The crystal structures of CPS complexed with substrate analog (S)-15-aza-14,15-
dihydrogeranylgeranyl thiolodiphosphate at 2.25 A resolution and product analog
13-aza-13,14-dihydrocopalyl diphosphate at 2.75 A resolution were obtained from
A. thaliana, which reveals three a-helical domains (a, B, and y) [388, 400]. The
catalytic general acid is the central aspartate in the characteristic sequence motif
DXDD [401]. The active site of a class II terpenoid cyclase is located at the inter-
face of the p and y domains in a protein with overall py or affy domain architec-
ture. A By enzyme is a monofunctional class II cyclase, whereas an afy enzyme
can be a monofunctional class II cyclase or a bifunctional class I-class II cyclase.
Class II diterpene cyclases initiate catalysis by protonation of the terminal = bond
of GGPP, likely in concert with C10-C15 bond formation and C6-C11 bond forma-
tion to yield a bicyclic tertiary carbocation intermediate. As with cyclization
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reaction catalyzed by class I terpenoid cyclases, the resulting carbocation interme-
diate can undergo further reactions, hydride transfers, methyl migrations, etc.
before termination of the reaction by proton elimination or addition of a solvent
molecule [402-404]. The first crystal structure of a bacterial class II diterpene
cyclase at 1.80 A reveals the fy domain architecture [405].

Gibberellins (GAs) are ent-kaurene-derived diterpenoid phytohormones pro-
duced by plants, fungi, and bacteria sharing a common tetracyclic 6-5-6-5 fused
hydrocarbon ring (gibberellane) skeletal structure, which form an important
group of plant hormones with various functions in different species and at differ-
ent stages of the plant’s lifetime. Disorders in GA biosynthesis commonly show
themselves as growth disorders, particularly as dwarfism, and some of those can
be traced to reduced ent-CPS activity [397, 406]. The roots and rhizomes of Salvia
miltiorrhiza Bunge are highly valued in traditional Chinese medicine because its
bioactive diterpenoid tanshinones have been reported to have many pharmaceuti-
cal activities. Previous studies also demonstrated four different diterpenoid bio-
synthetic pathways from the universal diterpenoid precursor GGPP in Salvia
miltiorrhiza. One study clarifies the functional characterization of CPS, KS, and
kaurene oxidase (KO) in the GA biosynthetic pathway that CPS catalyzes the
cyclization of GGPP to ent-CDP, which is converted to ent-kaurene by KS. Then,
KO catalyzes the three-step oxidation of ent-kaurene to ent-kaurenoic acid, which
finally leads to the production of GAs by a series of cytochrome P450s in fungi
and, additional 2-oxoglutarate dependent dioxygenases (20DDs) in plants
(Scheme 6.61) [407]. The results also reveal that the fused enzyme KS-CPS
increases ent-kaurene production by several fold compared with separate expres-
sion of CPS and KS in yeast strains. Tanshinones are abietane-type norditerpenoid

~H

ent-copalyl diphosphate

trans-geranylgeranyl diphosphate ent-kurene

HooG" \\\‘

ent-kurenoic acid \ Gibberellins

Scheme 6.61 Biosynthetic pathways in S. miltiorrhiza for gibberellins production. Source:
Based on Cunningham et al. [423]; Cunningham et al.[424]; Maresca et al. [427]; Jeong
et al.[428].
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quinone natural products. The initial results from a functional genomics-based
investigation of tanshinone biosynthesis, specifically the functional identification
of the relevant diterpene synthases from S. miltiorrhiza, show that the cyclohexa-
1,4-diene arrangement of the distal ring poises the resulting miltiradiene for the
ensuing aromatization and hydroxylation to ferruginol [408]. In bacterium
Bradyrhizobium japonicum, an operon encodes separate ent-CPS and ent-KS,
which together with a ferredoxin, a short-chain alcohol dehydrogenase, three
P450s, and a GGPP synthase are involved in GA synthesis [409]. Since ent-kau-
rene is also a dedicated precursor pool and is responsible for synthesizing natural
sweeteners such as steviol glycosides, two ent-kaurene genes encoding ent-CPS
and ent-KS from Stevia rebaudiana (a typical plant producing steviol glycosides)
were molecularly constructed and expressed in E. coli for ent-kaurene produc-
tion [410]. The results demonstrated that E. coli strain MG1655 coexpressed syn-
thetic CPS-KS module and geranylgeranyl diphosphate synthase (GGPPS) from
Rhodobacter sphaeroides gave an enhanced ent-kaurene production of approxi-
mately 41.1 mg L™". The ent-kaurene production was further increased up to
179.6 mg L™ by overexpression of the three key enzymes for isoprenoid precursor,
1-deoxyxylulose-5-phosphate synthase, farnesyl diphosphate synthase, and iso-
pentenyl diphosphate isomerase from E. coli to obtain the highest titer of ent-
kaurene (578 mg L") with a specific yield of ent-kaurene of 143.5 mg g~ dry cell
weight in 1 L bioreactor containing 20 g L™" glycerol.

A mixture of at least eight different glycosides derived from the tetracyclic dit-
erpene steviol is accumulated in S. rebaudiana Bertoni leaves, which taste
intensely sweet and have similar biosynthetic origins to those of gibberellic acid
(GiA). To date, 136 different gibberellic acids (GiAs) have been identified, but the
most biologically active ones are GiAl, GiA3, GiA4, and GiA7. For GiA produc-
tion, an efficient CRISPR/Cas9-based genome editing tool for the filamentous
fungus Fusarium fujikuroi was developed to engineer the metabolic pathways
responsible for the accumulation of a series GiAs in F. fujikuroi. The established
technology successfully changed its GiA product profile from GiA3 to tailor-made
GiA4 and GiA7 mixtures, which are more efficient for agricultural use, especially
for fruit growth, and the developed strains will greatly improve industrial GiA
production [411]. Since both the CPS and KS genes from S. rebaudiana have been
isolated and found that recombinant CPS and KS were catalytically active, steviol
biosynthesis uses the same mechanism as for GiA biosynthesis. While both CPS
and KS participate in the synthesis of steviol glycosides, a secondary metabolic
pathway from a highly regulated primary route previously committed to hormone
gibberellins biosynthesis [412].

Labdane-related diterpenoids (LRDs) comprise a large group of over 5000 known
natural products defined as minimally containing the fused bicyclic hydrocarbon
structure found in the labdane family of diterpenoids. Eight different
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hydrocarbon skeletal structures, with one as distinct double bond isomers, were
produced with three pGGxC constructs, proving the utility of our modular
approach for facile biosynthesis of labdane-related diterpenes (abieta-7,13-diene,
ent-kaur-16-ene, ent-pimara-8(14),15-diene, ent-isokaur-15-ene, ent-cassa-
12,15-diene, ent-sandaracopimaradiene, syn-pimara-7,15-diene, syn-stemar-13-
ene, and syn-stemod-13(17)-ene). These diterpenes are precursors to literally
thousands of known compounds that establish a foundation for the biosynthetic
production of elaborate LRD natural products [413]. The structural diversity of
LRDs critically depends on the hydrocarbon skeletal structures generated, in large
part, by class I diterpene synthases. In plant kingdom, the relevant class I diter-
pene synthases are clearly derived from the ent-KS and are often termed KS-like
(KSL). A further investigation of the alleles of a KSL from rice (Oryza sativa),
OsKSLS5, led to the discovery of a nearby residue that tunes product outcome.
Substitution for this newly identified residue is additionally shown to exert an
epistatic effect in KSs, altering product distribution only if combined with the
replacement of the key isoleucine. Interestingly, the pair of residues was found to
exert additive effects on the product outcome mediated by distantly related KSLs
from the eudicot castor bean. Therefore, the use of a rational combination of sub-
stitutions for this pair of residues to engineer significantly increase (dominant)
selectivity for novel 8a-hydroxy-ent-pimar-15-ene product outcome in the KS
from the dicot A. thaliana [414].

Engineering biosynthetic pathways in heterologous microbial host organisms
offer an elegant approach to pathway elucidation via the incorporation of putative
biosynthetic enzymes and characterization of resulting novel metabolites.
Therefore, the incorporation of either a heterologous mevalonate pathway (MEV)
or through the enhancement of the endogenous methylerythritol phosphate path-
way (MEP) with a facile modular metabolic engineering system was developed.
With MEP pathway enhancement, pyruvate supplement media and simultaneous
overexpression of three genes (idi, dxs, and dxr) resulted in the greatest increase in
diterpene yield, which indicates distributed metabolic control within this path-
way. Incorporation of a heterologous MEV pathway in bioreactor grown cultures
resulted in significantly higher yields than MEP pathway enhancement. Diterpene
production levels ranging from 10 to >100 mg L™ of E. coli culture have been
established with suitable growth conditions, which enables characterization of
enzymatic products and pathway elucidation. The results represent an up to
>1000-fold improvement in diterpene production from the facile modular plat-
form, with MEP pathway enhancement offering a cost-effective alternative with
reasonable yield [415]. Miltiradiene is the product of the stepwise conversion of
GGPP catalyzed by SmCPS and SmKSL from S. miltiorrhiza, which has been iden-
tified as the precursor to tanshinones. The modular pathway engineering (MOPE)
strategy was applied for rapid assembling synthetic miltiradiene pathways in the
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Scheme 6.62 Miltiradiene production from GGPP catalyzed by the fusion of SmCPS and
SmKSL as well as the fusion of BTS1 and ERG20. Source: Based on Howitt et al. [431];
Jensen et al. [432].

yeast S. cerevisiae. The active sites of SmCPS and SmKSL were engineered into
proximity for enhanced metabolic flux channeling to miltiradiene biosynthesis by
constructing protein fusions. The fusion of SmCPS and SmKSL, as well as the
fusion of BTS1 (GGPP synthase) and ERG20 (farnesyl diphosphate synthase), led
to significantly improved miltiradiene production and reduced by-product accu-
mulation (Scheme 6.62) [416]. As a result, the best pathway facilitated by the
MOPE strategy with the diploid strain YJ2X reached miltiradiene titer of 365 mg
L~ in a 15-L bioreactor.

A medicinal plant, Tripterygium wilfordii, exhibits impressive and effective anti-
inflammatory, immunosuppressive, and antitumor activities, and the main active
ingredients are diterpenoids and triterpenoids, such as triptolide and celastrol,
respectively. A suspension cell culture of T. wilfordii produced triptolide via the
relevant abietane olefin precursor miltiradiene in an inducible fashion
(Scheme 6.63). Eight putative (di)terpene synthases were then identified and
characterized for their potential involvement in triptolide biosynthesis using the
transcriptome data. This included not only biochemical studies, revealing the
expected presence of class II diterpene cyclases that produce the intermediate
CDP, along with the finding of an atypical class I (di)terpene synthase that acts on
CDP to produce the abietane olefin miltiradiene, but also their subcellular locali-
zation and genetic analysis. Particularly, RNA interference targeting either both
of the CDP synthases, TWTPS7v2 and TwTPS9v2, or the subsequently acting milti-
radiene synthase, TWTPS27v2, led to decreased production of triptolide [417].

Platensimycin (PTM) isolated from Streptomyces platensis MA7327 and pla-
tencin (PTN) isolated from S. platensis MA7339 in two different soil samples are
potent and selective inhibitors of bacterial and mammalian fatty acid synthases
and have emerged as promising drug leads for both antibacterial and antidiabetic
therapies. Comparative study of the PTM and PTN biosynthetic machineries in
S. platensis MA7327 and MA7339 revealed that the divergence of PTM and PTN
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Scheme 6.63 Triptolide production catalyzed by Tripterygium wilfordii. Source: Kriigel
et al. [440].

biosynthesis is controlled by dedicated ent-kaurene and ent-atiserene synthases,
thereby latter of which represents a new pathway for diterpenoid biosynthe-
sis [418]. The PTM and PTN biosynthetic machineries provide a rare glimpse at
how secondary metabolic pathway evolution increases natural product structural
diversity and support the wisdom of applying combinatorial biosynthesis meth-
ods for the generation of novel PTM and/or PTN analogs, thereby facilitating drug
development efforts based on these privileged natural product scaffolds.
Terpenoids are a major component of maize (Zea mays) chemical defenses that
mediate responses to herbivores, pathogens, and other environmental chal-
lenges. In one study, ent-CPS is produced by maize plants in response to the
attack by Fusarium fungi, which is used to form a precursor for producing defen-
sive phytoalexins in plant [419]. The biosynthesis and production of a class of
maize defense-related diterpenoids, named dolabralexins, involve the sequential
activity of two diterpene synthases, ent-CPS (ZmAN2) and KSL4 (ZmKSL4),
which lead to form the diterpene hydrocarbon dolabradiene. Furthermore, a
cytochrome P450 monooxygenase, ZmCYP71Z16, was characterized, which cat-
alyzes the oxygenation of dolabradiene to yield the epoxides 15,16-epoxydola-
brene (epoxydolabrene)and 3p-hydroxy-15,16-epoxydolabrene (epoxydolabranol)
(Scheme 6.64) [420]. In addition, much of the epoxydolabranol is further
converted into 3,15,16-trihydroxydolabrene (trihydroxydolabrene), which is the
predominant diterpenoid of the field-grown maize root tissues. Epoxydolabranol
significantly inhibited the growth of both fungal pathogens Fusarium
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Scheme 6.64 The biosynthesis of defense-related dolabralexins in maize. Source:
Modified from Dambek et al. [448].

verticillioides and Fusarium graminearum in vitro at 10 pg mL™", while trihy-
droxydolabrene-mediated inhibition was specific to F. verticillioides.

The Isodon plants (Lamiaceae) have been used in traditional Chinese medicine
to alleviate suffering from inflammations and cancers, which is attributed to the
pharmacologically active ent-kaurane diterpenoids such as eriocalyxin B and ori-
donin. The Isodon eriocalyx (Dunn) Kudo species native to southwest China can
accumulate a particularly high content of ent-kaurane diterpenoids (~1.5% w/w
of dried leaves). In addition to two ent-copalyl diphosphate synthases (IeCPS1 and
IeCPS2), another three other diterpene synthase genes (IeCPS3, IeKS1, and
IeKSL1) were mined from the transcriptome of I. eriocalyx plant. Their functional
characterization reveals that IeCPS3 is an ent-CDP synthase, and IeKS1 catalyzes
the production of ent-kaurene from ent-CDP and thus an ent-KS. In I eriocalyx,
ent-kaurene is further metabolized to form eriocalyxn B. When IeKSL1 was com-
bined with IeCPS2 or IeCPS3, no product was detected. Biochemical and genetic
evidence suggests that both JeCPS2 and IeKS1 possess dual roles in the biosynthe-
sis of gibberellins and Isodon ent-kaurene diterpenoids [421].

6.5.2 Lycopene p-Cyclase

Lycopene p-cyclases (B-LCY, EC 5.5.1.19, CrtL, Crt-b, CrtY) are a class of enzymes
that convert the acyclic carotenoid lycopene to the bicyclic molecule p-carotene by
catalyzing the formation of two beta-rings at each end of the linear carotene struc-
ture [422-428]. This enzyme requires NAD(P)H as the coenzyme for the catalytic
reaction [429]. This reaction takes place as a two-step reaction in which both sides
of the lycopene molecule are cyclized in sequence into f-carotene rings via the
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Scheme 6.65 Lycopene p-cyclase catalyzed conversion of lycopene to f-carotene.

monocyclic y-carotene as an intermediate (Scheme 6.65) [423, 424, 427, 428]. This
enzyme is widely distributed in nature including bacteria, fungi, algae, and plants.
B-LCY obtained from cyanobacterium Synechococcus sp. Strain PCC7942 has a
molecular mass of 46 125 with a polypeptide of 411 amino acid residues, while
B-LCY from marine bacterium Paracoccus haeundaensis expressed in E. coli exhib-
its a molecular mass of approximately 43 kDa characterized with 386 amino acid
residues [424, 428]. The mechanism of the cyclization reaction at each end of the
lycopene molecule to form the p-ring in p-carotene was elucidated by *H isotope
labeling [429, 430]. During the cyclization, a hydrogen atom from water is intro-
duced stereospecifically at C2 of the folded acyclic end group of the lycopene mol-
ecule, which is in a required shape by the cyclase enzyme, to initiate the reaction.
The electrophilic attack at C2 is accompanied with the concerted ring closure of
the C1-C6 bond to form the ring. This would give a transient C5 carbocation
which is presumably stabilized by the enzyme. Finally, H* at C6 is eliminated to
generate the p-ring end group.

Carotenoids are the second most abundant pigment in nature, which exist over
700 members in the carotenoid family to carry out important functions as antioxi-
dants, hormone precursors, colorants, and essential components of the photosyn-
thetic apparatus. Most carotenoid pigments are C40 polyenes and all are derived
from phytoene. The colors of carotenoids range from yellow, orange to red with
variations of brown and purple, for example: -carotene from carrots, lycopene
from tomatoes, and lutein from marigold flowers. For many years due to the
importance of carotenoids to plants and humans, the carotenoid biosynthetic
pathway in higher plants is well established and it takes place in plastids by
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Scheme 6.66 Carotenoid biosynthetic pathway in higher plants.

nuclear-encoded enzymes (Scheme 6.66) [431, 432]. Carotenoid biosynthesis
starts with the isoprenoid pathway (mevalonate-dependent or mevalonate-inde-
pendent) to generate the C5 isoprene unit, isopentenyl pyrophosphate (IPP). IPP
is condensed with its isomer dimethylallyl pyrophosphate (DMAPP) to C10 gera-
nyl pyrophosphate (GPP) and elongated to C15 farnesyl pyrophosphate (FPP).
FPP is further catalyzed by GGPP synthase (CrtE) to form GGPP [422]. Then, the
first committed step in the biosynthesis of carotenoids is the condensation of two
molecules of GGPP catalyzed by phytoene synthase (PSY, CrtB) to form the color-
less carotenoid 15-cis-phytoene (phytoene), which does not usually accumulate in
tissues. In plants, four desaturation reactions catalyzed by phytoene desaturase
synthase (PDS) and {-carotene desaturase (ZDS), respectively, then convert the
colorless phytoene into the red colored tetra-cis-lycopene via di-cis-{-carotene, by
introducing two symmetric double bonds. The tetra-cis-lycopene is further
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catalyzed by carotenoid isomerase (CRTISO) to form all-trans-lycopene (lyco-
pene), which is the preferred substrate for the cyclase. Cyclization of lycopene is a
branch point in the carotenoid biosynthesis pathway, the p,B-branch leads to
B-carotene and its derivatives, and the p,e-branch leads to a-carotene and its deriv-
atives [431]. The formation of p-carotene is catalyzed by p-LCY, while the forma-
tion of a-carotene requires B-LCY and lycopene e-cyclase (e-LCY, EC 5.5.1.18).
a-Carotene and p-carotene are further modified to produce xanthophyll’s,
which are enzymatically formed oxidation products [431]. In the ¢,-branch, the
biosynthesis of lutein from a-carotene requires the sequential action of two sepa-
rate carotenoid hydroxylases belonging to the cytochrome P450-type monooxyge-
nase family, p-ring hydroxylase (CYP450-BOH) and e-ring hydroxylase
(CYP450-c0OH). In the p,p-branch of the carotenoid pathway, hydroxylation of
p-carotene by p-carotene hydroxylase (-CH) in two steps produces -cryptoxanthin
and then zeaxanthin, a 3,3’-dihydroxy-a-carotene. Zeaxanthin also can be further
epoxidized by zeaxanthin epoxidase (ZEP) in a two-step reaction to produce vio-
laxanthin via antheraxanthin. Violaxanthin is converted to neoxanthin by neox-
anthin synthase (NSY), which is the last carotenoid of the B,p-branch of the
carotenoid pathway in higher plants. Both the 9-cis-neoxanthin and 9-cis-violax-
anthin can be cleaved by 9-cis-epoxycarotenoid dioxygenase (NCED). The cleaved
products (called apocarotenoids) can then be further modified to produce abscisic
acid (ABA). In addition to the transcriptional regulation, factors such as post-
translational regulation, chromoplast biogenesis, epigenetic mechanisms, and
enzymatic degradation of carotenoids to apocarotenoids by the carotenoid cleav-
age dioxygenases (CCDs) can have a profound role on the fruit carotenoid metab-
olism. In fact, some apocarotenoid compounds are recognized as important
signaling, aroma, flavor, and pigment components in fruits and berries.
B-Carotene is the main dietary precursor of vitamin A and therefore also
referred to as provitamin A. p-LCY genes from the eubacterium Erwinia herbi-
cola and the higher plant daffodil (Narcissus pseudonarcissus) were introduced
into the tomato plastid genome. While expression of the bacterial enzyme did not
strongly alter the carotenoid composition, expression of the plant enzyme effi-
ciently converted lycopene into -carotene. In green leaves of the transplastomic
tomato plants, more lycopene was channeled into the p-branch of carotenoid
biosynthesis, resulting in increased accumulation xanthophyll cycle pigments
and correspondingly reduced accumulation of the a-branch xanthophyll lutein.
In fruits, most of the lycopene was converted into f-carotene with provitamin A
levels reaching 1 mg per g dry weight [433]. A -LCY gene (TaLCYB) was cloned
from the hexaploid wheat cultivar Chinese Spring (Triticum aestivum L.), which
was expressed differently in different tissues of wheat. Although TaLCYB had a
higher expression level in the later stages of grain development, the f-carotene
content still showed a decreasing tendency. The expression of TaLCYB in leaves
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was dramatically induced by strong light and the p-carotene content variation
corresponded with changes in TaLCYB expression [434]. An engineered photo-
synthetic R. sphaeroides producing -carotene was constructed by optimizing the
promoter of the crtY, zwf knockout, and dxs integration to improve p-carotene.
The engineered RS-C3 has the highest p-carotene content of 14.93 mg g~ dry cell
weight (DCW) among all of the reported photosynthetic bacteria. Preliminary
studies of producing p-carotene under light conditions by the engineered bacte-
ria were also conducted to lead a p-carotene content reached 3.34 mg g™
DCW [435].

Bilberry was found to be a good source of carotenoids among fruits and ber-
ries. Eight carotenoid biosynthetic genes including PSY, PDS, ZDS, CRTISO, -
LCY, e-LCY, B-CH, and CYP450-BOH, as well as a carotenoid cleavage
dioxygenase CCD1 were isolated from bilberry (Vaccinium myrtillus L.) and
expressed in bilberry fruit at five different development stages and different
light quality conditions [436]. The most abundant carotenoids throughout the
berry development were lutein and f-carotene, as well as accompanied by lower
amount of 9Z-f-carotene, violaxanthin, neoxanthin, zeaxanthin, antheraxan-
thin, and p-cryptoxanthin with the expression of eight biosynthetic genes, which
indicates a metabolic flux toward B-branch of the carotenoid pathway. However,
the carotenoid levels decreased in both the p-branch and e,p-branch toward bil-
berry fruit ripening along with increased CCD1 expression, similarly to NCED1,
indicating enzymatic carotenoid cleavage and degradation. Intense white light
conditions increased the expression of the carotenoid biosynthetic genes but
also the expression of the cleavage genes CCD1 and NCED1, especially in unripe
fruits. Instead, mature bilberry fruits responded specifically to red/far-red light
wavelengths by inducing the expression of both the carotenoid biosynthetic
and the cleavage genes indicating tissue and developmental stage-specific regu-
lation of apocarotenoid formation by light quality. In another report, the effects
of UV-B radiation and CaCl, on the enhancement of carotenoid content in
germinated yellow corn (cultivar: Suyu 29) kernels were investigated [437].
The results showed that the contents of predominant carotenoids in germi-
nated corn kernels were significantly improved by 0.375 pW m™* UV-B radia-
tion, but their germination was inhibited. The contents of lutein, zeaxanthin,
and a-cryptoxanthin were further enhanced by addition of 5 mmol L™* CaCl,.
Meanwhile, CaCl, treatment could promote the germination of corn kernels
and alleviate the damage of UV-B radiation. UV-B radiation and CaCl, treat-
ments could effectively increase superoxide dismutase and peroxidase activities.
Furthermore, the essential genes involved in the carotenoid biosynthesis path-
way showed different patterns in UV-B radiation and CacCl, treatments, which
reveals that UV-B radiation can increase carotenoid content and antioxidant
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enzyme activity. Moreover, CaCl, can further improve carotenoid content and
reduce photooxidative damage caused by UV-B radiation.

Full-length cDNA encoding ZDS, ¢-LCY, p-CH, and ZEP, as well as partial-
length cDNA encoding CYP450-cOH were isolated in oriental melon Chamoe
(Cucumis melo L. var. makuwa), which were expressed in the peel, pulp, and
stalk of chamoe cultivars Ohbokggul and Gotgam. Most of the carotenoid bio-
synthetic genes were expressed at their highest levels in the stalk, whereas carot-
enoids were highly distributed in the peel. The expression levels of all carotenoid
biosynthetic genes in fruits of the native cultivar Gotgam chamoe were higher
than those in the cultivar Ohbokggul chamoe, consistent with the abundant
carotenoid accumulation in Gotgam chamoe fruits and trace carotenoid content
of Ohbokggul chamoe fruit. Lutein and p-carotene were the dominant carote-
noids in the peel of Gotgam chamoe with 278.05 pg g”' and 112.02 pg g~ dry
weight, respectively [438].

Canthaxanthin is directly and indirectly applied for food coloring. When com-
bined with p-carotene, it is also useful in cosmetology and pharmacology as a
dermal photoprotector. A carotenoid biosynthesis gene cluster containing five
genes identified as crtE, certY, crtl, crtB, and crtW involved in canthaxanthin pro-
duction was isolated from the photosynthetic Bradyrhizobium sp. strain ORS278.
The five genes in the cluster are organized in at least two operons. The functional
assignment of each open reading frame was confirmed by complementation stud-
ies. It is recognized that the four genes crtE, crtB, crtl, and crtY, encoding gera-
nylgeranyl diphosphate synthase, phytoene synthase, phytoene desaturase, and
lycopene f-cyclase, respectively, involve in the carotenoid biosynthesis for
f-carotene formation from farnesyl pyrophosphate (FPP), whereas the gene crtW
encoding p-carotene ketolase is responsible for the production of canthaxanthin
from B-carotene [439].

The aromatic carotene isorenieratene is a carotenoid light-harvesting pig-
ment. The biosynthesis of isorenieratene is restricted to green photosynthetic
bacteria and a few actinomycetes. Five genes out of seven of two adjacent oper-
ons in one cluster could be identified from S. griseus, which are sufficient for
the synthesis of isorenieratene. Stepwise deletions of these genes demonstrated
their coding for geranylgeranyl pyrophosphate synthase (crtE), phytoene desat-
urase (crtl), phytoene synthase (crtB), and lycopene f-cyclase (crtY). The novel
gene crtU was assigned to encode a unique desaturase responsible for the con-
version of B-carotene via p-isorenieratene to isorenieratene by a desaturation/
methyltransferation mechanism (Scheme 6.67) [440]. The sequence of crtU
comprises a motif typically found in methyltransferases. The two remaining
genes, crtT and crtV, of the cluster left the carotenoid biosynthetic pathway
unaffected.

299



http://chemistry-chemists.com

300 | 6 Organic Synthesis with Isomerases
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Scheme 6.67 Biosynthesis of isorenieratene form p-carotene via p-isorenieratene.

Zeaxanthin is a commercially important high-value carotenoid that is used in
nutraceuticals, cosmetics, food, and animal feed industries. A 14 kb genomic
DNA fragment of the Gram-negative bacterium Flavobacterium sp. strain
R1534 was cloned and a 5.1 kb piece containing the carotenoid biosynthesis genes
was sequenced. Functional assignment for the five genes (crtE, crtB, crtY, crtl, and
crtZ) of the carotenoid biosynthetic pathway necessary for the synthesis of zeax-
anthin was done in E. coli transformed with deletion mutants of the original plas-
mid carrying all five genes [441]. A model unicellular freshwater microalga
Chlamydomonas reinhardtii was employed to gain knowledge about the influence
of light on the carotenoid composition and the expression of the gene encoding
the main steps of the carotenoid biosynthetic pathway [442].

The results showed that there is an activation of the xanthophyll cycle not only
in response to high light but also in response to other stress conditions, such as
nitrogen starvation. Measurements of carotenoid content in the presence of inhib-
itors of protein and carotenoid synthesis suggest that only one of the two possible
routes for the synthesis of zeaxanthin upon transference to high light, either the
de novo synthesis of carotenoids or the interconversion between violaxanthin and
zeaxanthin, is dependent on protein synthesis. The high increase in the transcript
levels of the cytochrome-dependent carotene p- and e-hydroxylases in response to
high light suggests an important role of these enzymes in regulation of xantho-
phyll synthesis upon light stress. Because of the increasing demand for zeaxan-
thin, a molecularly engineered E. coli by optimizing the synthesis of zeaxanthin
from lycopene using fusion protein-mediated substrate channeling as well as by
the introduction of tunable intergenic regions was developed to serve alternative
sources other than the chemical synthesis or a natural product purified from
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microorganisms. The tunable intergenic regions approach was more efficient
compared with protein fusion for coordinating expression of f-LCY gene crtY and
B-CH gene crtZ. Gene crtZ from Pantoea ananatis is used to generate a recombi-
nant strain of E. coli BETA-1 to produce higher amounts of 11.95 + 0.21 mg g™*
DCW zeaxanthin [443].

A carotenoid biosynthesis gene cluster containing five carotenogenic genes des-
ignated as crtW (p-carotene ketolase), crtZ (B-CH), crtY (B-LCY), crtl (PDS), and
crtB (PSY), which is responsible for the production of astaxanthin, was isolated
from the marine bacterium Agrobacterium aurantiacum by using an E. coli host
that synthesizes p-carotene via the Erwinia uredovora crt genes. The functions of
the five crt genes of A. aurantiacum were determined through the analyses of the
pigments accumulated in some E. coli transformants carrying various combina-
tions of the E. carotene desaturase uredovora and A. aurantiacum carotenogenic
genes. As a result, the astaxanthin biosynthetic pathway is proposed for the first
time at the level of the biosynthesis genes. The crtW and crtZ gene products, which
mediated the oxygenation reactions from f-carotene to astaxanthin, were found to
have low substrate specificity. This allowed the production of many presumed
intermediates of astaxanthin, that is, adonixanthin, phoenicoxanthin (adoniru-
bin), canthaxanthin, 3’-hydroxyechinenone, and 3-hydroxyechinenone [444].

Pepper (Capsicum spp.) is a worldwide popular vegetable and spices valued for
heat, nutrition, and rich pigment content. The most abundant carotenoids in ripe
pepper fruits are p-carotene, capsanthin, and capsorubin produced by the caro-
tene and xanthophyll biosynthetic pathway in Capsicum (Scheme 6.68). The

GGPP
+ PSY

Phytoene
+ PDS

{-carotene
; DS
Tetra-cis-lycopene
; CRTISO
Lycopene
-LCY/e-LCY -LCY
B Vs N p
a-carotene p-carotene
CYP450-OH | | p-cH

Zeinoxanthin p-cryptoxanthin
CYP450-OH + + p-CH

Lutein Zeaxanthin
+ZEP
o OH
HO, CcCs
2 e - O\\\\\\\\
OH HO'
Capsanthin Antheraxanthin
ZEP

Ho + OH
\ o ccs NCED y
Q'\S/W\/K/\W)% - M ----- > bﬁmﬁ
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OH

i Violaxanthin Abscisic acid
Capsorubin

Scheme 6.68 Biosynthetic pathway of carotene and xanthophyll in Capsicum.
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biosynthetic pathway of Capsicum species uniquely exhibits capsanthin-cap-
sorubin synthase (Ccs) that synthesizes two red pigments, capsanthin and cap-
sorubin. In a report, the carotenoid composition of orange fruited Capsicum lines
was defined along with the allelic variability of the biosynthetic enzymes. The
carotenoid content present in seven orange pepper varieties was determined by a
UPLC method, which indicated the orange appearance of the fruit was due either
to the accumulation of p-carotene or in two cases, due to only the accumulation
of red and yellow carotenoids. Four carotenoid biosynthetic genes, Psy, Lcyb,
CrtZ-2, and Ccs were cloned and sequenced from these cultivars. The data
showed that the coding regions within Psy and CrtZ-2 did not change in any of
the lines, the genomic sequence contained introns not previously reported. Lcyb
and Ccs contained no introns but did exhibit polymorphisms resulting in amino
acid changes; a new Ccs variant was found. When selectively breeding for high
provitamin A levels, phenotypic recurrent selection based on fruit color is not
sufficient. Based on these results, specific alleles are candidate molecular mark-
ers for the selection of orange pepper lines with high p-carotene and thus high
provitamin A levels [445]. Since abscisic acid (ABA) is an important plant hor-
mone that plays an important role in stress responses and can also accelerate
ripening in climacteric and non-climacteric fruit, the effects of ABA treatment
on capsanthin accumulation in pepper fruit and on the expression of key genes
involved in the capsanthin biosynthetic pathway was evaluated. Thus, the pepper
fruit was treated with ABA at green mature stage. The results indicate that ABA
treatment increased capsanthin content in pepper fruit, with the best result
obtained with 150 mg L™ ABA solution. Application of exogenous ABA also
increased the expression levels of the capsanthin synthesis genes phytoene syn-
thase (Psy), lycopene p-cyclase (Lcyb), p-carotene hydroxylase (CrtZ), and cap-
santhin/capsorubin synthase (Ccs), likely explaining the significant capsanthin
content increase in pepper fruit [446].

Furthermore, the carotenoid formation in a red-fruited discovery panel of
Capsicum annuum (chili pepper) has been characterized. The data revealed that
color intensity correlated with the amount of capsanthin and its esters, along
with transcript levels of the 1-deoxy-D-xylulose 5-phosphate synthase (DXS)
and phytoene synthase-1 (PSY-1) genes. Quantification of carotenoids through
development and ripening suggested the presence of separate biosynthesis and
accumulation phases. Subplastid fractionation demonstrated the differential
sequestration of pigments in high- and low-intensity lines and indicated the PSY
protein to be most active in the membrane fractions when abundance was high-
est in the fibril fractions. Carotenoid accumulation was associated with the ester-
ification of xanthophyll, expression of a putative carotenoid acyltransferase, and
increased fibril content within the plastid. The analysis of subplastid fractions
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suggests that the plastoglobuli are likely to be the progenitor of the characteristic
fibrils found in pepper fruit [447].

Fucoxanthin is the second most abundant algal carotenoid and is responsible
for in vivo absorption at about 500-600 nm. Thus, fucoxanthin acts as an antenna
and transfers excitation energy to chlorophyll. Diadinoxanthin is the major carot-
enoids in phaeophyceae and bacillariophyceae (diatom) and is a light-harvesting
carotenoid. The biosynthesis pathway to diadinoxanthin and fucoxanthin in
Phaeodactylum tricornutum was elucidated by a two-step strategy. For the initial
part to B-carotene, genes were selected from the genomic database and the func-
tion of several of them was identified by genetic pathway complementation in
E. coli. They included genes encoding PSY, PDS, ZDS, and B-LCY. In order to
establish the reaction sequences of the final steps leading to fucoxanthin and dia-
dinoxanthin, intermediates of the pathway present only in trace amounts were
accumulated by TLC and identified as violaxanthin and neoxanthin. Neoxanthin
is a branching point for the synthesis of both diadinoxanthin and fucoxanthin and
the mechanisms for their formation were proposed (Scheme 6.69) [448]. A single
isomerization of one of the allenic double bonds in neoxanthin yields diadinoxan-
thin. Two reactions, hydroxylation at C8 in combination with a keto-enol tau-
tomerization and acetylation of the 3’-OH group, result in the formation of
fucoxanthin.

GGPP p-carotene
; PSY { p-CH
Phytoene { p-CH
* PDS Zeaxanthin
¢-carotene * ZEP
* ZDS F-LCY  Antheraxanthin
Tetra-cis-Lycopene * zEP
+ CRTISO Violaxanthin
NSY
L
ycopene * oH
O:
C/ NIRRT X
5
HO
Neoxanthin

/ \

OH OH
o e}
e 0 1 U I NN
e ot
HO HsCOCO

Diadinoxanthin Fucoxanthin

Scheme 6.69 Biosynthetic pathway in P. tricornutum from p-carotene to diadinoxanthin
and fucoxanthin.
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Organic Synthesis with Ligases

In enzymology, a ligase, also called synthetase, is any one of a class of about 50
enzymes that involve in the reactions of conservation of chemical energy and pro-
vide a link between energy-demanding synthetic processes and energy-yielding
breakdown reactions. In general, they catalyze the joining of two large molecules
by forming a new chemical bond, usually with accompanying hydrolysis of a
small pendant chemical group on one of the larger molecules or the linking
together of two compounds, for example, enzymes that catalyze the joining of two
molecules with the formation of C-0O, C-S, C-N, C-C, and phosphate ester bonds.
The needed energy is usually derived from the cleavage of an energy-rich phos-
phate bond (in many cases, by the simultaneous conversion of adenosine triphos-
phate [ATP] to adenosine diphosphate [ADP]). The enzyme classification for
ligases has been assigned in the EC category of EC 6 and further classified into six
subclasses. The applications of this class of enzymes in organic synthesis are not
as wide as enzymes from class EC 1 to EC 5 [1, 2].

7.1 Ligases for Carbon-0xygen Bonds Formation

7.1.1 Olefin p-Lactone Synthetase

Olefin p-lactone synthetase (OPLS, EC 6.1.3.1), also known as oleC (gene name),
involved in olefin biosynthesis is an ATP-dependent enzyme that catalyzes the
conversion of (2R,3S)-2-alkyl-3-hydroxyalkanoic acid to the p-lactone cis-3-
alkyl-4-alkyloxetan-2-one (Scheme 7.1) [3-5]. The systematic name of this enzyme
is (2R,3S)-2-alkyl-3-hydroxyalkanoate ligase, which belongs to the acyl-CoA syn-
thetase, nonribosomal peptide synthetase (NRPS), and luciferase (ANL) enzyme
superfamily. This enzyme, found in certain bacterial species, participates in the
biosynthetic pathway for the production of olefins by its action to form the

Enzyme-Based Organic Synthesis, First Edition. Cheanyeh Cheng.
© 2022 John Wiley & Sons, Inc. Published 2022 by John Wiley & Sons, Inc.
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Scheme 7.1 ATP-dependent olefin -lactone synthetase catalyzed f-lactone formation
from corresponding p-hydroxy acid. Sources: Based on the Enzyme List [3], Raushel [4],
and Robison et al. [5].

intermediate B-lactone. The OleC protein from Stenotrophomonas maltophilia
was purified and crystalized. The crystal structure was analyzed by synchrotron
X-ray diffraction at 3.4 A resolution to show a trigonal space group P3,21 or P3,21,
with unit-cell parameters a = b = 98.8, ¢ = 141.0 A. The crystal of OleC protein
presents a 60 kDa monomer per asymmetric unit. More detailed molecular struc-
ture of OleC protein is under way [6]. The OleC protein from Xanthomonas camp-
estris was also purified in a recombinant form from separate Escherichia coli
expression host lines by gel filtration chromatography, which shows a monomer
with a molecular mass of 58.5kDa by the size exclusion chromatography [7].

Previously, it has been reported that OleC from S. maltophilia catalyzed the
B-hydroxy acid to directly generate the cis-olefin through the decarboxylative
dehydration reaction [8]. However, the study of the reaction catalyzed by the enzyme
OleC from four different bacteria using "H nuclear magnetic resonance (NMR)
demonstrates that thermally labile cis- and trans-p-lactones were produced from
syn- and anti-f-hydroxy acids, respectively, in an ATP-dependent reaction; no alkenes
are observed [9]. The results are also consistent with that OleC is a member of the
ATP-dependent ANL superfamily, which catalyzes the ATP-dependent ligation of
substrates via the formation of an adenylate intermediate [10]. Therefore, MgATP
is likely required to activate the p-hydroxyl group or the carboxylate of the sub-
strate prior to p-lactone formation. Accordingly, a reaction mechanism was pro-
posed that the most probable intermediate would occur by initial attack of the
substrate carboxylate on the a-phosphoryl group of ATP [4]. A detailed investiga-
tion of the reaction mechanism of the OleC-catalyzed f-lactone formation from
B-hydroxy acids was performed by a novel, continuous assay for p-lactone syn-
thetase activity using synthetic f-hydroxy acid substrates with alkene or alkyne
moieties. The proposed mechanism from the kinetic study suggests that OleC
from X. campestris performs carboxylic acid adenylation followed by intramolecu-
lar nucleophilic attack to facilitate p-lactone ring closure (Scheme 7.2) [5].

The structure of p-lactones has a strained four-membered heterocycle, which is
the core scaffold in many natural products isolated from diverse organisms includ-
ing sea sponges, butterflies, and microbial plant pathogens. f-Lactone is an
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Scheme 7.2 Proposed reaction mechanism for the formation of p-lactone from
B-hydroxy acid via a carboxy-adenylate intermediate and intramolecular ring closure.
Source: Robison et al. [5].

intermediate during the olefin biosynthesis pathway found in a variety of bacteria,
thus the olefin biosynthetic pathway is important in organic synthesis. The olefin
biosynthetic pathway of bacteria is encoded by a four-gene cluster, oleABCD,
which starts from the “head-to-head” coupling of CoA-activated fatty acids (FAs)
to unstable p-keto acids catalyzed by OleA, then the enzyme OleD couples the
reduction of p-keto acids with NADPH oxidation to yield stable p-hydroxy acids,
and finally, the enzyme OleC catalyzes the ring closure to form f-lactones and is
further reacted by enzyme OleB to produce cis-olefins [11-16]. The application of
B-lactones formed from corresponding p-hydroxy acids catalyzed by enzyme OleC
was applied for pharmaceutical industry to synthesize lipstatin, which is an inhib-
itor of pancreatic lipase and is the precursor of the FDA-approved anti-obesity
drug, orlistat (Scheme 7.3) [17], or the synthesis of ebelactone A, a commercially
available esterase inhibitor, which contains the p-lactone ring and is formed
spontaneously from the final, enzyme-linked, p-hydroxy-thioester intermediate
(Scheme 7.3) [18].

7.2 Ligases for Carbon-Sulfur Bonds Formation

7.2.1 Acetate-CoA Ligase (AMP-forming)

Acetate-CoA ligase or acetyl-CoA synthetase (ACS, EC 6.2.1.1, adenosine
monophosphate [AMP]-forming) or short-chain fatty acyl-CoA synthetase
belongs to the acyl-adenylate-forming enzyme superfamily including acyl- and
aryl-CoA synthetases, firefly luciferase, and NRPSs, which catalyzes the forma-
tion of acetyl-CoA and AMP from acetate, ATP, and CoA (Scheme 7.4) [19, 20].
This enzyme presents in all organisms from bacteria to humans, where it is located
in various cell compartments such as cytosol, smooth endoplasmic reticulum
(SER), mitochondria, chloroplast, and peroxisomes and exhibits wide tissue dis-
tribution. Acetyl-CoA is an essential metabolic intermediate in various metabolic
pathways including tricarboxylic acid (TCA) cycle, FA biosynthesis, and choles-
terol biosynthesis [21-23].
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CHaCO0™ + ATP 5. CH,0-AMP + PP,

CH3CO-AMP + CoA A—CS> CH3CO-CoA + AMP

Scheme 7.5 Two-step reaction for the conversion of acetate into acetyl-CoA catalyzed by
acetyl-CoA synthetase.

ACS was first identified in pig and rabbit heart muscle, which is active only with
acetate and propionate [24]. Partially purified ACS from rat liver has a molecular
weight of 58kDa and shows higher affinity for acetate than other short-chain
FAs [25, 26]. While ACS purified from bovine and murine heart exhibits a molecu-
lar weight of 72kDa with acetate specifically utilized as substrate, the intact
molecule contains 30% a-helix and 30% f-structure [27, 28]. The gene encoding
Bradyrhizobium japonicum ACS was cloned and expressed in E. coli. The purified
enzyme comprises 648 amino acid residues with a calculated molecular mass of
71996 Da. The kinetic studies for the site-directed mutants suggest ACS catalyzes
a two-step reaction for the formation of acetyl-CoA from acetate with an acetyl-
AMP intermediate (Scheme 7.5). Gly-266 and Lys-269 of the active site participate
in the formation of acetyl-AMP, whereas Glu-414 may play a role in acetate
binding [29].

The X-ray crystal structure of yeast Saccharomyces cerevisiae ACS in a binary
complex with AMP was determined at 2.3 A resolution. The crystal structure con-
tains a large N-terminal domain and a small C-terminal domain, where AMP is
bound at the interface between the two domains. The conformation of the struc-
ture is competent for catalyzing the first step of the reaction that Lys675 located in
the active site is critical for this step. A rotation of 140° in the small domain is
needed for the binding of CoA and the catalysis of the second step. In contrast to
the monomeric bacterial enzyme, yeast ACS is a stable trimer [30]. Furthermore,
through the investigation of the Salmonella enterica ACS structure, modeling of
the Methanothermobacter thermautotrophicus MTACS1 on the S. cerevisiae ACS1
and S. enterica ACS structures showed similar active-site architecture, and align-
ment of the amino acid sequences of proven ACSs identified the four residues,
Ile312, Thr313, Val388, and Trp416, that form the putative acetate binding pocket.
Replacements at these positions significantly alter the enzyme’s affinity for ace-
tate as well as the range of acyl substrates that can be utilized [31].

Studies using mutations of S. enterica ACS to test the ability of the enzymes to
catalyze the complete reaction and the adenylation half-reaction were performed
that showing the substitution of Lys609 with alanine results in the suppression of
the adenylation reaction, while the substitution of Gly524 to leucine is unable to
catalyze the complete reaction yet catalyzes the adenylation half-reaction. In
addition, the steady-state kinetic data of putative substrate-binding residues
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demonstrate that no single residue plays a dominant role in dictation CoA bind-
ing. Results also demonstrate that mutations in the active site can alter the acyl
substrate specificity [32]. To investigate whether Mycobacterium tuberculosis
MtACS is regulated by lysine acetylation as reported by S. enterica ACS, the recom-
binant MtACS in E. coli was purified and characterized and its enzyme activity
was determined to reveal that Lys617 is critical for its function. Results also dem-
onstrate that MtACS undergoes auto-acetylation with acetate but not with acetyl-
CoA as the acetyl donor due to the inhibition of CoA [33]. The two-step reaction
mechanism of acetyl-CoA formation from acetate and the regulatory role of
Lys617 for the first half acetylation reaction were also proved by MtACS via *'P
NMR. Furthermore, the chemical mechanism of the enzyme relies on a confor-
mational change controlled by the protonation state of Asp525 was demonstrated
as well [34].

The investigation of the recombinant MTACSI indicates the highly conserved
Tyr in the first position of motif III plays a key role in the active-site architecture
through the hydrogen bond interaction with a highly conserved active-site Gln.
The invariant Asp in the fifth position plays a critical role in ATP binding and
catalysis through interaction with the 2’- and 3’-OH groups of the ribose moiety
of ATP [35]. The kinetics and thermodynamics parameters of E. coli ACS were
characterized to study the adenylating step of the two-step acetyl-CoA formation.
The results showed that four amino acid residues, T264, K270, D500, and K609,
play important role in the catalysis and ATP binding [36]. On the other hand,
parasite Leishmania donovani ACS (LdACS) was identified in recombinant E. coli.
The biochemical and biophysical characterization of this AMP-forming LdACS
revealed the presence of the conserved PX,GK motif, which plays key role in gov-
erning substrate specificity rather than structural integrity except glycine at sixth
position [37]. Further studies showed that the role of leucine 684 residue, a con-
served residue of LdACS, is involved in substrate recognition and the catalysis of
acetylation of the enzyme [38].

The AMP-forming ACS gene (acs) of anaerobic ammonium-oxidizing bacteria
Kuenenia stuttgartiensis was heterologously expressed in E. coli and employed to
investigate the substrate specificity and kinetic properties of the putative
KsACS. Enzyme activity was observed toward several short-chain organic acids,
that is, acetate, propionate, and butyrate, but was highest with acetate [39]. The
specificity of ACS from Arabidopsis thaliana (AtACS) in catalyzing acetyl-CoA
generation was for only acetate. However, the carboxylate binding pocket of
AtACS was engineered to successfully switch the highly specific enzyme for only
using acetate, to be equally specific for using longer linear (up to hexanoate) or
branched chain (methylvalerate) carboxylate substrates. Hence, engineering
AtACS to utilize novel carboxylate substrates would generate alternative acyl-CoA
substrates for FA or polyketide biosynthesis [40]. Similarly, the substrate
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selectivity of the Trp*'°Gly mutant of MTACS (Trp*'®GlyMTACS) showed activi-
ties for saturated straight chain carboxylic acids from C, to Cg, for w-alkenyl
straight chain carboxylic acids from C, to C; and for w-alkynyl straight chain car-
boxylic acids from Cs to C; [41].

Except for the most well-known function of the product acetyl-CoA from ACS
in the use of TCA cycles as well as in the production of FA, ACS plays a variety of
other functions in organisms. Experiments showed that acetyladenylate during
the acetyl-CoA formation from acetate catalyzed by ACS plays a role in control-
ling the direction of flagellar rotation of E. coli cells [42]. Yeast acetyl-CoA syn-
thetases (ACS1p and 2p) not only are found important for carbon metabolism but
also are shown to supply the acetyl-CoA for histone acetylation by histone acetyl-
transferases (HATS). Since yeast mitochondrial and nucleocytosolic acetyl-CoA
pools are biochemically isolated, acetyl-CoA metabolism is directly linked to
chromatin regulation and may affect diverse cellular processes in which acetyla-
tion metabolism intersect, such as disease states and aging [43]. Research studies
have provided evidence for the central and conserved role for ACS in regulating
life span in yeast and flies by a mechanism involving autophagy, which is essential
for the maintenance of cellular homeostasis during periods of stress [44]. In adult
mice, downregulation of the acs gene expression in hippocampal region impairs
the long-term spatial memory, a cognitive process reliant on histone acetylation,
of the animal. The results again reveal a link between cellular metabolism, gene
regulation, and cognitive function [45]. This enzyme is also an emerging key
enzyme for cancer metabolism, which supplies acetyl-CoA for tumor cells by cap-
turing acetate as a carbon source under stressed conditions. When the gene is
present, the cells are able to take acetate as a food source to convert it to acetyl-
CoA during stressed conditions. In the cases of advanced carcinoma tumors, this
enzyme was downregulated and indicated a poor five-year survival rate. Thus, this
enzyme shows an interesting biomarker for the presence of tumors in colorectal
carcinoma [46]. Green microalgae Dunaliella tertriolecta contains large amounts
of lipid (36-42%), thus a potential biodiesel feedstock. Genes of ACS from D. ter-
triolecta were isolated, characterized, and expressed in E. coli (DtACS). It has been
found that the expression levels of DtACS were increased under nitrogen starva-
tion stress, indicating that ACS activity may be related to the lipid accumulation
in nitrogen-deficient condition [47].

While ACS’s activity plays important role in the metabolic pathways associated
with many biological functions, ACS is also employed in organic synthetic chem-
istry for producing useful industrial chemicals. Since CoA and the catalytic prod-
uct acetyl-CoA in the ACS-catalyzed reaction are expensive, the recycle of CoA
and acetyl-CoA is important to make the organic synthesis related with ACS prac-
tical. For example, in the enzyme-catalyzed aldol condensation of acetyl-CoA
with oxaloacetic acid (OAA) to form citric acid catalyzed by citrate synthase (CS,
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EC 2.3.3.1), one method used for regenerating acetyl-CoA is through the coupling
of ACS-catalyzed acetylation of CoA with acetate, which continuously furnishes
the acetyl-CoA used in the aldol condensation by supplying inexpensive acetate
and ATP (Scheme 7.6) [48]. The recycling number of CoA can be as high as 1000
on a multi-millimole scale. This coupled-enzyme strategy can be further consid-
ered to apply for the production of expensive enantiopure L-carnitine, which is
used in the clinical treatment of lipid storage myopathy.

Poly(hydroxyalkanoic acid) (PHA) is a kind of biodegradable thermoplastics,
which is found to accumulate in a wide range of bacteria as a carbon and energy
storage material and deposits as insoluble granules in the cells. A three-enzymatic
cascade reaction system was constructed by enzymes ACS, recombinant
poly(hydroxyalkanoic acid) synthase (PHAS) from Chromatium vinosum, and
propionyl-coenzyme-A transferase (PCT) from Clostridium propionicum for the
in vitro biosynthesis of poly(3-hydroxybutyric acid) (P[3HBA]) using free D-(—)-3-
hydroxybutyric acid (3HBA) as substrate. In this three-enzyme-coupled reaction
system, both acetate and CoA supplied for producing acetyl-CoA and used in sub-
sequent polymerization reaction can be recycled (Scheme 7.7a) [49]. The energy
required for the in vitro synthesis of P(3HBA) was provided by the ATP hydrolyses
resulting in acetyl-CoA synthesis catalyzed by ACS. The established CoA recy-
cling P(3HBA) biosynthesis system may provide a useful strategy for the synthesis
of diverse PHAs on a semipreparative scale. Similarly, a novel coupled-enzyme
system capable of recycling CoA and regenerating NADPH was established using
enzymes p-ketothiolase (B-KT), NADPH-dependent acetoacetyl-CoA reductase
(AACR), PHAS, ACS, and glucose dehydrogenase (GDH), for the synthesis of
P(3HBA) from acetate (Scheme 7.7b), which is based on the P(3HBA) biosyn-
thetic pathway in Raistonia eutropha [50]. The in vitro synthesis yield of P(3HBA)
from acetate was 5.6mg in a 5-mL reaction mixture, and the weight-averaged
molecular weight as well as polydispersity were 6.64 x 10° and 1.36, respectively.

Hooc\n/\
COOH cS HOOC COOH
Oxaloacetic acid O Citric acid
CoA-SH
HsC~ S-CoA
ACS
(0]

PN

AMP +PP; ATP 4+ HO CHg;

Scheme 7.6 Coupled-enzymatic reactions for citric acid production from oxaloacetic
acid with recycling of Co-A. Source: Patel et al. [48].
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Scheme 7.7 In vitro biosynthesis of poly(3-hydroxybutyric acid) using cascade enzymatic
reaction system: (a) recycling of acetate and CoA; (b) recycling of CoA and NADPH
regenerating. Source: (a) Modified from Jossek and Steinbiichel [49].

CoA can be reused at least 26 times; thus NADPH also can be regenerated at least
26 times during a 24-hour reaction.

FAs, promising precursors for advanced biofuels, can be prepared from inex-
pensive acetic acid (HAc) using engineered E. coli with pH-coupled fed-batch fer-
mentation. The genetic engineering strategies include overexpression of ACS
(acs) and acyl-acyl carrier protein [ACP] thioesterase (TE, tesA) genes and knock-
out of acyl-CoA dehydrogenase gene (fadE) to avoid FAs degradation in an E. coli
strain. The fermentation metabolic pathways of FAs biosynthesis from acetic acid
in an E. coli strain is shown in Scheme 7.8 [51]. The microbial production of
~1gL™" FAs from HAc with ~20% theoretical yield. When the engineered strain
was cultured with HAc-rich liquid wastes, the yield was ~0.43gL™" FAs using
waste streams from dilute acid hydrolysis of lignocellulosic biomass and ~0.17 g L™"
FAs using effluent from anaerobic-digested sewage sludge. This study opens the
opportunities for coupling the waste treatment with the biosynthesis of advanced
biofuel using genetically engineered microbial species.

FAs are composed of long alkyl chains, which is a primary metabolite in cells
serving both chemical and energy storage functions and represents nature’s
“petroleum.” FAs and its extended metabolite lipids (triacylglycerol, TAG) are iso-
lated from plant and animal oils for a diverse set of products ranging from fuels to
oleochemicals. In consideration of energy costs and environmental protection,
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Scheme 7.8 Simplified metabolic pathways for fatty acids biosynthesis from acetic acid.
Source: Modified from Xiao et al. [51].

the production of FAs and TAG is today focused on the microbial production from
renewable resources such as simple sugars and acetic acid [52]. Since acetyl-CoA
serves as a central precursor metabolite in multiple biological pathways, it is
thought to play a key role in building FAs and lipids. Thus, engineered E. coli has
been used to produce structurally tailored fatty esters (biodiesels), fatty alcohols,
and waxes directly from simple sugars [52]. It has been found that microalgal spe-
cies including Scenedesmus obliquus, Ourococcus multisporus, Chlamydomonas
pitschmannii, Micractinium reisseri, Botryococcus braunii, and Chlamydomonas
reinhardtii have high lipid content, thus they are used for biomass/biodiesel pro-
duction and advanced wastewater treatment. Application of lipidomics and tran-
scriptomics to manipulate the lipid-associated gene ACS in microalgae improves
the accumulative lipid content [53, 54].

Cholesterol is an essential component of cell membranes and the precursor for
the synthesis of steroid hormones and bile acids. The synthesis of this molecule
occurs partially in a membranous world (especially the last steps), where the
enzymes, substrates, and products involved tend to be extremely hydrophobic.
The importance of cholesterol has increased in the past half-century because of its
association with cardiovascular diseases, which are considered one of the leading
causes of death worldwide. The enzymes involved in cholesterol biosynthesis start
from the initial two-carbon acetyl-CoA building block, which is formed from ace-
tate, CoA, and ATP catalyzed by ACS, an essential metabolite in all kinds of
orgnisms [55].

Since ACS is an important precursor molecule for the synthesis of natural and
unnatural chemicals, the development of a reusable and a more robust entity of
this enzyme is urgently needed for industrial applications. One approach to attain
these goals is the immobilization of ACS. Therefore, ACS was adsorbed on poly(N-
isopropylacrylamide)-poly(ethylenimine) microgel. The adsorption of ACS on
microgel showed high binding of enzymes, with a maximum binding capacity of
286 pgmg " of microgel for ACS was achieved. The immobilization of the enzyme
resulted in improved catalytic efficiency over free enzymes; in addition, the immo-
bilized enzyme showed no significant changes in the enzyme structure. This
enzyme bioconjugate was further immobilized on an ultrathin membrane to
assess the two-step reaction for acetyl-CoA formation (Scheme 7.5) in
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flow-through condition. Bioconjugate was covalently immobilized by crosslinking
on a thin layer of preformed microgel support upon polyethylene terephthalate
(PET) track etched membrane. The membrane reactor constructed with a dead-
end filtration device showed consistent operational stability and maintained
>70% of initial activity after seven consecutive operation cycles [56].

7.2.2 Medium-chain Acyl-CoA Ligase

The systematic name of medium-chain acyl-CoA ligase (or synthetase) (MACS,
EC 6.2.1.2) is medium-chain FA:CoA ligase (AMP-forming), which also has many
other common names, such as butyryl-CoA synthetase, acyl-activating enzyme,
short-chain acyl-CoA synthetase, medium-chain acyl-CoA synthetase, etc. This
enzyme belongs to the ANL adenylating enzymes superfamily including acyl- and
aryl-CoA synthetases, firefly luciferase, and adenylation domains of the modular
NRPSs and preferentially acts on medium-chain fatty acids (MCFAs) from C4 to
C12 in the initial reaction of FA metabolism, which characterizes a two-step reac-
tion with the initial adenylation of a carboxylate to form an acyl-AMP intermedi-
ate, followed by a second thioester-forming reaction to produce corresponding
acyl-CoA (Scheme 7.9) [57].

The first identification of this enzyme reported in 1953 was prepared by com-
minuting heart, liver, or kidney of hogs or cattle but was obtained in highly puri-
fied form from beef liver, which catalyzed a wide variety of saturated fatty acids
(SFAs) with chain lengths from C2 to C20 but preferentially from C4 to C12. The
molecular weight of the enzyme was comparatively low from 30 to 60kDa [58].
Later, a butyryl-CoA synthetase was purified from bovine heart mitochondria,
which shows activity toward butyrate and appreciable activity toward propionate,
valerate, and caproate [59]. Two maurine MACSs, MACS1 and Sa protein, were
overexpressed in COS cells, purified to homogeneity, and characterized to show a
molecular mass of ~62kDa. Among C4-C16 FAs, MACS1 preferentially utilizes
octanoate, whereas isobutyrate is the most preferred FA among C2-C6 FAs for Sa
protein. Both enzymes, mainly detected in the mitochondrial matrix of liver and
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Scheme 7.9 MACS-catalyzed two-step reaction of medium-chain carboxylate to form
corresponding acyl-CoA. Source: Modified from Gulick [57].
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kidney, are utilized mainly for oxidation [60]. Liver and kidney contain MACSs
that are capable of forming the CoA thioester of not only short- and MCFAs but
also numerous carboxylic acid xenobiotics. These enzymes are referred to as xeno-
biotic/medium-chain FA:CoA ligases (XM-ligase). Two XM-ligases, HMXA and
HXMB, were isolated from human liver mitochondria with a molecular mass of
64230 Da, which bears 56.2% amino acid homology to the MACS1 enzyme, 58.7%
homology to the bovine XL-III XM-ligase, and 81.5% homology to the bovine XL-I
XM-ligase. While the enzyme expressed in COS cells had greater benzoate activity
than phenylacetate activity, which is consistent with the known substrate specific-
ity of HXMA [61].

The first X-ray MACS crystal structure of human ACSM2A in a series of sub-
strate/product/cofactor complexes was determined at 1.6-2.6 A resolutions. The
data present a substantial rearrangement between the N- and C-terminal
domains, driven purely by the identity of the bound ligand in the active site. The
determined structures allowed the identification of the presence or absence of
the ATP pyrophosphates as the conformational switch and elucidated new mech-
anistic details, including the role of invariant Lys557 and a divalent Mg** in coor-
dinating the ATP pyrophosphates, as well as the involvement of a Gly-rich P-loop
and the conserved Arg472-Glu365 salt bridge in the domain rearrangement [62].
The three-dimensional X-ray crystal structure of an MACS from Methanosarcina
acetivorans was determined at 2.1 A resolution. The cavity volume of the
binding pocket of this acyl-CoA synthetase is comparable to the enzyme
4-chlorobenzoyl-CoA ligase. While the acyl-binding pocket of this enzyme shows
a much more shallow pocket than other previously identified medium-chain car-
boxylate ACSs, the results emphasize the high sequence and structural diversity
among this family in their acyl-binding pockets [63]. The MACS of M. acetivorans
uses 2-methylbutyrate as its preferred substrates, which indicates the interaction
between the sidechain of Cys298 and Lys256 of this enzyme is important for the
catalytic activity based on the computational studies of the binding mechanism
for the second reaction step conformation [64, 65]. Early studies of the FAs acti-
vation reaction of MACS based on the overall reaction of butyrate activation
demonstrate a Bi Uni Uni Bi Ping Pong model, in which two interchangeable
conformational states of the enzyme were proposed to explain the opposite
effects of ATP on the partial reactions, as well as the inhibition by CoA and ATP
of ATP formation and by PPi of the butyl-AMP-dependent CoA disappear-
ance [66]. Recent biochemical and structural evidence has provided insights into
the active site and catalytic mechanisms used by the ANL superfamily enzymes
for the two-step reactions to activate a carboxylate with ATP and to form
acyl-CoA. The enzymes use a 140° domain rotation to present opposing faces of
the dynamic C-terminal domain to the active site for the different partial
reactions [57].
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In addition to the activation of MCFAs in the first step of FA metabolism
through the transfer of acyl-CoA, MACSs also play many other important func-
tions in cells. A novel o-macs gene expressed in the rat olfactory epithelium (OE)
encodes a medium-chain acyl-CoA synthetase termed O-MACS, which demon-
strates substrate preference toward straight and saturated-FAs with chain length
of C6-C12 and plays important roles in processing odorants in a zone-specific
manner, or the zonal patterning of the OE during development [67]. The anaero-
bic B-oxidation pathway is distinct from the aerobic FA degradation pathway in a
number of properties. However, research studies reported that E. coli can utilize
FAs as sole carbon sources during growth under anaerobic conditions. Two gene
clusters, yfcYX and ydiQRSTD (ydiD), in E. coli encoding two enzymes FadIJ and
FadK, respectively, were reported. FadlJ is required for hydration, oxidation, and
thiolytic cleavage of the acyl chain, while FadK is indeed a medium-chain FA ACS
that is primarily active on short-chain-length FAs (<10 C atoms). Expression of
FadK is repressed during aerobic growth and is maximally expressed under anaer-
obic conditions in the presence of the terminal electron acceptor, fumarate [68].
Association studies in Japanese Suita cohort of MACS polymorphisms and vari-
ous phenotypes revealed the contribution of the Leu513Ser polymorphism in
medium-chain acyl-CoA synthetase 2 (MACS2) to multiple risk factors of the
metabolic syndrome. Further research results also suggested an involvement of
the MACS2 Leu513Ser polymorphism in the development of the metabolic syn-
drome in Caucasian population. In addition, the higher triglyceride and glucose
levels after an oral metabolic tolerance test support a possible functional impact of
the polymorphism in vivo [69]. To understand the mechanism of cancer metasta-
sis, the expression, clinical significance, and biological functions of acyl-CoA
medium-chain synthetase 3 (ACSM3) were investigated by tissue microarray
and hepatocellular carcinoma (HCC) clinical samples. The results indicated
ACSM3 was downregulated in HCC tissues. HCC patients with low expression of
ACSM3 exhibited poor prognosis. Overexpression of ACSM3 attenuated migra-
tion and invasion of HCC cells in vitro and in vivo and downregulated the phos-
phorylation of WNK1 (Thr60) and AKT (Thr308). These findings reveal ACSM3 is
a novel prognostic marker and a potential therapeutic target for HCC [70].

Medium-chain ACSs not only act in the FAs metabolism but also participate
in the glycine conjugation pathway in the detoxification of xenobiotics such as
benzoic acid and endogenous carboxylic acids. Various endogenous and xeno-
biotic toxic metabolites must be conjugated to glycine to more hydrophilic con-
jugates, which are less toxic than the parent compounds and be excreted to the
urine. The first reaction of glycine conjugation pathway is the activation of
xenobiotic carboxylic acids and FAs catalyzed by MACS to form corresponding
acyl-CoAs, which can be subsequently conjugated to glycine by glycine
N-acyltransferase (GLYAT, EC 2.3.1.13) to produce acylglycines (Scheme 7.10)
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Scheme 7.10 Glycine conjugation of carboxylic acids catalyzed by MACS and GLYAT in
sequence. Sources: Based on Badenhorst et al. [71] and Knights [19].

[19, 71]. An initial study of substrate specificity for MACS demonstrates that
the purified enzyme accepts not only straight medium-chain FAs but also aro-
matic acids. Among the arylacetic acids, activity can be obtained with naphthy-
lacetic acids, whereas a loss of activity was observed by the introduction of a
methyl group at the a-position. High activity was also observed with cyclohexa-
noic acid [72]. Further study of the molecular specificity demonstrates that
MACS purified from mouse kidney mitochondria showed highest activity with
hexanoic acid and high activities for benzoic acid derivatives with alkyl and
alkoxyl groups in the para- and meta-positions of the benzene ring. An ortho-
substituted acid exhibited no activity. The enzyme also exhibited less activity
with valproic acid, tranexamic acid, indomethancin, and ketoprofen. Diflunisal,
2-hydroxydodecanoic acid, and salicylic acid inhibited the enzyme. While the
chlorine and methyl substitutions in the para- and meta-positions of the ben-
zene ring yielded an increase in glycine conjugation. The acids with a methoxy
group showed a low degree of glycine conjugation. The acids with nitro or
amino groups were conjugated to a slight extent with glycine. Salicylic acid was
in vitro conjugated with glycine in kidney but not in liver [73]. Similarly, MACS
purified from mouse liver mitochondria catalyzed the first reaction of amino
acid conjugation for straight medium-chain FAs as well as aromatic and ary-
lacetic acids with maximal activity for hexanoic acid. High activities were
observed with benzoic acid having methyl, pentyl, and methoxy groups in the
para- or meta-positions of the benzene ring [74].

The activation of free fatty acids (FFAs) into acyl-CoA thioesters catalyzed by
ACS can be further catabolized and reduced into derivatives like alcohols and
alkanes. Alcohols and alkanes derived from MCFAs (C6-C12) are potential biofu-
els. Thus, MCFAs are important precursors to fuel-like compounds and industrial
chemicals. Because MACS (FadD) from E. coli shows low activity on MCFAs,
E. coli was engineered to generate mutations in fadD for enhancing the MACS
activity on MCFAs. Data demonstrated that FadD mutations result in an enhance-
ment of E. coli growth rate on the MCFAs hexanoate, octanoate, and decanoate.
Partially purified wild-type FadD and mutant variants showed an increased activ-
ity on octanoate and decanoate [75].
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Polyhydroxyalkanoates are polyesters of various (R)-hydroxyalkanoates
synthesized by bacteria such as Pseudomonas sp. from renewable plant-derived
carbon feedstocks. They are carbon and energy storage material in bacteria and
have physical properties similar to those of petroleum-based plastic polyethylene
but are biodegradable. Therefore, they have acquired attention as alternatives to
more common petroleum-based polymers and recognized as candidate materials
for sustainable development. It has been found that (R)-3-hydroxyacyl-CoA, the
precursor for PHA synthesis, is thought to be derived from FA biosynthesis when
the microorganism is grown on unrelated carbon sources, such as glucose and
glycerol, and p-oxidation when the microorganism is grown on related carbon
sources, such as FAs [76-78]. Therefore, enoyl-CoA, 3-ketoacyl-CoA, (S)-3-
hydroxyacyl-CoA, and (R)-3-hydroxyacyl-ACP serve as major precursor pool for
medium-chain-length-(R)-3-hydroxyacyl-CoAs [79, 80]. An application focuses
on the utilization of 2-alkenoic acids of acyl chain lengths ranging from C6 to C12
for the biosynthesis of medium-chain-length polyhydroxyalkanoates (mcl-PHAs)
using recombinant B-oxidation-defective mutants of E. coli. When metabolically
engineered cells were fed with 2-alkenoic acids and glucose, broad substrate spec-
ificity MACS is able to catalyze the ligation of 2-alkenoic acids and CoA to gener-
ate enoyl-CoAs. Subsequently, (R)-3-hydroxyalkanoate-CoAs (3HA-CoAs) are
produced from enoyl-CoAs by the action of (R)-specific enoyl-CoA hydratase
(Phal) in the absence of p-oxidation. Then, mcl-PHAs can be synthesized from
(R)-3HA-CoAs by the action of PHA synthase (PhaC). Thus, novel type of PHA
consisting of 3-hydroxydecanoate (3HD) was synthesized from 2-decenoic acid.
Solvent cast film of poly(3HD) was transparent and exhibited thermal property
similar to that of polycaprolactone. In addition, PHAs from various carbon chain
lengths 2-alkenoic acids (C6-C12) were with over 95mol% of the corresponding
single monomer units. Since the pyrolysis product of poly(3HD) was dominantly
2-decenoic acid, it demonstrates the recycling feasibility of PHA via 2-alkenoic
acids (Scheme 7.11) [81].

Reports have shown that the physical properties of PHA copolymers consisting
primarily of one short-chain-length (SCL) repeating unit and a small concentra-
tion of medium-chain-length (MCL) repeating units resemble the petroleum-
based plastic polyethylene. Moreover, the SCL-co-MCL PHA copolymers can be
used in biomedical applications such as tissue engineering and drug delivery [82,
83]. The metabolic pathways for these two classes of PHAs are different - SCL
PHAs are synthesized from acetyl-CoA and MCL PHAs are synthesized either
from FA de novo biosynthesis or f-oxidation [80]. Research results have shown
that a key enzyme PhaG from Pseudomonas putida, which together with a CoA
ligase, AIKK, is essential to MCL PHAs production from glucose [79]. The co-
expression of PhaG, AlkK, and an engineered PHA synthase enabled E. coli to
produce MCL PHA from glucose [80]. Since a much lower yield of SCL-co-MCL
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Scheme 7.11 Biosynthetic pathway for mcl-PHAs synthesis from 2-alkenoic acids.
Source: Sato et al. [81].

PHA copolymers is often obtained from bacterial production as compared to SCL
PHA biosynthesis produced from glucose, a new versatile route was designed for
SCL-co-MCL PHA copolymer production from glucose (Scheme 7.12). An engi-
neered E. coli strain (E. coli LS5218-STQKABGK) was introduced into the two
separate biosynthetic pathways for SCL and MCL PHAs and employed for the
copolymer production using batch fermentation. A highest yield of SCL-co-MCL
PHA copolymers produced from glucose was reported, which the PHA copoly-
mers produced consisted of repeating units with 4,6, 8, 10, and 12 carbons at mol%
concentrations similar to that of other SCL-co-MCL PHA copolymers reported
with desirable physical properties [84]. Levulinic acid (LA), a five-carbon y-keto
acid that can be readily obtained as a non-enzymatic acid hydrolysis product of
lignocellulosic biomass, can serve as the sole carbon source for some bacteria such
as P. putida to catabolize to acetyl-CoA and propionyl-CoA [85]. Thus, in addition
to glucose, LA is a renewable substrate used for PHA copolymer synthesis.

It has been known that only the (R)-enantiomers of 2-aryloxypropanoic acids
exhibit herbicide activity. In addition, of those 2-aryloxypropanoic acids, (R)-2-(4-
chlorophenoxy)propanoic acid (CPPA) is capable of lowering the level of serum
cholesterol and prevents platelet aggregation, but the (S)-antipode leads to muscle
irritability and spasms by inhibiting chloride channels [86-88]. By screening
microorganisms for deracemizing CPPA, only Mycobacterium smegmatis KU1047,
Brevibacterium ketoglutamicum, and Pseudomonas aeruginosa KU1097 were
found to show deracemization activity. The enantioselectivity of these microor-
ganisms was found to be similar such that racemic CPPA was deracemized to the
(R)-enantiomer. In addition, the cell-free extract of B. ketoglutamicum also dis-
played deracemization activity when the necessary cofactors (ATP, CoASH, and
Mg>") for the acyl-CoA synthetase catalyzed formation of acyl-CoA thioester
were supplied to the reaction mixture, but no activity was detected when any one
of the above cofactors was absent. Therefore, a new enzyme, a-methyl carboxylic
deracemizing enzyme 1 (MCAD1), was purified and cloned from B. ketoglutami-
cum KU1073 to carry out the (S)-enantioselective thioesterification reaction of
CPPA (Scheme 7.13). Since MCAD1 shows highest activity toward MCL (C8 car-
bon atom) FAs, the substrate specificity indicates that MCAD1 is an MCL acyl-
CoA synthetase [89].
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Scheme 7.12  SCL-co-MCL copolymer production using engineered E. coli with
introduction of two separate pathways for SCL and MCL PHAs biosynthesis.

Microorganisms harbor structurally diverse natural products, including polyketides,
peptides, and terpenoids. Understanding the biosynthetic mechanism of the
atypical polyketide extender unit is important for the development of bioactive
natural products. Reveromycin (RM) derivatives contain several aliphatic
extender units derived from 2-alkylmalonyl-CoA, such as butylmalonyl-CoA,
isobutylmalonyl-CoA, pentylmalonyl-CoA, and hexylmalonyl-CoA. While the
aliphatic extender unit of Reveromycin A (RM-A), produced by Streptomyces sp.
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Scheme 7.13 Enantioselective thioesterification of racemic CPPA catalyzed by MCAD1.

SN-593, is derived from butylmalonyl-CoA. RM-A inhibits bone resorption by
inducing apoptosis in osteoclasts, and this activity is also linked to the inhibition
of osteolytic bone metastasis induced by lung and prostate cancer cells [90-95].
The molecular basis of 2-alkylmalonyl-CoA formation for RM-A biosynthesis was
studied by analyzing the revR and revS genes, which form a transcriptional unit
with the revT gene, a crotonyl-CoA carboxylase/reductase homolog (RevT) [96].
Incubation of purified RevT from expressed Streptomyces lividans TK23 in the
presence of (E)-2-hexenoyl-CoA, NaHCO3, and NADPH leads to the production
of butylmalonyl-CoA (Scheme 7.14a). RevT also catalyzed (E)-2-octenoyl-CoA for
the formation of hexylmalonyl-CoA with the catalytic efficiency. The revR gene
disruption demonstrated that RevR was involved in the selective production of
butylmalonyl-CoA. In the de novo FA biosynthesis, RevR is likely to select butyryl-
CoA as a priming substrate to yield 3-oxo-hexanoyl-ACP. Next, the product may
be converted into (E)-2-hexenoyl-ACP by f-keto processing enzymes, followed by
an unknown transacylase for the conversion of (E)-2-hexenoyl-ACP into (E)-2-
hexenoyl-CoA. Although the adenylate-forming enzyme RevS was classified in
the fatty acyl-AMP ligase clade based on phylogenetic analysis, the enzyme cata-
lyzed medium-chain fatty acyl-CoA ligase (FACL) but not the fatty acyl-AMP
ligase activity. Moreover, the in vitro coupling reaction using purified RevS and
RevT showed efficient conversion of hexenoic acid into butylmalonyl-CoA
(Scheme 7.14b). Because RevsS efficiently catalyzes C8-C10 medium-chain FACL
activity, these acyl-CoA precursors have to be truncated via in vivo p-oxidation
and converted into (E)-2-hexenoyl-CoA for subsequent RevT reaction to form
butylmalonyl-CoA, which is catalyzed by the polyketide synthase (PKS) to pro-
duce a unique polyketide (RM-A) extender unit (Scheme 7.14c). These results pro-
vide the role of RevS, a novel medium-chain FACL, in catalyzing MCFAs to
produce a unique polyketide extender unit.

The triple bond in an alkyne molecule is an important functional group widely
used in chemical synthesis, material science, and pharmaceutical science. Based
on previous efforts on characterizing the first carrier protein-dependent pathway
for terminal alkyne formation, additional homologous gene cassettes presumably
involved in alkyne biosynthesis using both in vitro biochemical assays and the
E. coli-PKS reporting system for in vivo analysis were screened for further studies.
Then, a new terminal alkyne biosynthetic pathway comprised of TtuA, -B, and -C
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from Teredinibacter turnerae T7901 was discovered and characterized. While the
acyl-CoA ligase homolog (TtuA) demonstrated promiscuity in the activation and
loading of medium-chain FAs onto the carrier protein (TtuC), the desaturase
homolog (TtuB) showed stringent substrate specificity toward decanoic acid and
a bifunctional desaturase/acetylenase that efficiently catalyzed two sequential O,-
dependent dehydrogenation reactions in E. coli. A novel terminal-alkyne-bearing
polyketide was further produced by co-expressing #tuABC and a PKS gene in
E. coli (Scheme 7.15) [97].

7.2.3 Long-chain-fatty-acid-CoA Ligase

The systematic name of long-chain-fatty-acid-CoA ligase, also simply called long-
chain acyl-CoA synthetase (LACS, EC 6.2.1.3), is a long-chain FA:CoA (AMP-
forming). This category of enzyme catalyzes a two-step ATP-dependent reaction
of long-chain saturated and unsaturated FAs and coenzyme A (CoA) through a
fatty acyl-AMP intermediate to generate their acyl-CoA thioesters the same as
that shown in Scheme 7.9 but with 12-22 carbon atoms, which are then substrates
for p-oxidation as well as TAG, phospholipids, and cholesterol esters synthesis [19,
98]. The enzymes belonging to the acyl-CoA synthetase family are present in all
organisms from bacteria to humans including plants and are located in various
cell compartments such as mitochondria and peroxisomes, which participate in a
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wide variety of cellular pathways including lipid synthesis, lipid degradation,
energy production, post-translational modification of proteins, membrane
biogenesis, vesicular trafficking, and regulation of gene expression [99, 100].

The first LACS in guinea pig liver microsomes was reported in 1953 with activity
for straight-chain SFAs of C5-C22 carbon atoms and mono-, di-, and trienoic C18
acids [101]. Since then, purification and characterization of LACS has been carried
out from microsomes, mitochondria, and peroxisomes of rat liver [102-109]; from
human blood platelets, erythrocyte membrane, and liver [110-114]; from calf
brain [112]; and also from parasite Cryptosporidium parvum [115] and bacteria such
as Bacillus megaterium and Candida lipolytica [116-118]. The estimated molecular
weight from different cells was commonly in the range 76.0-86.1kDa [105, 108, 115,
119], except only one with an apparent molecular weight of 250kDa constituted by
four protein components having molecular weight of 135, 115, 65, and 55Da [106].

The first three-dimensional crystal structure of a LACS domain swap homodi-
mer from an extreme thermophile Thermus thermophiles HB8 overexpressed in
E. coli was determined at 2.0 A resolution. In addition, the crystal structures of the
enzyme complexes with ATP analogue adenosine 5'-(f,y-imido) triphosphate
(AMP-PNP) and the myristoyl-AMP complex were also determined. The enzymes
consist of a large N-terminal and a small C-terminal domain, with the catalytic
site positioned between the two domains. The binding of substrate may affect the
relative positions of the C- and N-terminal domains. The C-terminal domain of
LACS is assumed to be in an open conformation when a substrate is absent and in
a closed conformation when a substrate is bound. A domain swapped dimer is
formed by LACS, with monomer interacting at the N-terminal domains. A large
electrostatically positive concave is located at the back of the structure in the cen-
tral valley of the homodimer. The L motif, a six amino acid peptide linker, con-
nects the large N-terminal domain and a small C-terminal domain of each LACS
monomer. The N-terminal domain is composed of two subdomains: a distorted
antiparallel p-barrel and two p-sheets surrounded by a-helices forming an afafpo
sandwich. The small C-terminal globular domain consists of two-stranded $-sheet
and a three-stranded antiparallel p-sheet flanked by three o-helices [98, 120].
Upon ATP binding, the FA-binding tunnel gated by an aromatic residue opens to
the ATP-binding site. The gated FA-binding tunnel appears only to allow one-way
movement of the FA during overall catalysis. The protein incorporates a hydro-
phobic branch from the FA-binding tunnel that is responsible for substrate speci-
ficity. Based on these high resolution crystal structures, a unidirectional Bi Uni
Uni Bi Ping-Pong mechanism for the two-step acetylation by LACS was
proposed [98]. The mutational analysis of signature motif in a long-chain fatty
acyl-CoA synthetase consisted of seven amino acid residues, which is essential for
catalytic activity and functions in part to promote FA chain length specificity and
thus may compose part of the FA-binding site within the enzyme [121].
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LACS plays a central role in the physiological regulation of a variety of cellular
functions by catalyzing the formation of long-chain fatty acyl-CoA from FA, ATP,
and CoA via a two-step process proceeded through the hydrolysis of pyrophos-
phate. Long-chain fatty acyl-CoAs are bioactive compounds that have effects in
protein transport, enzyme activation, protein acylation, cell signaling, transcrip-
tional control, and organ fusion in addition to serving as substrates for f-oxidation,
TAG formation, and phospholipid biosynthesis [99, 100, 119, 121-128]. LACS also
has clinical significance in cancer therapy [129]. It has been reported that long-
chain fatty acyl-CoA ligase 3 (FACL3), which preferentially utilizes myristic acid,
eicosapentaenoic acid, and arachidonic acid as substrates to generate long-chain
fatty acyl-CoAs, was upregulated by vitamin D; in both expression and activity
levels and contributed to the growth inhibitory effect of vitamin D5 in human
prostate cancer LNCaP cells [130]. Furthermore, it was found that fatty acid syn-
thase (FAS), the second and a key enzyme for the FA synthesis, which is overex-
pressed and associated with prostate cancer development, was downregulated by
vitamin D3 in LNCaP cells [131]. Then, the feedback inhibition of FAS expression
by long-chain fatty acyl-CoA synthesized by FACL3 causes the downregulation of
FAS mRNA by vitamin Ds. Therefore, FACL3 contributes to the antiproliferative
effect of vitamin D; in the human prostate cancer LNCaP cells [132].

Jasmonic acid (JA), a plant hormone, and its cyclic precursors are collectively
referred to as jasmonates constituting a family of bioactive oxylipins, which are
derived from oxygen-containing FAs and regulate a variety of defense responses
and developmental processes in plants. In plants, the biosynthetic pathway of JA
is initiated in the chloroplast starting from o-linolenic acid (C18:3) or hexadec-
atrienoic acid (C16:3), which is released from membrane phospholipids by phos-
pholipase and converted to 12-oxo-phytodienoic acid (OPDA) and dinor-OPDA
(dnOPDA), respectively, by consecutive action of the plastic enzymes
13-lipoxygenase, allene oxide synthase, and allene oxide cyclase. Then, OPDA and
dnOPDA can be released from the chloroplast and function directly as signal mol-
ecules in plant defense responses. For JA synthesis, OPDA and dnOPDA are trans-
located into peroxisomes by the peroxisomal ATP-binding cassette transporter
COMATOSE but may also include passive mechanisms (anion trapping). Within
the peroxisomes, both are converted by oxophytodienoic acid reductase 3 (OPR3)
to 3-oxo-2-(2'-[Z]-pentenyl)-cyclopentane-1-octanoic acid (OPC-8) and 3-oxo-2-
(2'-[Z]-pentenyl)-cyclopentane-1-hexanoic acid (OPC-6), respectively. Before pro-
ceeding the p-oxidative shortening of the carboxyl side chain for final JA biosyn-
thesis, OPDA, OPC-8, and OPC-6 must be converted to the corresponding CoA
esters by different acyl-CoA synthetases (At5g63380, At1g20510, or At1g20500)
from A. thaliana (Scheme 7.16) [133, 134]. Note that both At5g63380 and
At1g20501 exhibit LACS activity. Of the three acyl-CoAs, OPDA-CoA is further
converted into OPC-8-CoA catalyzed by OPR3. Then, an even number of carbon
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Scheme 7.16 Pathways of JA biosynthesis in plant peroxisomes. Sources: Based on
Kienow et al.[133] and Schneider et al. [134].

is removed from the carboxyl side chains of OPC-8-CoA and OPC-6-CoA by sev-
eral cycles of B-oxidation, which is catalyzed by three core enzymes, acyl-CoA
oxidase (ACX), multifunctional protein (MFP), and 3-ketoacyl-CoA thiolase
(KAT) to yield the penultimate intermediate jasmonyl-CoA (JA-CoA).
Subsequently, (+)-7-iso-JA is released from JA-CoA by the action of TE and spon-
taneously epimerized to (—)-JA.

Owing to the limited amount, uneven distribution, and environmental pollu-
tion of fossil fuels, sustainable biofuels have garnered considerable interest for
decades. Liquid biofuels, such as biodiesel and bio-alcohols, can be generated
from renewable resources including edible plants, green wastes, and microalgae.
Biodiesel is produced by the transesterification of TAGs, yielding mono-alkyl
esters of long-chain FAs with short-chain alcohols, for example, FA methyl esters
(FAMES) and FA ethyl esters (FAEEs). In addition to being renewable and domes-
tic origin, advantages of biodiesel over petrochemical diesel include biodegrada-
bility, higher flash point, less toxicity, and inherent lubricity. Biodiesel from
microalgae is referred to as third-generation biodiesel, while the first-generation
biodiesel was produced from edible resources such as edible oils and lipids and
the second-generation biodiesel was obtained by the pretreatment of the biomass
of non-edible oils. Microalgae lipids comprise polar and nonpolar lipids. De novo
synthesis of FAs in microalgae occurs mainly in the chloroplast, in which CO, is
the initial carbon source, that leads to the production of saturated palmitic acid
(C16:0) and stearic acid (C18:0), which can further produce unsaturated FAs
(UFAs) such as oleic acid (C18:1), linoleic acid (C18:2), and «-linolenic acid
(C18:3). The biosynthesis of microalgae TAG has been suggested to take place
through the direct glycerol pathway to form the storage lipid droplet [53, 54].
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Although microalgae biofuel has become the most promising renewable energy,
the high production cost is still a limitation. Although efforts have been made in
enhancement of lipid productivity, the major cost problem in harvesting and oil
extraction is still intractable. It has been reported that LACSs are involved in FAs
secretion due to the ability of FAs transportation. Disruption of LACSs resulting
in FAs exportation into the media was first discovered in E. coli. A similar phe-
nomenon was also observed in S. cerevisiae when native LACSs genes, faal and
faa4 that account for most of the LACSs activity, were both removed [100]. LACSs
identified in eukaryotic algae were very few. However, the cDNA of two LACSs
genes, cracsl and cracs2, was cloned from C. reinhardtii, which showed different
substrate adaptation in the yeast complementation experiments. CracsI could
only utilize FAs C14:0, C16:1, and C18:1; cracs2 could utilize FAs C12:0, C14:0,
C16:0, C18:0, C16:1, and C18:1. Knockdown of cracsl and cracs2 in C. reinhardtii
resulted in accumulation of intracellular lipids. The total intracellular lipid con-
tent of transgenic algae q-15 and p-13 (knockdown of cracsI and cracs2, respec-
tively) was 45 and 55%, respectively, higher than that of C. reinhardtii cc849. FAs
secretion was observed in both transgenic algae that reach 8.19 and 9.66 mg/10’
cells in g-15 and p-13, respectively [135]. Therefore, FAs secretion is possible by
knocking down LACSs cDNA from microalgae that gives a new strategy for low-
cost oil extraction.

Vegetable oil is mainly accumulated during the seed maturation phase and sup-
plies carbon and energy for seed germination and seedling growth. Biosynthesis
of TAG in plants is generally understood and considered to be a highly conserved
process, but the molecular and biochemical details are mostly limited to oilseeds.
In plant tissues, biosynthesis of TAG primarily involves synthesis of FAs in the
plastid and their transfer to the endoplasmic reticulum (ER), where sequential
esterification to a glycerol-3-phosphate (G3P) backbone in an acyl-CoA-dependent
or -independent manner takes place to generate either TAG or phospholipid [136,
137]. Whereas in the cytosol and plastid, hexose is converted into acetyl-CoA
through the glycolytic pathway, of which some are then used as the carbon source
for FA synthesis. The general scheme for the conversion of sucrose to TAG involv-
ing degradation of sucrose; generation of pyruvate in the plastid, which involves
glycolysis, pentose phosphate pathway, and plastid transporters; FA synthesis in
the plastid; and TAG assembly in the ER is shown in Scheme 7.17a. In the plastid,
the conversion of pyruvate to FAs involves at least 14 enzymes and/or protein
complexes (Scheme 7.17b) [138].

Avocado (Persea americana) belongs to the family Lauraceae, one of the largest
basal angiosperm families and is an advantageous system to study the evolution of
mechanisms underlying the synthesis of storage reserves such as starch or lipids
in fruit tissues other than seed. The avocado fruit, like oil palm and olive, is one of
a few examples in which the mesocarp, a nonseed tissue, stores copious amounts
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Scheme 7.17 (a) Schematic pathway for the conversion of sucrose to triacylglycerol.
(b) Fatty acid synthesis pathway in the plastid. Source: Kilaru et al. [138].

of TAG (~70% TAG per dry weight). Comparison of the transcript levels of the
orthologues of the gene family members in oil-rich tissues of avocado, oil palm,
rapeseed, and castor, while indicating some similarities across diverse species and
tissue, also revealed several exceptions for avocado (Scheme 7.18). The accumula-
tion of TAG in oleic acid was associated with higher transcript levels for a putative
stearoyl-ACP desaturase and ER-associated acyl-CoA synthetases, during fruit
development. Gene expression levels for enzymes involved in terminal steps to
TAG biosynthesis in the ER further indicated that both acyl-CoA-dependent and
-independent mechanisms might play a role in TAG assembly, depending on the
developmental stage of the fruit. Furthermore, in addition to the expression of an
orthologue of WRINKLED1 (WRI), a regulator of FA biosynthesis, high transcript
levels for WRI2-like and WRI3-like suggest a role for additional transcription fac-
tors in nonseed oil accumulation. Plastid pyruvate necessary for FA synthesis is
likely driven by the upregulation of genes involved in glycolysis and transport of
its intermediates. Together, a comparative transcriptome analyses for storage oil
biosynthesis in diverse plants and tissues suggested that several distinct and con-
served features in this basal angiosperm species might contribute toward its rich
TAG content [138].
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Scheme 7.18 Acyl-CoA-dependent or —independent TAG synthesis pathway derived from
glucose in ER. Legend: CPT, cytidine-5-diphosphocholine; DAG, diacylglycerol; DGAT,
diacylglycerol acyltransferase; G3P, glycerol-3-phosphate; GPAT, glycerol-3-phosphate
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(PC:DAG cholinephosphotransferase); PP, phosphatidate phosphatase; TAG, triacylglycerol.

Oilseed rape (Brassica napus), one of the four major oil plants in the world,
plays an important role in producing vegetable proteins and edible oils for human.
In addition, seed oils have long been recognized as important raw materials for
biofuels. TAGs are the main component of plant seed oil. In developing oilseeds,
the location for TAG biosynthesis is ER, whereas carbohydrate and FA metabo-
lism are also involved in this pathway. While in the cytosol and plastid, hexose is
degraded and converted into acetyl-CoA through Embden-Meyerhof-Parnas
pathway (EMP pathway), of which some are then used as the carbon source for FA
synthesis. FAs can be converted to long-chain acyl-CoAs, which are precursors for
TAG biosynthesis. In Arabidopsis, the LACS gene family contains nine members,
among which LACS1 and LACS9 have overlapping functions in TAG biosynthesis.
LACS2 gene identified in rapeseed B. napus (BnLACS?2) is an orthologue of the
Arabidopsis LACS2 gene and is highly expressed in developing seed. The
BnLACS2-GFP (green fluorescent protein) fusion protein was mainly localized to
the ER. Overexpression of the BnLACS2 gene resulted in significantly higher oil
contents in transgenic rapeseed plants compared to wild type; however, BnLACS2-
RNAI transgenic rapeseed plants had decreased oil contents. Moreover, BnLACS2
transcription increased the expression of several genes involved in glycolysis, as
well as FA and lipid biosynthesis in developing seeds [139].

With the emergence of second-generation biofuel technologies and the need to
avoid the food-fuel conflict, exploring better ways to produce biodiesel is of high
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interest in research. Biodiesel production using microbial lipids, known as single-
cell oils (SCO), has attracted attention of researchers. They can be converted into
FAME and FAEE or into hydroprocessed esters and fatty acids (HEFA). Microbial
oils have many advantages over plant oils, such as short life cycle; less labor
required; less affected by venue, season, and climate; and easier to scale up. The
single biggest advantage is that lignocellulosic waste material can be used to
reduce the available area for growing food crops or microalgae. In addition, lipid
composition of microbes can easily and quickly be modified by mutation, hybridi-
zation, and/or genetic engineering techniques combined with classical fermenta-
tion [140-144]. A Gram-positive, facultative anaerobic, nonpathogenic soil
bacterium, Corynebacterium glutamicum, was metabolically engineered to pro-
duce TAGsby constructingadenovo TAG biosynthesis pathway(Scheme 7.19) [145].
First, a TAG biosynthesis plasmid pZ8_TAG4 was constructed with the heterolo-
gous expression of four genes. Three of these genes: atfl and atf2 derived from
Rhodococcus opacus PD630 encode DGAT and pgpB cloned from E. coli encodes
phosphatidic acid phosphatase (PAP). One gene, tadA, involved in the lipid body
maturation was also derived from R. opacus PD630. Second, four strategies were
employed to increase TAGs accumulation via metabolic engineering: (i) increas-
ing precursor supply by heterologous expression of tesA (encoding TE to form free
FA to reduce the feedback inhibition by acyl-ACP) and fadD (encoding LACS to
enhance acyl-CoA supply), (ii) reducing TAG degradation and precursor con-
sumption by the deletion of four cellular lipase genes (cg0109, cg0110, cg1676, and
cg1320) and the diacylglycerol kinase (DKG) gene (cg2849), (iii) enhancing FA
biosynthesis by deleting fasR (cg2737, encoding the TetR-type transcriptional reg-
ulator of genes for the FA biosynthesis), and (iv) eliminating the observed by-
product formation of organic acids by blocking the acetic acid (pgo) and lactic
acid production (Idh) pathways. The final strain (CgTesRtcEfasEbp/pZ8_TAG4)
achieved a 7.5% yield of total FAs (2.38+0.05gL™" intracellular FAs and
0.64+0.09gL™" extracellular FAs) from 4% glucose in shaker-flask experiments
after process optimization, which corresponds to maximum intracellular FAs con-
tent of 17.8 +0.5% of the dry cell [145].

7.3 Ligases for Carbon-Nitrogen Bonds Formation

7.3.1 Glutamine Synthetase

Glutamine synthetase (GS, EC 6.3.1.2, systematic name as L-glutamate:ammonia
ligase [ADP-forming]) is a crucial enzyme to all living organisms that plays an essen-
tial role in the metabolism of nitrogen by catalyzing the ATP-dependent condensa-
tion of ammonia and glutamate to yield glutamine, ADP, and inorganic phosphate in
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Scheme 7.20 Condensation of glutamate and ammonia to generate glutamine catalyzed
by glutamine synthetase. Sources: Based on Dos Santos Moreira et al.[146], Moreira
et al.[147],and Ginsburg et al. [148].

the presence of divalent cations such as Mg** and Mn** (Scheme 7.20) [146-148]. GS
is the sole enzyme to incorporate atmospheric nitrogen into organic molecules
through ammonia, which is produced by nitrate reduction, amino acid degradation,
and photorespiration [149]. The first traceable paper on GS was dated back to 1953,
and then more than 10000 research reports on GS were published. The plenty of
research on GS reveal the wide variety of physiological roles, mostly related to its
involvement in metabolic pathways, which manipulate nitrogen and carbon levels
within the cell through many kinds of regulation mechanisms.

The molecular phylogenetic analyses suggest that GS genes are one of the oldest
existing and functioning genes in the history of gene evolution [150]. The struc-
ture of GS has been studied extensively. The early technique used for the purified
enzyme was electron microscopy [151, 152]. As the progress of protein X-ray crys-
tallography advances, the structure of GS can be determined by X-ray crystallog-
raphy initially at 3.5 A resolution and further refined to the resolution of
2.5A [153-157]. There are three different classes of GS: GSI, GSII, and GSIII [146,
158]. They are mainly categorized by the difference in number of residues per
monomer, while other features including the quaternary structures and the distri-
bution among organisms are also used to classify GS enzymes. Class I enzymes
(GSI) are categorized by having 450-470 residues per monomer with its oligomer
of 12 identical subunits formed by two hexameric rings. GSI is typically found in
prokaryotes with a few present in mammals, plants, and fungi [150, 159]. Class I
enzymes (GSII) are characterized by having 350-420 residues per monomer,
which is the smallest monomer among the three classes. The monomers of GSII
are decamer of identical subunits formed through the combination of two penta-
meric rings. This class of GS is normally found in eukaryotes with some discov-
ered in soil bacterium [150, 158, 160-162]. Class III enzymes (GSIII) are much
larger than the GSI or GSII enzymes containing around 700 residues per mono-
mer. GSIII also is a double hexameric ring associated with dodecameric homo-
oligomer, but the type of association of the two hexameric rings is different from
that of GSI and GSII [146, 163]. GSIII has only been found in organisms such as
anaerobic bacteria, photosynthetic blue-green algae, radioresistant bacterium, the
amoeba, and some protozoans [146, 163, 164]. However, it also happens that
Synechocystis sp. encodes both GSI and GSIII in its genome [165].
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GS can be composed of either 10 or 12 identical subunits separated into two
face-to-face rings held by hydrogen and hydrophobic interactions [152, 153,
160-164, 166, 167]. Each active site of GS is located between the N-terminal of one
monomer and the C-terminal of the adjacent monomer that means 10 active sites
for the GSII decamers and 12 in the GSI and GSIII dodecamers. The C-terminal is
the major contributor to the active-site cavity. The shape of each active site looks
like an hourglass or a bifunnel that shows a narrow middle part near the Mg** ion
binding site, and the larger part regions can access to the solvent. Note that there
are three Mg®* ions in each active site that are numbered according to their bind-
ing order commonly referred to as nl1, n2, and n3. Two cavities are formed with
one smaller and one larger. The smaller cavity is the binding site for ammonium
ion and glutamate, where glutamate is generated and released. Thus, this cavity is
named as “amino acids binding site,” and inhibitors resembling amino acids can
bind to this site. Two negatively charged regions are present on one side of the
pocket to interact with the amine group and the ammonium ion. The ammonium
ion binding region is constituted by Glu305, Tyr162, Asp63’, and Ser66’, while the
other binding region is constituted by Asn248, Gly249, Glul34, Glul136, Glu196,
Glu203, and Glu338 (the apostrophe indicates that the residue belongs to the adja-
cent subunit) that interacts with the backbone amine. On the other hand, the
positively charged residues (Arg229, Arg319, Arg340, His253, and Asn255) are
present to interact with the carboxyl groups located in the backbone and side
chain of glutamate/glutamine [146, 161]. The larger cavity is the place for ATP,
ADP, and AMP binding, which is named as “nucleotide binding site.” Since the
amino acids binding site is far more conserved than the nucleotide binding site,
the nucleotide binding site is the preferential pocket to design novel GS inhibitors
with selectivity toward different classes of GS enzymes [146].

The mechanism of GS catalyzed glutamate and ammonia condensation with
the aid of ATP was deduced from X-ray crystallography structure data of GS-
inhibitors complexes and from kinetic studies. Even though different mechanisms
were proposed for the reaction, the most widely accepted hypothesis for the mech-
anism was the two-step reaction mechanism [153, 168-173]. In the first step, ATP
binds GS and coordinates with n2 ion, and then glutamate binds next near to nl
ion and attacks the y-phosphorus atom of ATP to form the intermediate y-glutamyl
phosphate and ADP; subsequently, after a rearrangement of the active site, ammo-
nium ion binds and loses a proton to a basic residue (probably an Asp) as well as
attacks the y-glutamyl phosphate intermediate, resulting in a tetrahedral configu-
ration; finally, the phosphate breaks down from the intermediate to produce a
charged glutamine and loses a proton to another basic residue (probably a
Glu) [146]. However, the results of three computational studies indicated three
similar, but not equivalent, reaction mechanisms, in which the most differences
are associated with protonation states and proton transfers. Nevertheless, all three
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studies pointed to an SN2 nucleophilic substitution that the Cy of the substrate
maintained its sp* hybridization rather than going through a tetrahedral transi-
tion state of sp® hybridization. The tetrahedral intermediate does not exist but
only as a transition state [147, 174, 175].

E. coli, an enteric bacterium, and many other organisms have two primary path-
ways for glutamate synthesis (Scheme 7.21) [176]. One involves glutamate dehy-
drogenase (GDH), which catalyzes the reductive amination of 2-oxoglutarate
(2-0G) to form glutamate. The other pathway is the glutamate synthetase-
glutamate synthase (glutamine:2-oxoglutarate aminotransferase, GOGAT, EC
2.6.1.53) pathway, comprising the consecutive reaction of GS and glutamate syn-
thase, which is known to be essential for synthesis at low ammonium concentra-
tions and for regulation of the glutamine pool. The occasion that GDH is used for
glutamate synthesis is when the cell is limited for energy (and carbon) but ammo-
nium and phosphate are present in excess. Therefore, the energy cost of glutamate
biosynthesis may be less when energy is limited than when energy is unlimited.
This pathway is also utilized by cyanobacteria for the assimilation of N, and NH,*
to produce glutamine and glutamate. In five diverse cyanobacteria, the principal
initial product of metabolism of N, and NH,* is glutamate by GS. However, glu-
tamine declines and glutamate increases with increasing times of assimilation of
N, and NH,* in all of the N,-fixation cyanobacteria due to the subsequent cata-
lytic reaction by GOGAT. While the major glutamate formed by Anacystis nidu-
lans incubated with NH,* may be formed by GDH [177].

Trypanosoma cruzi, the etiological agent of Chagas disease, can consume glu-
cose and/or amino acids depending on their availability. The consumption of
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Scheme 7.21 Two primary pathways for glutamate synthesis in E. coli. Source: Modified
from Helling [176].
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amino acid usually produces excess toxic ammonium, which must be eliminated
to convert it into a nontoxic substance. The enzyme GS serves the role for manag-
ing the excess ammonium by converting it into glutamine. The formation of glu-
tamine from glutamate and ammonium catalyzed by GS also is essential for its
invasion life cycle, particularly during the stage transiently enclosed in a tight
vacuole, where it consumes amino acid and differentiates into the amastigote; in
addition, extracellular GIn has a role in the survival of the parasite under severe
metabolic stress conditions and in the maintenance of intracellular ATP lev-
els [178, 179].

In nonlegume plants, nitrogen assimilation begins with uptake of inorganic N,,
NO;~, or NH,* from soil. Subsequently, NO;~ is reduced to NH,* by the sequen-
tial reaction catalyzed by nitrate reductase and nitrite reductase. Then, NH," is
converted to glutamate and glutamine by the enzymes GS, GOGAT, and
GDH. Glutamate and glutamine are nitrogen donors in the biosynthesis of essen-
tially all other amino acids and important nitrogen-containing compounds such
as nucleic acids, chlorophyll, hormones, and secondary metabolite products. The
amino acids glutamine, glutamate, aspartate, and asparagine serve as the princi-
pal nitrogen-transport amino acids in most crop and higher plants including
A. thaliana. The enzymes exploited for biosynthesis of the amide amino acids
glutamine and asparagine were GS and asparagine synthetase (AS), respectively,
which are subject to tight regulation in response to environmental factors such as
light and to metabolic factors such as sucrose and amino acids [149]. For plants,
cytosolic GS1 is important for primary NH,* assimilation in roots and for reas-
similation of NH,* generated during protein turnover in leaves, whereas the dom-
inating role of GS2 is in reassimilation of photorespiration NH," in the chloroplasts
and assimilation of NH,* derived from NO;~ reduction in plastids. GS1 activity
may be downregulated via a chain of processes elicited by metabolic imbalances
and environmental constraints. A pivotal role of GS1 may be related to the main-
tenance of essential N flows and internal N sensing during critical stages of plant
development [180]. It has been noted that light absorbed for plant photosynthesis
can itself be dangerous to plants. Transgenic tobacco plants enriched or reduced
in plastid GS2 demonstrated that plants with twice the normal amount of GS2 had
an improved capacity for photorespiration and an increased tolerance to high-
intensity light, whereas those with a reduced amount of GS2 had a diminished
capacity for photorespiration and C3 compounds were photoinhibited more
severely by high-intensity light. Therefore, photorespiration can act as a defense
mechanism [181].

The metabolism of glutamine in the leaf and subtended fruit of the aging pea
(Pisum sativum L.) was found in relation to senescence and seed development.
Experimental results suggest that the activity of GS in the supply organs (leaf,
pod) furnishes the translocated amide necessary for the N nutrition of the
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cotyledon. The subsequent activity of GOGAT could provide a mechanism for the
transfer of imported amide N to alpha amino N subsequently used in protein syn-
thesis [182]. Nitric oxide (NO) is an important regulator in the Rhizobium-legume
symbiosis. In root nodules of Medicago truncatula, the NO-mediated GS post-
translational inactivation is connected to nitrogenase inhibition induced by NO
that boosts glutamate channeling to the root nodules for the synthesis of glu-
tathione (GSH), which plays a major role in the antioxidant defenses by partici-
pating in the ascorbate/GSH cycle [183].

In the vertebrate nervous system, GS in the brain participates in the metabolic
regulation of neurotransmitter glutamate, the detoxification of brain ammonia,
the assimilation of ammonia, recyclization of neurotransmitters, and termination
of neurotransmitter signals. GS is located mainly in astrocytes, both in vivo and
in vitro. Astrocytes protect neurons against excitotoxicity by taking up excess
ammonia and glutamate and converting it into glutamine through GS [166, 184].
Hyper blood ammonia is a possible etiological agent for Alzheimer’s disease, the
most common age-related dementia, which is due to the loss of astrocytic GS activ-
ity and induces the impairment of glutamate-glutamine cycle and astrocytosis to
cause an increase in brain ammonia concentration [185]. In the study of etiological
mechanism of autism, a heterogeneous neurological disorder characterized by
impairments in communication and social interactions, repetitive behaviors, and
sensory abnormalities, significant alterations in glutamate and glutamine cycle
enzymes as represented by GS and kidney-type glutaminase (GLS1), respectively,
were demonstrated. While the glutamic acid decarboxylase autoantibody levels
were remarkably increased, no significant difference was observed compared to
the healthy control participants. Therefore, GS and GLS1 are promising indicators
of a neuronal excitation and inhibition system imbalance and the combined meas-
ured parameters are good predictive biomarkers of autism [186].

In organisms, the inorganic nitrogen is assimilated through the GS/GOGAT
cycle, in which glutamine and glutamate are further metabolized to form amides
and amino acids [187, 188]. In plants, the amino acids glutamine and asparagine
play crucial roles in their growth and development because they are the primary
nitrogen transport compounds within the plant. However, growth conditions may
determine the relative levels of glutamine and asparagine synthesized. In light-
grown plants, glutamine is synthesized and transported to serve as the nitrogen
donor in essentially all metabolic reactions, especially in chlorophyll biosynthesis.
Yet, in dark-grown plants with limited photosynthetic carbon, asparagine, which
has a higher N/C ratio than glutamine, is synthesized preferentially to transport
nitrogen (Scheme 7.22). The key enzymes involved in this pathway are GS, AS (EC
6.3.5.4), and GOGAT [189]. Asparagine plays primary role in nitrogen recycling,
storage, and transport in developing and germinating seeds, as well as in vegeta-
tive and senescence organs. The asparagine amide group can be liberated by the
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Scheme 7.22 Biosynthetic pathway of nitrogen assimilation into glutamine, asparagine,
and aspartate using GS/GOGAT cycle.

reaction catalyzed by asparaginase (ASPG) to generate aspartate, and also the
amino group of asparagine can be released by asparagine aminotransferase
(AsnAT) for use in the biosynthesis of amino acids. In addition, the GS/GOGAT
cycle can be utilized for the synthesis of aspartate through the amino group trans-
fer reaction between glutamate and oxaloacetate catalyzed by aspartate ami-
notransferase (AspAT) [190].

Theanine, y-glutamylethylamide, is an amino acid found in green tea leaves
(Camellia sinensis), which has increased in demand not only as a taste-enhancing
additive but also as a supplement to improve and/or maintain human health. GS
has been isolated from the cell extract of Pseudomonas taetrolens Y-30, which
exhibits a molecular mass 660 kDa by gel filtration chromatography and 55kDa by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Under
the standard reaction condition for glutamine formation (with Mg**), this GS
showed 7 and 1% reactivity toward methylamine and ethylamine, respectively, to
that of ammonia. However, under an optimum reaction condition with Mn2*, the
isolated GS catalyzed the formation of theanine from glutamic acid and ethylamine
with a reactivity of 7% to the reactivity of ammonia in a mixture containing
the alcoholic fermentation system of baker’s yeast for ATP regeneration
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Scheme 7.23 Theanine production by coupling the reaction of GS with glucose
fermentation of baker’s yeast cell as an ATP-regeneration system. Sources: Based on
Yamamoto et al. [191,192].

(Scheme 7.23) [191, 192]. Later study showed that high concentrations of ethyl-
amine enhanced theanine formation, whereas it inhibited yeast fermentation of
sugar, and the two contrary effects of ethylamine caused a high yield of theanine
based on glucose consumed. Therefore, in an improved reaction mixture, approxi-
mately 170mM theanine was produced in 48 hours reaction period [192].
Furthermore, the enzyme productivity of recombinant GS by cloning and expres-
sion of GS gene from P. taetrolens Y-30 in E. coli was 30-fold higher than that in
P. taetrolens Y-30. Recombinant GS had the same properties as those of unade-
nylated intrinsic GS and formed theanine in the mixture of coupled fermentation
with energy transfer [193].

7.3.2 L-Alanine-L-anticapsin Ligase

In enzymology, L-alanine-L-anticapsin ligase, characterized from the bacterium
Bacillus subtilis, belongs to L-amino-acid ligases (LALs, created as EC 6.3.2.28 and
transferred in 2015 to EC 6.3.2.49), which is involved in the biosynthesis of the
nonribosomally synthesized dipeptide antibiotic bacilysin from L-alanine and L--
anticapsin in an ATP-dependent way that requires Mg®* or Mn>* for activity
(Scheme 7.24). 1t is also named as BacD and is a member of ATP-grasp enzyme
superfamily (ATP-dependent carboxylate-amine ligases) that catalyzes the
formation of an a-peptide bond between two L-amino acids in an ATP-dependent
manner [194, 195].

Bacilysin, a nonribosomally synthesized dipeptide antibiotic, was first discov-
ered as early as 1946 from a strain of B. subtilis that causes partial lysis of growing
cultures of Staphylococcus aureus [196, 197]. The exact molecular structure of
bacilysin was assigned as L-alanyl-p-(2,3-epoxycyclohexanonyl)-L-alanine in
1965 with the C-terminal amino acid identical to anticapsin produced by
Streptomyces griseoplanus, which inhibits the formation of hyaluronic acid
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Scheme 7.24 Biosynthesis of the antibiotic bacilysin from L-alanine and the non-
proteinogenic amino acid L-anticapsin catalyzed by BacD.

capsule of group A Streptococci [198-201]. The antibacterial action of bacilysin
relies on its hydrolysis by intracellular peptidases to anticapsin in the host cells,
which inhibits glucosamine 6-phosphate (GIcN6P) synthase [202-204]. Bacilysin
had long been thought to be synthesized by a multifunctional NRPS in the genus
Bacillus; however, the first cell-free synthesis of bacilysin was in 1987 using a reac-
tion mixture containing L-alanine, L-anticapsin, ATP, and Mg**, as well as B. sub-
tilis A14 cell-free extract [205]. Enzyme for the biosynthesis of bacilysin was
partially purified from B. subtilis PY79 and characterized as enzyme fraction of ca.
125kDa [206]. Later, the genes ywfBCDEF encoding the biosynthesis of bacilysin
and its antibiotic constituent anticapsin were isolated from several strains of
B. subtilis and Bacillus amyloliquefaciens as well as Bacillus pumilus. The ywfBC-
DEF genes of B. subtilis 168 were confirmed to have the core functions of bacilysin
biosynthesis and accordingly renamed as bacABCDE [207]. In addition, ywfE
(BacD) of B. subtilis was found to code for the activity forming 44 kinds of a-
dipeptides from a wide variety of L-amino acids, while no tripeptide or longer
peptide was detected. Therefore, ywfE encoded enzyme BacD was recognized as a
member of the superfamily of LAL that is responsible for the ligation of L-Ala to
the amino group of L-anticapsin as an ultimate step of bacilysin biosynthesis [207,
208]. The major function of bacilysin produced by B. subtilis is its antimicrobial
activity. However, it has been found that the production of bacilysin also exhibits
functions in sporulation, germination, and outgrowth of their producers [196,
197, 209]. In addition, addition of the rare earth element scandium to the growth
medium can stimulate the production of bacilysin [210].

The first X-ray crystal structures of BacD from B. subtilis were determined in
native and selenomethionine-derivatized (SeMet) crystals formed in the presence
of ADP, MgCl,, and the dipeptide L-Ala-L-GIn at 1.9 and 2.8 A resolution, respec-
tively. The molecular mass estimated from SDS-PAGE analysis is approximately
55kDa; furthermore, the enzyme forms an active dimer state (~105kDa) in
solution [211]. The crystal structure of BacD in complex with ADP and an
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intermediate analogue, phosphorylate phosphinate L-alanyl-L-phenylalanine,
refined to 2.5 A were also determined [212]. BacD shows surprisingly broad sub-
strate specificity, particularly, including the clinical drug Ala-Gln, which demon-
strates its application potential. In general, BacD prefers nonbulky and neutral
amino acids (e.g. Ala, Ser, Gly) as the N-terminal substrate of the final products,
while bulky and neutral amino acids (e.g. Phe, Met, Leu) are more preferred as the
C-terminal substrate [208]. The crystal structure information of an enzyme pro-
vides us to survey its catalytic mechanism. It appears that the catalytic mecha-
nisms of most known LALs are similar. The proposed reaction mechanism of
BacD is summarized as that the C-terminal amino acid binds to the inner side of
the substrate-binding pocket, and the N-terminal amino acid (L-alanine) then
binds to the lid of the pocket, which first interacts with ATP-bound state by form-
ing complex with two Mg”* ions. The ATP molecule is located in the ATP-grasp
domain consisting of two o/p subdomains. The nucleophilic carboxyl oxygen
atom attacks the phosphorus atom in the y phosphate group. Once hydrolyzed,
the y phosphate groups of ATP are transferred to the N-terminal amino acid to
form the acyl phosphate intermediate. Then, the amino nitrogen of C-terminal
amino acid in free-base state attacks the carbonyl carbon atom of the acyl phos-
phate intermediate. Finally, the phosphate group is released with depriving pro-
ton from the amide group of the dipeptide product [194, 212-214].

Another implication of the crystal structure information and enzymatic charac-
terization is the manipulation of substrate specificity for the enzyme. Previously
characterized auxotrophic mutants of B. subtilis were analyzed with respect to
their ability to synthesize bacilysin, which demonstrated that L-anticapsin moiety
of bacilysin is formed from prephenate, an intermediate in the aromatic amino
acid biosynthetic pathway (Scheme 7.25) [215]. Subsequently, the bac operon, also

OH OH
OH H H
BacA BacB.
(0] . N |
-00C "'COO’ Co; O H o 3E-ex-H,PP
COO~ COO~
Prephenate 7R-en-H,PP

l uBacFG

oH o
BacC BacD o)
OH H
HaN NAD" NADH NH, ATPADP+PI - N)\’(N
COO~ O COO-
Dihydroanticapsin L- Antlcapsnn L-Alanine Bacilysin

Scheme 7.25 Hypothesized biosynthetic pathway from prephenate to bacilysin. Source:
Modified from Hilton et al.[215].
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referred to as the ywfBCDEF gene cluster, was confirmed to have the core func-
tions of bacilysin biosynthesis and accordingly renamed as bacABCDE. Extensive
genetic analysis from several strains of B. subtilis suggests that the bacABC gene
cluster encodes all the proteins for the synthesis of the epoxyhexanone ring of
L-anticapsin [207, 216, 217]. In one study, cell-free extracts from B. subtilis PY79
were prepared and employed for in vitro reaction by substituting L-anticapsin
for furfurylamine, norephedrine, glycine, and benzylamine, respectively. The
enzyme was shown to react furfurylamine with L-alanine only to produce
2-amino-N-(2-furylmethyl)propanamide (AFPA) (Scheme 7.26) [218].

Engineered LAL enzymes have been considered to catalyze the biosynthesis of
special dipeptides of industrial importance. The first successful production of
the L-Ala-L-Gln dipeptide was reported by direct fermentation using one
recombinant E. coli harboring the wild-type B. subtilis LAL expressed under a
stationary-phase-specific promoter. Metabolic manipulations to the host were
also carried out, including the knockout of the dipeptide-degrading protease
genes and the increase of the pool of substrate amino acids by manipulating glu-
tamine synthesis and providing high levels of alanine dehydrogenase [219]. The
extracellular concentrations of L-Ala-L-GIn produced were more than 100 mM in
fed-batch cultivation on glucose-ammonium salt medium without added alanine
and glutamine. Except the side product L-Ala-L-Ala dipeptide, no other dipeptides
or longer oligopeptides were formed. Based on the structure data of BacD, point
mutant of residues that are considered to participate in the recognition of L-Ala
and measured their ATPase activity was generated. The results demonstrated that
Trp332 of BacD is crucial for N-terminal substrate specificity while Arg328 is sig-
nificant for enantioselective recognition of L-amino acids [220]. This work pro-
vides guidelines to change the substrate specificity of LALs to catalytically
synthesized desirable dipeptides useful for industrial production by site-directed
mutagenesis. Therefore, engineered LAL BL00235, an L-amino acid ligase from
Bacillus licheniformis NBRC12200, was used for the production of salt-taste-
enhancing dipeptide Met-Gly without the by-product Met-Met. This has been
accomplished by replacing Pro85 residue with bulky aromatic amino acids Phe,
Tyr, and Trp by site-directed mutagenesis [221].

BacD

o o 16)
ﬁNiJ\OH + HZN/\@ ﬁ NN W)J\H/\&O—)
ATP  ADP+P;

L-Alanine Furfurylamine AFPA

Scheme 7.26 Enzymatic production of 2-amino-N-(2-furylmethyl)propanamide (AFPA)
catalyzed by BacD. Source: Modified from Tiiziin et al.[218].
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A critical limiting factor for the application of LALSs to synthesize desirable
dipeptides useful for industrial production is the sufficient supply of high-cost
ATP, which is required for the formation of an amide bond catalyzed by LALs.
Therefore, an economic and efficient ATP regeneration and recycling system is
critical for the industrial application of LALs instead of the cost-inefficient direct
addition of ATP. Several ATP regeneration systems have been developed;
polyphosphate kinase (PPK) might be the most widely used biocatalyst for the
regeneration of ATP, which catalyzed the degradation of polyphosphate coupled
with the phosphorylation of ADP to ATP [222, 223]. Therefore, a recombinant
E. coli strain was constructed that was capable of heterogeneously and simul-
taneously expressing wild-type LAL from B. subtilis and PPK from Rhodobacter
spaeroides. Then, the pretreated cells were directly applied for the catalytic
synthesis of L-dipeptides, in which the highest titer was for Ala-Met with the
final yield of 28gL™ and a molar conversion rate of 63.95% in a 27hour
reaction [194].

7.3.3 Carbapenam-3-carboxylate Synthase

Naturally occurring p-lactam compounds can be divided into four different sub-
groups based on the origin of their four-membered p-lactam ring: the penicillins/
cephalosporins, the clavams, the carbapenem, and the monocyclic f-lactams.
Carbapenam-3-carboxylate synthase (EC 6.3.3.6) has synonyms such as CarA,
carbapenam synthetase (CPS), or carbapenam-3-carboxylate ligase, which is a
cyclo-ligase involved in the biosynthesis of the carbapenem p-lactam antibiotics
(5R)-carbapen-2-em-3-carboxylate via its catalytic ability for the ATP-dependent
cyclization of (2S,5S)-5-carboxymethyl proline (5-CMP) to yield the (3S,5S)-
carbapenam-3-carboxylate (Scheme 7.27) in the bacterium Pectobacterium caroto-
vorum [224, 225]. Carbapenem-3-carboxylic acid, the simplest of the carbapenem
compounds, is produced by several species of Enterobacteriaceae. The more

NH,
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(28,5S)-5-Carboxymethyl ATP (3S,5S)-Carbapenem- AMP Diphosphate
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Scheme 7.27 ATP-dependent formation of carbapenam-3-carboxylate catalyzed by
carbapenam-3-carboxylate synthase (CarA) from 5-carboxymethylproline.
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complex carbapenem compounds such as olivanic acid and thienamycin are pro-
duced by Streptomyces spp.

The gene clusters for carbapenem-3-carboxylate biosynthesis in P. carotovorum
(Erwinia carotovora) have been isolated and analyzed to reveal the biosynthetic
pathway and enzymes. The analysis results demonstrate that the products of the
first five genes of the operon are involved in the synthesis of the carbapenem mol-
ecule. Three of these, carABC, are absolutely required for the biosynthesis of (5R)-
carbapen-2-em-3-carboxylate [226, 227]. Whereas gene carA encodes the enzyme
CarA (CPS), which catalyzes the ATP-dependent formation of bicyclic (3S,5S)-
carbapenam-3-carboxylic acid from the preexisting saturated five-membered ring
(2S,5S)-5-carboxymethyl proline as shown in Scheme 7.26, it was purified in
recombinant form from P. carotovorum [228, 229]. The crystal structure of CarA
was reported as a tetramer that is characterized by (i) the N-terminal domain con-
sisting of two antiparallel p-sheets forming a sandwich, flanked on each side by
(relatively) short a-helices; (ii) containing C-terminal domain comprising (11-14)
a-helices surrounding a five-stranded parallel $-sheet; and (iii) the active site
including the ATP-binding site and substrate-binding pocket located in a cleft in
the C-terminal domain formed by four f-strands and five a-helices [230].

From the crystal structure, the catalytic mechanism of CarA was also investi-
gated, which involves the ordered binding of ATP/Mg*" and 5-CMP to apoen-
zyme. The substrate-carboxyl group is first activated, via ATP-mediated
adenylation, to form an acyl-adenylate intermediate followed by intramolecular
nucleophilic attack by secondary amine to give the p-lactam product, likely via a
tetrahedralintermediate. Pyrophosphateisthelast producttobereleased [229-231].
Further kinetic studies on the mechanism proposed that the rate-limiting step is
the p-lactam ring formation coupled to a protein conformational change and
Lys443 residue in the active site is an essential residue for substrate binding and
intermediate stabilization [232]. Moreover, the kinetics of CarA double-site
mutants revealed that a conserved Tyr-Glu catalytic dyad in the active site func-
tions in the deprotonation of the internal nucleophile in p-lactam
formation [233].

Members of the carbapenem family and their derivatives are important among
the B-lactam antibiotics for both their broad spectrum of antibiotic activity and
their relative resistance to most clinically encountered p-lactamases. More than
60 naturally occurring carbapenem f-lactam antibiotics have been isolated,
among these, (5R)-carbapenem-3-carboxylic acid is the simplest one. It has been
demonstrated that the biosynthesis of (5R)-carbapenem-3-carboxylic acid can be
efficiently carried out through only three enzymes, CarA, CarB, and CarC (car-
bapenem synthase), by P. carotovorum and Serratia marcescens (Scheme 7.28) [228,
229, 234-236]. In this reaction process, 5-carboxymethyl proline (2) was produced
enzymatically by CarB from pyrroline 5-carboxylic acid (1) followed by
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Scheme 7.28 Biosynthetic pathway of (5R)-carbapen-2-em-3-carboxylic acid catalyzed
by CarA, CarB, and CarC. Sources: Based on Gerratana et al.[228], Bonder et al. [229],
Stapon et al.[234], Li et al. [235],and Stapon et al. [236].

intramolecular cyclization to yield (3S,5S)-carbapenam-3-carboxylic acid (3) by
CarA. Subsequently, a stereochemical inversion at C5 of 3 to both (3S,5R)-
carbapenam-3-carboxylic acid (4) and (5R)-carbapen-2-em-3-carboxylic acid (5),
which proceeds by loss of hydrogen labeled at that stereocenter catalyzed by
CarC. Note that 3 always presents in low amounts in the final reaction mixture,
which functions as an intermediate in the production of 5 [234, 235, 237]. In addi-
tion, the epimerization of 3 to 4 and subsequent desaturation of 4 to 5 are both
a-ketoglutarate dependent [229, 234, 238].

Studies of the substrate specificities of CarA have shown that CarA catalyzes
the in vitro ring closure of at least three of the four possible stereoisomers of
5-CMP to give the corresponding carbapenams (Scheme 7.29) [239], t-carboxyethyl
proline to the corresponding y-lactam, and some a-amino diacids such as glutaric
acid, a-aminoadipic acid, and a-aminopimelic acid to the corresponding lac-
tams [228]. Instead of five-membered N-heterocyclic ring carbapenams, p-lactam
bicyclic systems containing six- and seven-membered N-heterocyclic ring ana-
logues of 5-CMP, i.e. (2S,65)-6-carboxymethyl-pipecolic acid (5-CMPi) and
(28,7S)-7-(carboxymethyl)-azepane-2-carboxylic acid, respectively, can also be
synthesized by CarA [240]. Note that the functionalized five-, six-, and seven-
membered N-heterocycles of 5-CMP analogues were prepared by wild-type and
variant carboxymethylproline synthases (CarBs), members of crotonase super-
family enzymes, from corresponding amino acid aldehydes and (alkylated)
malonyl-CoA derivatives. Functionalized 5-CMP derivatives methylated at C2,
C3, C4, or C5 of the proline ring from appropriately substituted amino acid alde-
hydes and malonyl-CoA can be prepared by wild-type and engineered CarBs as
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Scheme 7.29 (CarA catalyzed conversion of three different sterecisomers of
5-carboxymethyl proline into corresponding carbapenams. Source: Sleeman et al. [239].

well. Subsequently, these substituted 5-CMP derivatives were further converted
into the corresponding bicyclic p-lactams using CarA [241]. The stereoselectivity
of CarA was again demonstrated herein, for example, in a 2 : 1 mixture of (7R)-7-
methyl-5-CMPi and (7S)-7-methyl-5-CMPi; CarA selectively catalyzed the con-
version of the former to give (4S,6S,7R)-7-methyl-carbacepham [240]. Further, in
a 1 : 1 reaction mixture of (4R)-4-methyl-5-CMP and (4S)-4-methyl-5-CMP,
CarA preferentially catalyzed (1 : 2) conversion of the latter to give
(18,3S,55)-1-methyl-carbapenam [241].

The amenability of engineered enzymes for carbapenem biosynthesis shown
above further promoted the stereoselective production of dimethyl-substituted
carbapenams via engineered CarBs, which functionalized 5-CMP derivatives
were methylated at two positions (i.e. C2/C6, C3/C6, or C5/C6), including prod-
ucts with a quaternary center, from appropriately substituted amino acid alde-
hydes and epimeric methylmalonyl-CoA. These disubstituted 5-CMPs were then
served as substrates and converted by CarA into corresponding methylated
bicyclic p-lactams, which obviously improved the hydrolytic stability as compared to
the unsubstituted carbapenams (Scheme 7.30) [242]. Furthermore, engineered
CarBs, solely, and in tandem with an alkylmalonyl-CoA-forming enzyme
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(i.e. malonyl-CoA synthetase or crotonyl-CoA carboxylase reductase) is used to
produce 4,6-disubstituted-5-CMP stereoisomers, i.e. products with three contigu-
ous chiral centers. Then, some of the prepared 4,6-disubstituted-5-CMP deriva-
tives are further converted to bicyclic p-lactams by CarA [243].

7.4 Ligases for Carbon-Carbon Bonds Formation

7.4.1 Pyruvate Carboxylase

Pyruvate carboxylase (PYC, EC 6.4.1.1) is a member of the biotin-containing
enzyme family that catalyzes the HCO; and MgATP-dependent carboxylation of
pyruvate to form oxaloacetate (Scheme 7.31) [244, 245]. The systematic name of
PYC is pyruvate : carbon dioxide ligase (ADP-forming), which is also known as
pyruvic carboxylase. PYC was first described in 1959 in the course of studies on
the intracellular distribution of enzymes involved in the OAA shuttle and its rela-
tionship to gluconeogenesis in chicken liver [246, 247]. Subsequently, PYC has
been found in a variety of prokaryotes and eukaryotes including fungi, bacteria,
plants, and animals [246, 248]. PYC found in prokaryotes includes Pseudomonas,

i OH PYC i
HsC)kH/OH + ATP + O_ﬂ/ F» HO\H/\H)J\OH + ADP + P,
) 9
(0] © (0] O
Pyruvic acid Oxaloacetic acid

Scheme 7.31 Pyruvate carboxylase catalyzed MgATP-dependent carboxylation of
HCOs™ and pyruvate to form oxaloacetate. Sources: Based on Attwood [244] and
Scrutton [245].
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Bacillus, Rhizobium, Mycobacterium, Staphylococcus, and archaea but not in the
enteric bacteria that can synthesize oxaloacetate directly from phosphoenolpyru-
vate (PEP) using phosphoenolpyruvate carboxylase (PEPC) [249-253]. In yeast,
such as S. cerevisiae, two principal metabolic pathways leading to the production
of oxaloacetate are the PYC-catalyzed reaction and the glyoxylate cycle. During
growth on acetate, yeast PYC-catalyzed OAA formation is repressed but the gly-
oxylate cycle is active, while if yeast is grown on glucose of minimal medium, the
enzymes of glyoxylate cycle are repressed [254-257]. In E. coli, the function of
PYC is replaced by PEPC. Thus, the expression of PYC can improve recombinant
protein production in E. coli [258]. In plants, PYC may provide an alternative glu-
coneogenic pathway to the photosynthetic process during germination. OAA is
one of the several important intermediates in the TCA cycle that are withdrawn
for use in several biosynthetic pathways. Therefore, the production of OAA from
pyruvate and HCO;"™ catalyzed by PYC is considered to play an anaplerotic role for
the TCA cycle in numerous biological processes. In mammals, PYC has a crucial
role in gluconeogenesis, lipogenesis, glucose-induced insulin secretion by pancre-
atic islets, and the biosynthesis of neurotransmitters in astrocytes and the mam-
malian cell lines [246, 259-267]. In mammals, PYC is expressed in a tissue-specific
manner, with its activity found to be the highest in liver and kidneys (gluconeo-
genic tissues), in adipose tissue and lactating mammary gland (lipogenic tissues),
and in pancreatic islets. Activity is moderate in brain, heart, and adrenal gland
and least in white blood cells and skin fibroblasts [248].

PYC found in most organisms ranges from bacteria, fungi, and invertebrates to
vertebrates comprising four identical a4 subunits, each approximately
120-130kDa. Biotin is covalently attached to a specific lysine residue located ~35
residues from the C-terminus [248]. The three functional domains of this oy-type
PYC, i.e. biotin carboxylase (BC), carboxyl transferase (CT), and biotin carboxyl
carrier protein (BCCP) domains, are all located on a single polypeptide chain. The
majority of ay-type PYCs are subject to allosteric regulation. Acetyl-CoA is a pow-
erful activator, whereas L-aspartate is an inhibitor, of a,-type PYC. However, PYC
found in archaea, such as Methanobacterium sp., Methanococcus sp., and
Methanosarcina sp., and certain bacteria, i.e. Aquifex aeolicus and Pseudomonas
Spp., is in the ayp, form [246, 253, 268-270]. In the oyf4 form, each subunit is made
up of two polypeptide chains, the ~55kDa non-biotinylated « polypeptide chains,
which possesses the BC activity and the ~70kDa f polypeptide chain, which car-
ries the biotin and also contains the CT activity. The ayf4 type of PYC has an activ-
ity that is completely independent of acetyl-CoA [253, 271]. From the two most
complete X-ray crystal structures available, an asymmetric and symmetric form of
the protein have been visualized. The X-ray crystal structure for S. aureus PYC, in
complex with the activator coenzyme A, exhibits a highly symmetrical tetramer
with the active sites nearly equidistant on both faces of the tetramer, which also
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has been confirmed by cryo-electron microscopy (EM) studies [249, 272]. In
contrast, the tetrameric structure of PYC from wild-type Rhizobium etli complexed
with the nonhydrolyzable allosteric activator analogue, ethyl-CoA, is highly
asymmetrical, with the active sites on the top face of the tetramer positioned in
proximity to those at the bottom face [251, 273].

In a4 PYCs, the BC domain is at the N-terminus of the polypeptide chain, where
biotin is carboxylated using bicarbonate as a substrate in a reaction requiring free
Mg** for the cleavage of MgATP to form carboxybiotin, MgADP, and Pi. The CT
domain contains a tightly bound transition-metal ion and is the central domain
where the carboxy group from carboxybiotin is transferred to pyruvate to produce
oxaloacetate. The BCCP domain is located at the C-terminus of the polypeptide
chain containing the lysine residue to attach the biotin [246].

Based on the structural information, the reaction mechanism catalyzed by PYC
can be divided into two partial reactions as shown below [248, 274]:

Mg**, acetyl-CoA

MgATP + HCO,™ + ENZ — biotin MgADP
+Pi + ENZ - biotin - CO," (7.1)
ENZ - biotin - CO,™ + Pyruvate — ENZ - biotin + Oxaloacetate (7.2)

The first partial reaction (reaction 7.1) is the ATP-dependent biotin carboxyla-
tion, which is thought to proceed in two steps. With the first step, bicarbonate is
activated by ATP to form a carboxyphosphate intermediate. Then, the second step
involves the carboxylation of the 1'-nitrogen of covalently attached biotin either
directly by carboxyphosphate or more likely by CO,, which is formed via decar-
boxylation of the carboxyphosphate intermediate. The enol form of biotin, in
which the 1’-nitrogen is much more nucleophilic than the keto form, is the
carboxy-group acceptor. The second partial reaction (reaction 7.2) is the forma-
tion of oxaloacetate, which involves the carboxyltransfer to pyruvate (transcar-
boxylation). This reaction appears to proceed via a stepwise mechanism with
proton-transfer steps flanking the central carboxyl-transfer step between carboxy-
biotin and the enol form of pyruvate [244, 246, 274, 275].

The synthesis of OAA from C-3 glycolysis intermediates plays a critical role in
glucose metabolism, because not only is it a pivotal component in TCA cycle but
also it serves as an intermediate for the biosynthesis of the aspartate family of
amino acids (lysine, threonine, methionine, and isoleucine). Therefore, OAA
must be replenished during glucose metabolism to make the TCA cycle continu-
ously unabated and can be utilized for the synthesis of cellular metabolites
(Scheme 7.32a). During anaerobic glucose metabolism, OAA also serves as the
first metabolite of the reductive arm of the TCA cycle, which leads to the forma-
tion of the dicarboxylic acids malate, fumarate, and succinate (Scheme 7.32b).
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Scheme 7.32 Glucose metabolism in E. coli expressed with R. etli PYC. (a) Aerobic
condition. (b) Anaerobic condition.

The primary routes used for synthesizing OAA by organisms during glucose
metabolism are the ATP-dependent carboxylation of PEP using PEPC or the ATP-
dependent carboxylation of pyruvate using PYC [276]. Some microorganisms,
such as R. etli and C. glutamicum, are capable of synthesizing OAA during growth
on glucose via either of the enzymes PYC or PEPC. However, other microorgan-
isms, including E. coli, due to their lack of PYC utilize only PEPC to synthesize
OAA during growth on glucose. While the expressed R. etli PYC not only can
restore the growth of an E. coli ppc null mutant in minimal glucose medium, but
also can increase carbon flow toward OAA in wild-type E. coli cells without affect-
ing the glucose uptake rate or the growth rate. Therefore, the expression of PYC
resulted in a 56% increase in biomass yield and a 43% decrease in acetate yield
during aerobic glucose metabolism, as well as caused a 2.7-fold increase in succi-
nate concentration, making it a major product by mass during anaerobic glucose
metabolism [276].

Succinic acid (succinate) and its derivatives have drawn much interest because
they are widely used as a precursor of numerous specialty chemicals and biode-
gradable plastics for applications in foods, pharmaceuticals, and cosmetics [277,
278]. Therefore, to elucidate the biochemical pathways used for succinate accu-
mulation, both E. coli NZN111, which lacks activities for pyruvate-formate lyase
(PFL) and lactate dehydrogenase, and AFP111, a derivative that contains an
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additional mutation in ptsG encoding an enzyme of the glucose phosphotransferase
system, were engineered to introduce plasmid pTre99A-pyc, which expresses the
R. etli PYC. Then, the growth, substrate consumption, product formation, and
activities of seven key enzymes (acetate kinase, fumarate reductase, glucokinase,
isocitrate dehydrogenase [ICDH], isocitrate lyase [ICL], PEPC, and PYC) from
glucose for four strains of E. coli (NZN111, NZN111/pTrc99A-pyc, AFP111, and
AFP111/pTrc99A-pyc) were compared under both exclusively anaerobic and
dual-phase condition (an aerobic growth phase followed by an anaerobic produc-
tion phase). The highest succinate mass yield was found with the strain AFP111/
pTrc99A-pyc under dual-phase conditions with low PYC activity [279].
Furthermore, two strains AFP111 and AFP111/pTrc-pyc were aerobically fer-
mented to catalog physiological states during aerobic growth that might influence
succinate generation in the anaerobic phase, and activities of six key enzymes
were also determined for these aerobic fermentation. The six transition times
based on physiological states were selected for studying dual-phase fermenta-
tions. The results showed that the final succinate yield and productivity depend
greatly on the physiological state of the cells at the time of transition. A final suc-
cinic acid concentration of 99.2gL ™" with an overall yield of 110% and productiv-
ity of 1.3g L™'h™" was obtained under the best transition time [280].

A genetically engineered E. coli, SBS110MG, has been constructed by deleting
two crucial enzymes in central anaerobic pathway, lactic dehydrogenase (LDH)
and alcohol dehydrogenase (ADH), and the heterogeneous PYC has been overex-
pressed from Lactococcus lactis to achieve high succinate yield and productivity
due to diverting maximum quantities of NADH for succinate synthesis
(Scheme 7.33) [281]. A 1.3 yield (mol of succinate/mol of glucose) was obtained
using this mutant, which exceeded the maximum theoretical yield of succinate
under anaerobic conditions in terms of NADH balance. An additional mutation
by eliminating the ptsG system was able to further increase the succinate molar
yield from glucose to 1.4molmol~!. Furthermore, a recombinant E. coli strain,
SBS550MG, was constructed by deactivating adhE, IdhA, and ack-pta from the
central metabolic pathway and by activating the glyoxylate pathway through the
inactivation of icIR, which encodes a transcriptional repressor protein of the gly-
oxylate bypass. The activation of these genes in SBS550MG increased the succi-
nate yield from glucose to about 1.6molmol™' with an average anaerobic
productivity rate of 10mMh™" (~0.64 mM h™"-ODyg) [282]. These mutant strains
were selected for further characterization and compared to the wild-type strain to
better understand their metabolic function as a result of several genetic manipula-
tions and to determine the significance of the fermentative and the glyoxylate
pathways in the production of succinate. Metabolic fluxes including critical
branch point flux split ratios were measured under batch cultivation conditions.
The most favorable split ratio to obtain the highest succinate yield was the
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Scheme 7.33 Central anaerobic metabolic pathway of mutant E. coli SBS110MG by
inactivating enzymes LDH and ADH and overexpression PYC from L. lactis.
Source: Sanchez et al. [281].

fractional partition of OAA to glyoxylate of 0.32-0.68 to the fermentative pathway
achieved in strains SBS550MG (pHL413) and SBS990MG (pHL413). The succi-
nate yields obtained in these two strains were 1.6 and 1.7 molmol ™},
respectively [283].

Engineered E. coli BA002 by deleting IdhA and pfIB genes cannot utilize glu-
cose anaerobically due to the inability to regenerate NAD™. Overexpression of
the rate-limiting enzyme of NAD(H) synthesis pathway, nicotinic acid phospho-
ribosyltransferase (NAPRTase) encoded by the pncB gene, can restore the glucose
utilization and result in a significant increase in cell mass and succinate
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production under anaerobic conditions, while still leads to an accumulation of
high concentration pyruvate. Therefore, NAPRTase and PYC from L. lactis were
co-expressed in recombinant E. coli BA016, which gave a 9.8-fold higher total
concentration of NAD(H) than in BA002 and a decreased NADH/NAD™ ratio
from 0.60 to 0.04 (Scheme 7.34a). Under anaerobic conditions, BA016 consumed
17.5gL~" glucose and generated 14.08 gL ™" succinate with a small quantity of
pyruvate [284]. In wild-type E. coli, 1mol of CO, was anaerobically fixated in
1mol of succinic acid generation with the key reaction catalyzed by PEPC such
that PEP is carboxylated to form OAA. Although inactivation of PFL and LDH is
found to enhance the PEPC pathway for succinic acid production, it results in
excessive pyruvic acid accumulation and limits the regeneration of NAD* from
NADH formed in glycolysis. Therefore, co-expression of NAPRTase and PYC in a
pfIB, IdhA, and pepc deletion strain resulted in a significant increase in cell mass
and succinic acid production under anaerobic conditions, that 12.08 gL ™" of suc-
cinic acid was produced from 14.5gL ™" glucose after 72 hours (Scheme 7.34b). In
addition, under optimized condition of CO, supply, the succinic acid productiv-
ity and the CO, fixation rate reached 223.88 and 83.48mg L~ ‘h7%,
respectively [285].
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Scheme 7.34 Anaerobic mixed acid fermentation pathway for E. coli. (@) Coexpression of
NAPRTase and PYC form L. lactis in E. coli BAO16; (b) coexpression of NAPRTase and PYC
in a pflB, ldhA, and pepc deletion E. coli.
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Four-carbon dicarboxylic acids, in particular, malic, fumaric, and succinic acids,
are industrially important chemicals that can serve as universal building blocks in
the organic synthesis of a wide range of high value-added products. During anaer-
obic glucose utilization, the parental strain synthesized malic, fumaric, and suc-
cinic acids as the main fermentation end products, while pyruvic acid was
accumulated as the main by-product resulting from the functioning of the
pyruvate-oxaloacetate-malate-pyruvate futile cycle. The mutant strain by deleting
individual of the maeA and maeB genes, encoding NADH- and NADPH-dependent
malic enzymes, converted glucose into four-carbon dicarboxylic acids with
increased efficiency, while still secreting notable amounts of pyruvic acid. The
combined inactivation of both malic enzymes and the heterologous expression of
the PYC in a recombinant E. coli strain, which exhibits inactivated mixed-acid
fermentation pathways and a modified system significantly, elevated the portion
of malic, fumaric, and succinic acids among the fermentation end products with
a concomitant decrease in the secretion of pyruvic acid and other by-products due
to the abolishment of the action of the futile cycle competing with the target bio-
synthetic processes [286].

Since glycerol is an abundant, low cost, and high degree of reductive carbon
source, it has become an ideal feedstock for the microbial production of bio-based
chemicals. A metabolically engineered E. coli was utilized for the microaerobic
production of high value-added succinate from glycerol in minimal salts medium.
Succinate production was greatly elevated through (i) blocking pathways for the
synthesis of competing by-products lactate, ethanol, and acetate and (ii) express-
ing L. lactis PYC to drive the generation of succinate from the pyruvate node (as
opposed to that of PEP). Thus, these metabolic engineering strategies coupled cell
growth to succinate production because the synthesis of succinate remained as
the primary route of NAD" regeneration. This feature also enabled the operation
of the succinate pathway in the absence of selective pressure (e.g. antibiotics).
Results demonstrated a maximum specific productivity of ~400mg succinate
(gcell)™ h™" and yield of 0.69¢g succinate (g glycerol)™*, on par with the use of
glucose as a feedstock [287].

The fast-growing, non-motile, Gram-positive microorganism, C. glutamicum,
has long been employed in microbial fermentation industry for amino acids and
nucleic acids. Under anaerobic condition, C. glutamicum cell growth is arrested,
but the cells are capable of metabolizing sugars to form organic acids such as
L-lactic, succinic, and acetic acids. A C. glutamicum strain that simultaneously
deletes IdhA gene coding for L-lactate dehydrogenase and overexpresses the pyc
gene encoding PYC was applied for succinic acid production (Scheme 7.35).
Succinic acid was able to be efficiently generated at high cell density anaerobically
with intermittent addition of sodium bicarbonate and glucose such that 1.24M
(146gL™") succinic acid concentration was achieved within 46 hours. The yields



http://chemistry-chemists.com

74 Ligases for Carbon-Carbon Bonds Formation

1/2 Glucose

i

Phosphoenolpyruvate

QO
& CO- IdhA
pNC. . Pyruvate %’ Lactate
- +
Oxaloacetate co ppH NADHNA D
NADH 2
mdh
NAD* Acetyl-CoA —> Acetyl-P % Acetate
Malate ADP ATP

lfum

frd .
Fumarate Succinate

NADH NAD*

Scheme 7.35 Predominant anaerobic metabolic pathways of C. glutamicum for succinic
acid production.

of succinic acid and acetic acid from glucose were 1.40molmol™ (0.92gg™") and
0.29molmol ™" (0.10gg™"), respectively. The production rate and yield of succinic
acid depended on medium bicarbonate concentration rather than glucose
concentration [288].

To eliminate acetate accumulation and the limitation of the yield by the availa-
bility of reducing equivalents for anaerobic conversion of OAA to succinate in the
reductive TCA cycle using C. glutamicum with deleted IdhA gene for lactate syn-
thesis, a derivative of the type strain ATCC 13032 (strain BOL-1), which lacked all
known pathways for acetate and lactate synthesis, was constructed so that the
pyruvate carboxylase gene pyc was integrated into BOL-1 to result in strain BOL-2.
A fast BOL-2 catalyzed succinate production from glucose with little acetate for-
mation and a yield of 1 molmol™" was obtained. Furthermore, the fdh gene from
Mycobacterium vaccae, coding for an NAD"-coupled formate dehydrogenase
(FDH), was chromosomally integrated into BOL-2 to provide additional reducing
equivalents derived from the co-substrate formate, which leads to strain BOL-3. A
20% higher succinate yield from glucose in the presence of formate was achieved
by BOL-3 under an aerobic batch reaction. A temporary metabolic blockage
of strain BOL-3 was prevented by plasmid-borne overexpression of the
glyceraldehyde-3-phosphate dehydrogenase gene gapA. In an anaerobic fed-batch
process with glucose and formate, strain BOL-3/pAN6-gap accumulated 1,134 mM
succinate in 53 hours with an average succinate production rate of 1.59 mmol (g
dry cells)™" h™". The succinate yield of 1.67 mol (mol glucose) ™ accompanied with
very low level of by-products is also one of the highest described currently [289].
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The application of metabolically engineered C. glutamicum for the anaerobic
production of lactic and succinic acids increased at higher temperature for long-
term 48 hours reaction. The biomass-specific lactic acid production rate at 42°C
was 8% higher than that at the optimal temperature of 30°C. In contrast, the
biomass-specific succinic acid production rate was highest at 36 °C, 28% higher
than that at 30 °C, although the production rate at 42 °C was still 23% higher than
that at 30 °C. Among the examined five enzymes involved in the TCA cycle lead-
ing to succinic acid synthesis, only the specific activity of PYC was drastically
decreased after 48 hours at 42°C, which shows the de novo synthesis of PYC is
required for long-term production of succinic acid [290].

Lactic acid bacterium (LAB), Lactobacillus plantarum NCIMB 8826, has an
incomplete TCA cycle and naturally produces small amounts of succinic acid.
Recombinant LABs constructed by overexpression or co-expression of enzymes,
PYC, phosphoenolpyruvate carboxykinase (PEPCK), and malic enzyme, in an
LDH-deficient strain of L. plantarum NCIMB 8826 (VL103) were investigated to
examine their effects on succinic acid production. Results revealed that PYC is the
key enzyme for succinic acid production by L. plantarum V1103, whereas PEPCK
is critical for increasing biomass. The highest yield of succinic acid was achieved
through co-expression of PYC and PEPCK in L. plantarum VL103 with a 22-fold
higher amount of succinic acid than the wild type and a conversion rate of 25.3%
from glucose [291].

Enterobacter aerogenes strain AJ110637, which rapidly consumes glucose under
anaerobic and weakly acidic (pH 5.0) conditions, was selected as a platform for
succinate production because bacterium-based succinate fermentation is consid-
ered a feasible approach to reduce total production costs. A previous metabolically
engineered E. aerogenes strain, developed from AJ110637 by inactivating ethanol
dehydrogenase and introducing Actinobacillus succinogenes PEPCK, generated
succinate as a major product from glucose with anaerobic mixed-acid fermenta-
tion under weakly acidic conditions (pH < 6.2). The production of succinate by
the AadhE/PEPCK strain was further improved by metabolic engineering to elim-
inate pathways that produced undesirable products and introduce two carboxyla-
tion pathways from PEP and pyruvate to oxaloacetate. The highest production of
succinate was with the strain ES04/PEPCK + PYC, in which ethanol, lactate,
acetate, and 2,3-butanediol pathways were inactivated and PEPCK and C. glu-
tamicum PYC were co-expressed. The production yield of succinate from glucose
in a pH-controlled batch culture was over 70% (gg~') without any measurable
formation of ethanol, lactate, or 2,3-butanediol under weakly acidic conditions
(pH 5.5) [292]. Because yeast strain S. cerevisiae has high tolerance toward acidity,
it is also a suitable platform for succinic acid production. An engineered strain by
modifying pathway for succinate production was established, which could pro-
duce up to 6.17+0.34g L ™" of succinate. The succinate titer was further improved
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to 8.09+0.28gL " by the deletion of GPDI and even higher to 9.98+0.23gL™"
with a yield of 0.32mol mol ™" glucose through regulation of biotin and urea levels
(Scheme 7.36). In an aerobic batch fermentation with optimal supplement of CO,,
the engineered strain produced 12.97+0.42gL™"' succinate with a yield of
0.21 molmol ™" glucose at pH 3.8 [293].

C. reinhardtii is a green alga that has a network of fermentation pathways
becoming active when cells acclimate to anoxia. The C. reinhardtii hydEF-1
mutant has no hydrogenase activity and exhibits elevated accumulation of succi-
nate and diminished production of CO, relative to the parental strain during dark,
anaerobic metabolism. Increased accumulation of succinate indicates that the
cells activate alternative pathways for pyruvate metabolism, which contribute to
NAD(P)H reoxidation, and continued glycolysis and fermentation in the absence
of O,. Fermentative succinate production potentially proceeds via the formation
of malate and increases in the abundance of mRNAs encoding two malate-
forming enzymes, PYC and malic enzyme, are observed in the mutant relative
to the parental strain following transfer of cells from oxic to anoxic
conditions [294].

Malic acid, a four-carbon dicarboxylic acid, is used for the preparation of food
additives in beverage and food industry as well as the synthesis of various fine
chemicals. Since wild-type S. cerevisiae strains produce only low levels of malate,
metabolic engineering is applied for achieving efficient malate production with
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this yeast. A putative pathway for malate production from glucose proceeds via
carboxylation of pyruvate, followed by reduction of oxaloacetate to malate, which
has a theoretical maximum yield of 2mol malate per mol glucose. A previously
engineered glucose-tolerant, C2-independent pyruvate decarboxylase (PDC)-
negative S. cerevisiae strain was employed as the platform to evaluate the impact
of introduction of three genetic modifications: (i) overexpression of the native
PYC encoded by PYC2; (ii) high-level expression of an allele of the MDH3 gene, of
which the encoded malate dehydrogenase (MDH) was retargeted to the cytosol by
deletion of the C-terminal peroxisomal targeting sequence; and (iii) functional
expression of the Schizosaccharomyces pombe malate transporter gene SpMAEI].
The results showed that single or double modifications improved malate produc-
tion, while the highest malate yield and titers were obtained with simultaneous
introduction of all three modifications. In batch cultures, the engineered strain
produced malate at titers of up to 59gL™" at a yield of 0.42molmol™" glucose.
However, there was still substantial amounts of pyruvate accumulated in the cul-
tures [295]. Research on the relationship between mitochondrial membrane
potential and fermentation profile is also being intensely studied. A naturally
occurring strain of yeast S. cerevisiae from sake mash was isolated that produces
high levels of malic acid and demonstrates the correlation between the variations
in mitochondrial membrane potential and malic acid production. Since the activi-
ties of PYC and MDH, enzymes required for malic acid synthesis, in strains that
produce high levels of malic acid were elevated compared with the standard sake
strain correspond to lower mitochondrial membrane potential, decreased mito-
chondrial membrane potential was responsible for increased malic acid synthesis
was hypothesized and supported by experimental data [296].

Another yeast strain, Torulopsis glabrata CCTCC M202019, which is used for
industrial pyruvate production, was also selected to explore the suitability of engi-
neering this multivitamin auxotrophic yeast for increased malate production
through the reductive TCA pathway (Scheme 7.37). Metabolic engineering strate-
gies include (i) overexpression of PYC and MDH, (ii) identification of the bottle-
neck in malate production by model iNX804, and (iii) simultaneous overexpression
of genes RoPYC, RoMDH, and SpMAE]I from fungus Rhizopus oryzae and yeast
S. pombe, respectively, which were employed to manipulate carbon flux from
pyruvate to malate. Using these strategies, 8.5gL™" malate was accumulated in
the engineered strain T.G-PMS, which was about 10-fold greater than that of the
control strain T.G-26 under aerobic conditions [297].

Polymalic acid (PMA) is a water-soluble biopolymer composed of L-malic acid
(MA) monomers and is mainly produced by the yeast-like fungus Aureobasidium
pullulans. The free carboxyl groups in PMA make it simple to perform chemical
modifications and create various derivatives or carrier-linked pro-drugs. Acid
hydrolysis of PMA results in the release of widely used monomer MA in food and
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chemical industry, which is a competitive process for producing bio-based plat-
form chemicals. Comparative metabolome analysis of sucrose- and glucose-based
fermentation demonstrated that pyruvate from the glycolysis pathway should be a
key metabolite affecting PMA synthesis (Scheme 7.38). In silico simulation of a
genome-scale metabolic model (iZX637) further verified that pyruvate carboxy-
lase (pyc) via the reductive TCA cycle strengthened carbon flux for PMA synthe-
sis. Therefore, a metabolic engineering of A. pullulans strain, FJ-PYC, was
constructed by overexpressing the pyc gene, which increased the PMA titer by
15.1% compared with that from the wild-type strain in a 5-L stirred-tank fer-
menter. Sugarcane molasses can be used as an economical substrate without any
pretreatment or nutrient supplementation. The fed-batch fermentation of FJ-PYC
yielded the highest MA titer of 81.5gL™" that is 94.2gL™" of MA after hydrolysis
in 140 hours with a corresponding MA yield of 0.62gg™" and productivity of
0.67gL™ h™" [298].

Fumaric acid (FuA) is an organic acid with a trans-double bond and two carbox-
ylic acid groups that has many industrial applications, mainly as a chemical feed-
stock for the manufacturing of synthetic resins, biodegradable polymers, and
plasticizers. It is also used as an acidulant in foods and beverages and in miscel-
laneous industrial products, including lubricating oils, inks, lacquers, and car-
boxylating agents forstyrenebutadiene rubber. Metabolic engineering of R. oryzae
by overexpressing endogenous PYC showed 56-83% increase of the PYC activity
in the pyc transformants compared to the wild type. However, the pyc transfor-
mants grew poorly and had low FA yields (<0.05gg™" glucose) due to the formation
of large cell pellets that limited oxygen supply and resulted in the accumulation
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of ethanol with a high yield of 0.13-0.36gg™" glucose [299]. FA production by
direct fermentation using metabolically engineered S. cerevisiae with the aid of in
silico analysis of a genome-scale metabolic model was also reported. The engi-
neered S. cerevisiae strain obtained by FUM1 deletion can produce FA up to a
concentration of 610+31mgL™" without any apparent change in growth in fed-
batch culture. Flux balance analysis identified PYC as one of the factors limiting
higher FA production. When RoPYC gene was introduced, S. cerevisiae produced
1134+48mgL~" FA. Furthermore, the final engineered S. cerevisiae strain by
introducing the SFC1 gene encoding a succinate-fumarate transporter was able to
produce 1675+ 52mg L ™" FA in batch culture [300]. Spatial modulation and cofac-
tor engineering of key pathway enzymes in the reductive TCA cycle were per-
formed for the development of a multivitamin auxotrophic Candida glabrata
strain to efficiently produce FA (Scheme 7.39). Specifically, DNA-guided scaffold
system was first constructed and optimized to modulate PYC, MDH, and fumar-
ase (FUM), which increased the FA titer from 0.18 to 11.3 gL_l. In addition, the
combined tuning cofactor balance by controlling the expression strengths of ADP-
dependent PEPCK and NAD*-dependent FDH led to a large increase in FA pro-
duction up to 18.5gL". Finally, the batch fermentation of the engineered strain
T.G-4G-S(1:1:1.2-Povy-F(mry with a 5-L bioreactor could produce 21.6 g L' FA [301].
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Alpha-ketoglutaric acid (KGA), also known as 2-oxoglutaric acid, is a key
intermediate in the TCA cycle and a major contributor to amino acid and protein
metabolism. In industry, it is used as building block for the chemical synthesis of
heterocycles or elastomers, as dietary supplement, and as an agent that improves
athletic performance and enhances wound healing. A thiamine auxotrophic yeast
Yarrowia lipolytica WSH-Z06 was used for a-KGA overproduction. To enhance
a-KGA production and reduce the major by-product pyruvate accumulation from
the substrate glycerol, the pyruvate carboxylation pathway of Y. lipolytica WSH-
706 was regulated by metabolic engineering by overexpressing the pyruvate car-
boxylase genes ScPYC1 from S. cerevisiae and RoPYC2 from R. oryzae, respectively.
The yields of a-KGA in Y. lipolytica-ScPYC1 and Y. lipolytica-RoPYC2 increased by
24.5 and 35.3%, and the yields of pyruvate decreased by 51.9 and 69.8% in shake
flask fermentations, respectively. These results indicated that enhancing the pyru-
vate carboxylation pathway had successfully redistributed the carbon flux from
pyruvate to a-KGA. Finally, a two-stage pH control fermentation strategy was
applied in a 3-L fermenter, and the maximum concentration of a-KGA in Y. lipolytica-
RoPYC2reached 62.5gL~" with an evident decrease in pyruvate accumulation from
35.2t0 13.5g L}, which demonstrated great potential for further industrial produc-
tion [302]. Furthermore, to increase the a-KGA productivity and reduce the amounts
of by-products, e.g. pyruvate, fumarate, malate, and succinate, recombinant Y. lipo-
Iytica strains were constructed by a gene dose-dependent overexpression of genes
encoding NADP*-dependent isocitrate dehydrogenase (IDP1) and pyruvate carbox-
ylase (PYC1), respectively, or IDP1 and PYC1 genes together under a-KGA produc-
tion conditions from the renewable carbon source raw glycerol. Then, a selective
increase in IDP activity in IDP1 multicopy transformants changes the produced
amount of a-KGA. Simultaneous overexpression of the gene IDP1 and PYCI had
the strongest effect on increasing the amount of secreted a-KGA. About 19% more
a-KGA in comparison with the control strain H355 was produced in bioreactor
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Scheme 7.39 Major metabolic pathways lead to the formation of fumarate | in

C. glabrata. RoPYC, pyruvate carboxylase from R. oryzae; RoOMDH, malate dehydrogenase
from R. oryzae; RoFUM, fumarase from R. oryzae; SpMAE1, C4-dicarboxylic acids
transporter from S. pombe; AsSPEPCK, ADP-dependent PEP carboxykinase from

A. succinogenes; SCFDH1, NAD*-dependent formate dehydrogenase from S. cerevisiae.
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with raw glycerol as carbon source resulting in the highest yield of accumulated a-
KGA of about 186gL™" after 117 hours of cultivation with significantly reduced
amounts of the main by-product pyruvate [303].

Propionic acid is an important chemical intermediate used in the synthesis of
vitamin E, cellulose fibers, artificial fruit flavors, fragrances, and perfumes. In
addition, its salts are widely used as food and feed preservatives. Since CO, is one
of the by-product during fermentation, the heterotrophic CO, fixation of faculta-
tive anaerobe Propionibacterium acidipropionici is believed to have great potential
in the industry for propionic acid production. In glycerol fermentation with
P. acidipropionici, the volumetric productivity of propionic acid with CO, supple-
mentation reached 2.94g L™'day™, compared to 1.56g L™'day™* without CO,.
The cell growth using glycerol was also significantly enhanced with CO,. In addi-
tion, the yield and productivity of succinate, the main intermediate in Wood-
Werkman cycle, increased 81 and 280%, respectively, which is consistent with the
increased activities of pyruvate carboxylase and propionyl CoA transferase, two
key enzymes in the Wood-Werkman cycle (Scheme 7.40). However, in glucose

Glucose  Glycerol

EMP/HMP

PEP
ADP

CO; ATPD ATP + CO,

Acetyl-CoA 4—;—\—# Pyruvate PYC o Oxaloacetate —¥2H . Malate
NADH NAD* NADH NAD*
1
Propionyl-CoA Methylmalonyl-CoA(S)
6/7
A 5
CoA Methylmalonyl-CoA(R) | Fma™s
Y ) 4
Acetate Succinyl-CoA
2 ATP ADP Y
Succinate«}# Fumarate
Propionate

NAD+ NADH

Scheme 7.40 Proposed metabolic pathways of propionic acid fermentation with
glycerol and glucose by P. acidipropionici through CO, fixation via pyruvate to
oxaloacetate. 1: Methylmalonyl-CoA carboxytransferase, 2: propionyl-CoA:succinate CoA
transferase, 3: succinate dehydrogenase, 4: methylmalonyl-CoA mutase, 5:
methylmalonyl-CoA epimerase, 6: phosphotransacetylase, 7: acetate kinase.
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fermentation with P. acidipropionici, CO, had minimal effect on propionic acid
production and cell growth. The carbon flux distributions using glycerol or glu-
cose were analyzed using a stoichiometric metabolic model, and the calculated
maintenance coefficient (marp) increased 100%, which may explain the increase
in the productivity of propionic acid in glycerol fermentation with CO,
supplement [304].

Metabolic engineering of Propionibacterium freudenreichii subsp. Shermanii
DSM 4902 was utilized for enhancing propionic acid fermentation through whole
genome sequence and genetic engineering tools. The three biotin-dependent car-
boxylases in the dicarboxylic acid pathway controlling the carbon flux in the
Wood-Werkman cycle, PYC, methylmalonyl-CoA decarboxylase (MMD), and
methylmalonyl-CoA carboxytransferase (MMC) were overexpressed in P. shermanii,
and the effects on propionic acid fermentation in serum bottles with glucose and
glycerol as substrates were compared to the wild type. The mutants overexpress-
ing MMC and MMD showed a significant increase in the metabolic fluxes toward
the biosynthesis of propionic acid, against acetic and succinic acids, with a signifi-
cantly increased yield up to 14% and productivity up to 17%, especially in the
co-fermentation of glycerol and glucose. While the mutant overexpressing PYC
grew slower, produced more succinate, and had a lower production of propionate
up to 12% decrease in productivity [305].

3-Hydroxypropionic acid (3-HP), a platform chemical, is a potential chemical
building block for sustainable production of superabsorbent polymers and acrylic
plastics. According to the metabolic modeling, the p-alanine biosynthetic route
was identified as the most economically attractive for high-level production of
3-HP. Therefore, a synthetic pathway for de novo biosynthesis of f-alanine and its
subsequent conversion into 3-HP using a novel p-alanine-pyruvate aminotrans-
ferase discovered in Bacillus cereus was engineered and optimized in yeast S. cer-
evisiae (Scheme 7.41). The final strain generated 3-HP at a titer of 13.7+0.3gL™"

3-HP

NAD(P)H
HIBADH/
HPDH
NAD(P)*

Glucose - - - - 3 Pyruvate %Oxaloacetate%%»Aspartate% p-Alanine se'\r:?al;l)c?elfwyde

Cco, GLU AKG CO, %

Pyruvate L-Alanine

Scheme 7.41 Biosynthetic pathway toward 3-hydroxypropionic acid from glucose. PYC,
pyruvate carboxylase; AAT, aspartate aminotransferase; PAND, aspartate decarboxylase;
BAPAT, $-alanine-pyruvate aminotransferase; HIBADH, 3-hydroxyisobutyrate
dehydrogenase; HPDH, 3-hydroxypropionate dehydrogenase.
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with a 0.14+0.0 C-mol C-mol ™" yield on glucose within 80 hours using a con-
trolled fed-batch fermentation in mineral medium at pH 5 [306].

L-Glutamate is widely used in goods, pharmaceutical, and other industries.
Particularly, glutamate is used as a food ingredient with huge market require-
ment in oriental countries, such as China, Japan, Korea, and Taiwan. The occur-
rence in Clostridium kluyveri of the enzymes of the upper half of the TCA cycle,
citrate synthetase, aconitase, D-isocitrate dehydrogenase, and L-glutamate dehy-
drogenase, as well as certain other enzymes, such as PYC, oxaloacetate decar-
boxylase, L-malate-diphosphopyridine nucleotide (DPN) dehydrogenase, and
L-malate-triphosphopyridine nucleotide (TPN) oxidodecarboxylase, made the
extracts of C. kluyveri synthesize glutamate from citrate and precursors of citrate
such as acetate, pyruvate, and oxaloacetate via the following stepwise reaction
sequence [307]. C. glutamicum is an aerobic, Gram-positive, and biotin auxo-
trophic bacterium and is used for the fermentative production of glutamic acid
under biotin-limited conditions. To understand the distinct roles of two impor-
tant anaplerotic enzymes, PEPC and biotin-containing PYC, on glutamate pro-
duction by C. glutamicum, the glutamate production was induced under
biotin-limited conditions in the disruptants of the genes encoding PEPC (ppc)
and PYC (pyc), respectively. The pyc disruptant retained the ability to produce
high amounts of glutamate, and lactate was simultaneously produced, while the
ppc knockout mutant could not produce glutamate. In addition, glutamate pro-
duction in the pyc disruptant was enhanced by overexpression of ppc rather
than disruption of the LDH gene (ldh), which is involved in lactate production.
Metabolic flux analysis revealed that the flux for anaplerotic reactions in the pyc
disruptant was lower than that in the wild type, concomitantly increasing the
flux for lactate formation. Moreover, overexpression of ppc increased this flux in
both the pyc disruptant and wild type. The experimental results revealed that
singly the results demonstrate that the PEPC-catalyzed anaplerotic reaction is
necessary for glutamate production induced under biotin-limited condi-
tions [308]. During glutamate fermentation, anaplerotic reaction could be
enhanced by jointly manipulating pH regulation and NaHCO; supplement by
C. glutamicum, which lead to a 36% increase in the yield and comparably high
glutamate productivity. The simulation with a novel metabolic model incorpo-
rating directed signal flow diagram and experimental results on enzymatic
activities data revealed that singly regulating each individual enzyme could not
increase the yield, and glutamate yield could be enhanced only when six key
enzymes, PYC, PDH, ICDH, ICL, GDH, and a-oxoglutarate dehydrogenase
(ODHC), work together, that is relative activities ratios of enzymatic pairs of
PYC/PDH should be controlled at moderate level of 6 : 4, while those of ICDH/
ICL and GDH/ODHC should be controlled at higher level of 8 : 2
simultaneously [309].
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C. glutamicum was also used for the fermentative production of L-lysine in a
split pathway from OAA via L-aspartate, L-aspartate semialdehyde, and D,
L-diaminopimelate as the main intermediate (Scheme 7.42). The effect of improved
pyruvate availability on L-lysine production was tested by deleting the aceE gene
encoding the Elp enzyme of the pyruvate dehydrogenase complex (PDHC) in
C. glutamicum DM1729. Strain DM1729-BB1 showed no PDHC activity, was ace-
tate auxotrophic, and after complete consumption of the available carbon sources
glucose and acetate showed a more than 50% lower substrate-specific biomass
yield (0.14 vs. 0.33mol C (mol C)™") and about fourfold higher biomass-specific
L-lysine yield (0.13 vs. 0.09 mol C/mol C). Furthermore, overexpression of PYC or
diaminopimelate dehydrogenase (DAPDH) genes in C. glutamicum DM1729-BB1
resulted in a further increase in the biomass-specific L-lysine yield by 6 and 56%,
respectively. In addition, significant amounts of pyruvate, L-alanine, and L-valine
were produced by C. glutamicum DM1729-BB1 and its derivatives, which indicate
a further potential to improve L-lysine production [310].
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Scheme 7.42 Biosynthetic pathway of L-lysine via the p,.-diaminopimelate intermediate
in C. glutamicum. AAT, aspartate aminotransferase; ASD, aspartate-semialdehyde
dehydrogenase; ASK, aspartate kinase; DDC, diaminopimelate decarboxylase; DDH,
diaminopimelate dehydrogenase; HDH, homoserine dehydrogenase; STP, succinyl
transferase pathway.
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The pathway for lysine and biotin biosynthesis in C. glutamicum AHP-3 was
reconstructed by introducing biotin biosynthesis genes from B. subtilis on a plas-
mid, pBIO (Scheme 7.43). AHP-3, containing pBIO, was able to produce lysine in
a medium lacking biotin and the lysine yield on glucose was similar to what is
obtained when using a medium containing biotin. However, the specific growth
rate decreased 20% when the strain was cultivated without biotin. To solve this
problem, pimelic acid, an early biotin precursor, was added so that the growth rate
could be restored fully, which demonstrates that the bottleneck is in pimeloyl-
CoA (or pimeloyl-ACP) formation. PYC (pycA), a biotin-dependent enzyme, and
biotin ligase (birA), needed for attaching biotin to PYC, were overexpressed by
replacing the native promoters with the strong superoxide dismutase (sod) pro-
moter, to examine the restoration of growth rate. Results showed that neither
DpycA nor birA overexpression, whether alone or in combination, had an effect on
specific growth rate, but they did increase the lysine yield by 55% in the strain
overexpressing both enzymes [311]. Pyruvate carboxylase variants in C. glutami-
cum that enable improved L-lysine production from glucose were identified by a
lysine sensor. Two PYC variants, PYCx"*#410125 and pyCx™3**, were identified
allowing 9 and 19% increased titers upon plasmid-based expression. Chromosomal
expression of PYCx™*** and PYCx"**** variants led to 6 and 14% higher L-lysine
levels [312].

L-Threonine is an essential amino acid, which has an impressive history as a
food additive for humans and animals. In addition, it has been widely employed
in agricultural, pharmaceutical, and cosmetics industries. A metabolic modifica-
tion strategy of two-stage carbon distribution and cofactor generation was pro-
posed to tackle several limiting factors, such as the conflict between cell growth
and production, by-product accumulation, and insufficient availability of cofac-
tors ATP, NADH, and NADPH, for L-threonine production strain E. coli THRD. The
glycolytic fluxes toward TCA cycle were increased in growth stage through

Glucosegy —> Glucose-t‘:-phosphate Acetyl-CoA - - - > Fatty acid - - - > Acetyl-CoA
; (ACP)
Pyruvate e >
sorye <2¥ Biotin Pimeloyl _ | siow P|n.1ellc
Thioester acidgy
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' Bio¥ \ Dethiobiotin - -os- & AMINO7-
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Scheme 7.43 Lysine and biotin production using PYC and biotin protein ligase
overexpressed in C. glutamicum.
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heterologous expression of PYC, PEPCK, and CS that led to improved glucose
utilization and growth performance. During the production stage, the carbon flux
was redirected into L-threonine synthetic pathway via a synthetic genetic circuit.
Meanwhile, overexpression of GDH, FDH, and pyridine nucleotide transhydroge-
nase in E. coli THRD was developed for an L-glutamate and NADPH generation
system to sustain the transaminase reaction for L-threonine. The results showed
an increase in the L-threonine production using shake flask and bioreactor fer-
mentation by 2.02- and 1.21-fold, respectively [313].

Carbon dioxide (CO,) is an atmospheric gas contributing to the greenhouse
effect that causes global warming and climate changes, which, therefore, has
inspired a global effort to reduce it. Many approaches have been considered and
adopted for reducing CO, emissions. Among these approaches, tuning inexpen-
sive and readily available CO, into fuels and chemicals offers a win-win strategy
to both decrease atmospheric CO, and efficiently exploit carbon resources. In
summary, methods that have been employed for catalyzing CO, conversion
include chemical, photochemical, electrochemical, and enzymatic. Enzymes,
capable of catalyzing CO, fixation steps in carbon assimilation pathways, are par-
ticularly promising catalysts for the sustainable transformation of this safe and
renewable feedstock into central metabolites. In this section, biotin-dependent
pyruvate carboxylase, catalyzing the carboxylation of pyruvate to oxaloacetate
through the use of CO, as feedstock, has been proved to be the efficient
one [314-316].

7.4.2 Acetyl-CoA Carboxylase

Acetyl-CoA carboxylase (ACC, EC 6.4.1.2) is a biotin-containing enzyme that cat-
alyzes the first committed step of FA synthesis, the irreversible ATP-activated car-
boxylation of acetyl-CoA to malonyl-CoA (Scheme 7.44) [317-319]. ACC is found
in all forms of life. This enzyme has been purified and characterized from rat
liver [320-323], rat skeletal muscle [324], chicken liver [325], rabbit mammary
gland [326], pea plant [327], diatom [328], Leptospira species [329], bacteria [330,
331], archaea [332], human [333, 334], and many others. The molecular mass of
ACC measured from rat liver was 230-250kDa, as well as approximately 272kDa
(major band) and 265kDa (minor band) from rat skeletal muscle; the chicken
liver yielded a single polypeptide of 225kDa; the apparent molecular mass
obtained in pea plant was 87kDa; the native ACC had a molecular weight of
approximately 740kDa; the purified archaeal ACC from Acidianus brierleyi
showed a molecular mass of approximately 540 kDa; and the molecular masses of
ACC in human existed between 265 and 280 kDa. Whereas ACC is a multisubunit
enzyme in most prokaryotes and in the chloroplasts of most plants and algae, it is
a large, multi-domain enzyme in the ER of most eukaryotes [335]. Physically
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Scheme 7.44 Acetyl-CoA carboxylase catalyzed carboxylation of acetyl-CoA to malonyl-
CoA. Sources: Based on Erb [317], Sasaki and Nagano [318],and Nikolau et al. [319].

distinct heteromeric and homomeric forms are found by the X-ray crystal struc-
ture. A heteromeric form of ACC is composed of four subunits, the biotin-linked
BCCP [336, 337], the BC [338-341], and the o and p subunits of carboxyltrans-
ferase (CT) [342-344], and is usually present in prokaryotes. The homomeric form
is composed of a single large polypeptide with four subunit domains and is pre-
sent in eukaryotes. Most plants have both forms with the heteromeric form in
plastids and the homomeric form in cytosol, while the grass family, including
wheat and rice, is an exception, which has the homomeric form in both cytosol
and plastids [345, 346]. Mammalian cells, including humans, express two iso-
forms of acetyl-CoA carboxylase, ACC1 (Mr = 265kDa) and ACC2 (Mr = 280kDa),
and ACCI1 is a cytosolic protein and ACC2 is associated with the mitochon-
dria [333, 334, 347-349]. However, the crystal structure of full-length yeast S. cer-
evisiaze ACC (ScACC) was reported to show an overall architecture of 500kDa
holoenzyme dimer, which has a structure remarkably different from that of the
other biotin-dependent carboxylases [350]. The BC and CT domain dimers are
located at the top and bottom of the structure, respectively. The unique central
region contains five domains and is important for positioning the BC and CT
domains for catalysis.

The overall carboxylation of acetyl-CoA to yield malonyl-CoA catalyzed by
ACC follows a two-step mechanism as given below [318, 349, 351, 352]:

1) BCCP + HCO;™ 4+ Mg**-ATP — BCCP-CO,~ + Mg**-ADP + Pi: BC
2) BCCP-CO,™ + acetyl-CoA — BCCP + malonyl-CoA: CT

The first reaction is carried out by BC and involves the ATP-dependent carboxy-
lation of biotin with bicarbonate serving as the source of CO,. In the second reac-
tion, the carboxyl group is transferred from biotin to acetyl-CoA to produce
malonyl-CoA, which is catalyzed by CT. Two Mg** are coordinated by the phos-
phate groups on the ATP and are required for ATP binding to the enzyme. Thus,
this mechanism is tightly regulated by phosphorylation [353]. Bicarbonate is
deprotonated by Glu296, although in solution this proton transfer is unlikely as
the pK, of bicarbonate is 10.3; the pK, of bicarbonate can be decreased by its inter-
action with positively charged side chains of Arg338 and Arg292. Furthermore,
Glu296 interacts with the side chain of Glu211, that also causes an increase in the
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apparent pK,. Following deprotonation of bicarbonate, the oxygen of the bicarbo-
nate acts as a nucleophile and attacks the gamma phosphate on ATP to form the
carboxyphosphate intermediate, which quickly decomposes to CO, and PO,*".
The PO,*” deprotonates biotin, creating an enolate, stabilized by Arg338, that sub-
sequently attacks CO, resulting in the production of carboxybiotin [340]. The car-
boxybiotin translocates to the CT active site, where the carboxy group is transferred
to acetyl-CoA. Even though little is known about the reaction mechanism of CT,
it is proposed that CO, is released from biotin that subsequently abstracts a proton
from the methyl group from acetyl-CoA. The resulting enolate attacks CO, to
yield malonyl-CoA.

The main function of ACC is to regulate the metabolism of FAs [354]. When
ACC is active, malonyl-CoA is produced that serves as a building block for new
FAs and can inhibit the transfer of the fatty acyl group from acyl-CoA to carnitine,
which inhibits the B-oxidation of FAs in the mitochondria [355]. In mammals,
two isoforms ACC1 and ACC2 are expressed [333, 334, 347-349]. ACC1 is found
in the cytoplasm of all cells but is enriched in lipogenic tissue, such as adipose
tissue and lactating mammary glands, where FA synthesis is important. In oxida-
tive tissues, such as the skeletal muscle and the heart, the express ratio of ACC2 is
higher. While in liver, where both FA oxidation and synthesis are important, both
ACC1 and ACC2 are highly expressed. The differences in tissue distribution reveal
that ACC1 maintains the regulation of FA synthesis, whereas ACC2 is mainly
responsible for FA oxidation regulation [356, 357]. In addition to the crucial roles
in FA metabolism, ACC also presents a variety of clinical implications, such as the
production of novel antibiotics and the development of new therapies for diabe-
tes, obesity, and other manifestations of metabolic syndrome, which may even
relate to carcinoma [335, 345, 356-362].

FAs are the essential hydrophobic component of the cellular membrane lipids
of all living organisms except the archaea. In a number of bacteria, FAs also act as
components of storage lipids, the most prevalent of which are PHAs [363].
Recently, the fast advancement of industrial and social activities has raised the
global energy demand, which causes the problems of petroleum prices rising and
global warming. Therefore, much effort has been put to develop more sustainable
and cost-effective fuels from renewable sources that could reduce CO, emission
and replace the traditional fossil fuels. Microbial fermentation derived renewable
biofuels, including higher alcohols, hydrocarbons produced by isoprenoids bio-
synthetic pathway, and FAs as well as lipids synthesized from microbes, are being
considered good alternatives [364-367]. ACC catalyzes the first committed step of
the FA synthetic pathway. Although ACC has often been considered the rate-
determining step in FA biosynthetic pathway for a long time, until recently this
proposal has been tested in vivo using E. coli. Bacterial and plant ACC belong to
type II FAS system, which is composed of a collection of individual enzymes, and

385



386

http://chemistry-chemists.com

7 Organic Synthesis with Ligases

ACC reaction consists of two discrete half-reactions with four enzyme protein
subunits, BC, CT complex (a and f), and BCCP (Scheme 7.45) [368].

After cloning the genes encoding the four subunits of E. coli in a single plasmid
under the control of a bacteriophage T7 promoter, the four ACC subunits were
overproduced in equimolar amounts by the induction of gene expression.
Overproduction of the proteins resulted in greatly increased ACC activity with a
concomitant increase in the intracellular level of malonyl-CoA and a sixfold
increase in the rate of FA synthesis [369]. In another work, genes encoding ACC
(accA, accB, accC), malonyl-CoA-ACP transacylase (fabD), and acyl-ACP TE (EC
3.1.2.14 gene), which are all key enzymes in the synthesis of FAs, were cloned and
overexpressed in E. coli MG1655. The enzyme encoded by the fabD gene converts
malonyl-CoA to malonyl-ACP, and the encoded EC 3.1.2.14 gene converts fatty
acyl-ACP chains to long-chain FAs. All the genes except for the EC 3.1.2.14 gene
were homologous to E. coli genes and were used to overexpress components of the
FAS pathway through metabolic engineering. All recombinant E. coli MG1655
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Scheme 7.45 Type Il fatty acid synthetic pathway. The ACC is a heterotetramer, and the
subunits are encoded by the accA, accB, accC, and accD genes. The malonate group is
transferred from CoA to ACP by malonyl-CoA:ACP transacylase (fadD). Cycles of fatty acid
elongation are initiated by the condensation of acetyl-CoA with malonyl-ACP catalyzed
by p-ketoacyl-ACP synthase Il (fabH). The second step in the elongation cycle is carried
out by p-ketoacyl-ACP reductase (fabG). The p-hydroxyacyl-ACP intermediate is
dehydrated by either fabA or fabZ to form trans-2-enoyl-ACP. FabA is also responsible for
isomerization of the double bond at the 10-carbon stage to form UFAs. The final step in
the elongation is catalyzed by enoyl-ACP reductase, which has three forms (fabl, fabK, and
fabl). Fabl and fabL are NAD(P)H-dependent reductases. FabK is an NADH-dependent
flavoprotein that also oxidizes the cofactor in the absence of substrate. Subsequent
rounds of elongation are initiated by the elongation condensing enzymes (fabB and fabF)
whose substrate specificities govern the structure and distribution of fatty acid products.
Source: Modified from Rock and Jackowski [368].
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strains containing various gene combinations were developed using the pTrc99A
express vector, and the in vitro metabolites and FAs produced by the recombinants
were analyzed to observe the changes in metabolism. The amounts of hexadeca-
noic acid produced from recombinant strains were 1.23-2.41 times higher than
that of the wild-type strain [370].

Modular pathway engineering strategies were developed to optimize a multi-
gene pathway for FA production in E. coli. Specifically, a total of 15 essential genes
of the FA metabolic pathway were selected and arranged into three modules: the
upstream acetyl-CoA formation module, the intermediary acetyl-CoA activation
module, and downstream FAS module, and then the pathway bottlenecks were
assessed and eliminated at both transcriptional and translational levels
(Scheme 7.46). Combinatorial optimization of transcriptional levels of these three
modules led to the identification of conditions that balance the supply of acetyl-
CoA and consumption of malonyl-CoA/ACP. Refining protein translation effi-
ciency by customizing ribosome binding sites (RBS) for both the upstream
acetyl-CoA formation and FAS modules enables further production improve-
ment. Under controlled conditions, fed-batch cultivation of the engineered strain
produced up to 8.6gL~" FAs with a productivity of 0.124g L™*h™' [371].

The calorific value of biodiesel increases along with FA chain length, but it also
decreases the low temperature fluidity. However, the cis double bonds in the long
FA chain may decrease the viscosity. The report from the US Department of
Energy reveals that the perfect biodiesel would be made from monosaturated fatty
acids (MUFAs), because high levels of polyunsaturated fatty acids (PUFAs) would
negatively impact the oxidative stability and increase exhaust emissions, which do
not suit diesel engines. Biodiesel derived from vegetable oils or microbial lipids
always contains significant amounts of PUFAs and SFAs alkyl esters, which ham-
per its practical applications [372]. Therefore, the fatty acyl-ACP TE (AtFatA) and
FA desaturase (SSI2) from A. thaliana were heterologously expressed in E. coli
BL21 star(DE3) to specifically release free UFAs and convert SFAs to UFAs. In
addition, the endogenous fadD gene (encoding acyl-CoA synthetase) was dis-
rupted to block FA catabolism while the native ACC was overexpressed to increase
the malonyl-CoA pool and boost FA biosynthesis (Scheme 7.47). Under shake
flask conditions, the engineered E. coli BL21AfadD/pE-AtFatAssi2&pA-acc pro-
duced 82.6mgL ™" FFAs and the yield on glucose reached about 3.3% of the theo-
retical yield. Two types of MUFAs, palmitoleate (16:1A9) and cis-vaccenate
(18:1A11) made up more than 75% of the FFA profiles. Fed-batch fermentation of
this strain further enhanced FFAs production to a titer of 1.27 gL ™" without affect-
ing FA compositions [373].

Since FAs biosynthesis is initiated by the conversion of acetyl-CoA to malonyl-
A,which requires acetyl-CoA as key substrates, the non-oleaginous yeast S. cerevi-
siae was metabolically engineered for cytosol acetyl-CoA enhancement for FA
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Scheme 7.47 Engineered E. coli for free monounsaturated fatty acid production. FAS,
fatty acid synthase.

synthesis. Gene idh1 and idh2 involved in the citrate turnover in TCA cycle were
disrupted so that the citrate level accumulated was increased four and five times
in mutant yeast strains. Furthermore, a heterologous ATP-citrate lyase (ACL) was
overexpressed in the wild-type and idh1,2 disrupted yeast strains to convert the
accumulated citrate to cytosol acetyl-CoA. The engineered wild-type strain
expressing acl mainly produced SFAs with C14:0, C16:0, and C18:0 at levels about
20, 14, and 27%, respectively. In addition, the idh1,2 disrupted and expressing acl
strains mainly accumulated UFAs, which showed 80% increase in C16:1 and 60%
increase in C18:1 with Aidh1 strain expressing acl, 60% increase in C16:1 and 45%
increase in C18:1 with Aidh2 strain expressing acl, and 92% increase in C16:1 and
77% increase in C18:1 with Aidhl,2 strain expressing acl [374]. In another study,
a gene coding ACC (LSACC1) was isolated and characterized from an oleaginous
yeast, Lipomyces starkeyi, and the expression level was upregulated with the fast
accumulation of lipids. The LsACC1 was co-overexpressed with the endogenous
glycerol-3-phosphate dehydrogenase gene (GPD1), which regulates lipid biosyn-
thesis by supplying another substrate glycerol-3-phosphate for storage lipid
assembly, in yeast S. cerevisiae. Additionally, the S. cerevisiae ACC (ScACCI) was
transferred with GPDI and its function was compared with LSACC1. The overex-
pressed LSACC1 and GPDI resulted in a 63% increase of the lipid (TAG) produc-
tion in S. cerevisiae [375].

Y. lipolytica is another emerging nonconventional oleaginous yeast. A metabolic
engineering strategy for FFA production in Y. lipolytica was developed, which was
based on the elimination of glycerol metabolism as the main final acceptor of
acyl-CoA in neutral lipid formation. FFA production was monitored under lipo-
genic conditions with glycerol as a limiting factor, which presents at a sufficient
level for membrane synthesis but deficient for TAG accumulation. First, a glycerol
auxotroph that was also unable to utilize glycerol was constructed by deleting the
cytosolic glycerol-3-phosphate dehydrogenase gene (gpd1) and the gene encoding
flavin-dependent and membrane-bound mitochondrial isozyme (gut2) that
uncouples the glycerol-3-phosphate shuttle. In this genetic background, growth
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was repressed by glycerol. Moreover, oleate toxicity was observed in the
Agpd1Agut2Apex10 triple mutant strain, which is deficient additionally in peroxi-
some biogenesis due to the deletion of peroxin gene (per10). Two consecutive
rounds of selection of spontaneous mutants were performed: first, by relieving
from growth repression by glycerol, and second, by elevating resistance to oleate.
Finally, FA synthesis was upregulated by ACC gene (accl) overexpression, which
resulted in the production of 1436.7mgL~" of FFAs. The addition of dodecane
further promoted FFA secretion and enhanced the level of FFAsup to 2033.8 mg L™
during test tube cultivation [376, 377].

Oleaginous yeast, Y. lipolytica, was engineered by first establishing an expres-
sion platform for high expression using intron-containing translation elongation
factor-1a (TEF) promoter, which is capable of increasing gene expression 17-fold
over the intron-less TEF promoter. Then, this platform was used for the overex-
pression of diacylglycerol acyltransferase (DGA1) in the final step of the TAG syn-
thesis pathway, which yielded a fourfold increase in lipid production over control,
to a lipid content of 33.8% of dry cell weight. In addition, the overexpression of
ACC (ACC1) increased lipid content twofold over control, or 17.9% lipid content.
Therefore, the two genes were combined in a tandem gene construction by simul-
taneous co-expression of ACC1 and DAGI in the lipid biosynthetic pathway
(Scheme 7.48), which further increased lipid content to 41.4%. The effects of
ACC1 + DGA1 transformant on lipid production were explored using a 2-L biore-
actor fermentation, which resulted in 61.7% lipid content after 120 hours. The
overall yield and productivity were 0.195gg™" and 0.143g L~'h™', respectively,
while the maximum yield and productivity were 0.270gg™" and 0.253g L™'h™!
during the lipid accumulation phase of the fermentation [378]. The results dem-
onstrate the effects of metabolic engineering of two important steps of the lipid
synthesis pathway, which allows effective flux inversion toward lipid synthesis
and creates driving force for TAG synthesis.

The allosteric inhibition of lipid synthesis by SFAs during the conversion of
sugars to oils for some microorganisms limits its conversion yield and rates. A
novel metabolic regulation enzyme delta-9-stearoy-CoA desaturase (SCD) of the
lipid synthesis in Y. lipolytica through the reverse engineering of mammalian fat-
storing tissue was identified and simultaneously overexpressed together with
acetyl-CoA carboxylase (ACC1I) and diacylglyceride acyl-transferase (DAGI) in
Y. lipolytica (Scheme 7.49). This engineered strain characterized highly desirable
phenotypes of fast cell growth and lipid overproduction such as high carbon to
lipid conversion yield (84.7% of theoretical maximal yield), high lipid titers
(~55gL™"), and enhanced tolerance to glucose and cellulose-derived sugars. The
engineered strain also featured a threefold growth advantage over the wild-type
strain, which resulted in a maximal lipid productivity of ~1g L™'h~! during the
stationary phase. While the engineered yeast required cytoskeleton remodeling in
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Scheme 7.49 Proposed mechanism of SCD-mediated deregulation of fatty acid pathway
in oleaginous yeast Y. lipolytica.
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the obesity phenotype. Overall, the engineered Y. lipolytica was demonstrated to
be a superior lipid producer, which is capable of efficiently transforming glucose
or renewable carbohydrates into TAGs at high yield and productivity [379].
Except for FAs and biofuels, ACC catalyzed acetyl-CoA to malonyl-CoA reac-
tion was used for producing value-added chemicals including fatty alcohols, pol-
yketides, flavonoids, and organic acids through the metabolically engineered
microbial host using sophisticated genetic tools [363-365, 380-385]. Since fatty
alcohols have been widely used in producing detergents, emulsifiers, lubricants,
and cosmetics, yeast was engineered to produce 1-hexadecanol by expressing a
fatty acyl-CoA reductase (FAR) from barn owl (Tyto alba). In order to improve the
1-hexadecanol production, the ACCI gene encoding ACC was overexpressed and
B-oxidation enzymes POX1 and POT1 were knocked out. Moreover, the SNF1 pro-
tein that downregulates the ACCI expression and upregulates B-oxidation and
RPD3, the negative regulator of the INOI gene in phospholipid metabolism, were
both knocked out as well. To enhance the supply of cytosolic acetyl-CoA, thus
malonyl-CoA, two pathways were engineered independently: (i) a pathway that
can efficiently provide acetyl-CoA in the cytoplasm by expressing ADH2 (alcohol
dehydrogenase), ALD6 (aldehyde dehydrogenase), and a codon-optimized ACS;
and (ii) expression of ATP-dependent citrate lyase (ACL) from either A. thaliana
or Y. lipolytica (Scheme 7.50). After metabolic engineering manipulation, the
1-hexadecanol titer was improved from 45 to 330mgL™" in 20gL™" glucose
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Scheme 7.50 Lipid metabolism of engineered S. cerevisiae for fatty alcohol production.
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minimal medium. Through fed-batch fermentation using resting cells, over
1.1gL™" 1-hexadecanol can be produced in glucose minimal medium [386].

Malonyl-CoA, the product of ACC catalyzed acetyl-CoA carboxylation reac-
tion, is the major building block for many natural products such as polyketides
and flavonoids, which have significant applications in medicine, veterinary
medicine, and agriculture. In order to maintain a large amount of cellular
malonyl-CoA, a variety of metabolic engineering strategies have been utilized to
redirect the carbon flux inside E. coli to pathways responsible for the generation
of malonyl-CoA. A threefold increase of cellular malonyl-CoA can be obtained
by overexpression of acetyl-CoA carboxylase (acc). A synergistic effect with
increased acetyl-CoA availability by deletion of competing pathways leading to
the by-products acetate and ethanol as well as overexpression of an acetate
assimilation enzyme led to an E. coli strain with 15-fold more cellular malonic-
CoA. This engineered E. coli strain was applied for the production of an impor-
tant polyketide, phloroglucinol, by further heterologous expression in E. coli of
a single gene phlD encoding the type III PKS from Pseudomonas fluorescens Pf-5
(Scheme 7.51). The results showed near fourfold higher titer compared with
wild-type strain, despite the toxicity of phloroglucinol to cell growth [387-389].
The metabolic engineering strategies described here should be highly useful for
improved production of natural products where the cellular malonyl-CoA is
rate limiting.

Mithramycin (MTM) is a glycosylated polyketide antitumor compound pro-
duced by Streptomyces argillaceus, which is constituted by a tricyclic aglycone
with two aliphatic side chains, a disaccharide and a trisaccharide chain. The
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Scheme 7.51 Engineered E. coli for production of phloroglucinol from glucose.
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Scheme 7.52 Metabolically engineered S. argillaceus for production of mithramycin.

biosynthesis of MTM is initiated by the condensation of 10 malonyl-CoA units to
render a carbon chain that is subsequently modified to originate a tetracyclic
intermediate. The intermediate is sequentially glycosylated by five deoxysugars
that in turn are synthesized from glucose-1-phosphate. Further oxidation
and reduction steps render the final compound. Therefore, the supply of
glucose-1-phosphate and malonyl-CoA was enhanced by overexpressing the
Streptomyces coelicolor phosphoglucomutase gene pgm and the ACC ovmGIH
genes from the oviedomycin biosynthesis gene cluster in S. argillaceus.
Furthermore, the cloned ADP-glucose pyrophosphorylase gene glgCa and the
acyl-CoA:diacylglycerol acyltransferase gene aftAa in S. argillaceus were inacti-
vated to further increase the intracellular concentration of glucose-1-phosphate/
glucose-6-phosphate and malonyl-CoA/acetyl-CoA (Scheme 7.52). The recombi-
nant strain obtained by combining all metabolic engineering strategies together
shows the result, which produced approximately 3.3 and 4.7 times more MTM
than wild-type strain in liquid and solid media, respectively. These strategies
were also applied to increase production of four MTM derivatives with improved
pharmacological properties [390].

Nonconventional oleaginous yeast Y. lipolytica was explored for production of
the simplest polyketide triacetic acid lactone (TAAL) based on its potential for
high flux through the key polyketide precursors, acetyl-CoA and malonyl-
CoA. Three distinct metabolic engineering strategies for acetyl-CoA formation,
that are the citrate route for lipid production, the PDHC (PDAI, PDE2, PDE3,
PDBI) pathway, and the previously uncharacterized pyruvate bypass pathway,
were investigated (Scheme 7.53a). The pyruvate bypass pathway converts pyru-
vate to acetaldehyde through PDC, then to acetate through acetaldehyde dehydro-
genase (ALD), and finally to acetyl-CoA via ACS. Therefore, overexpression of
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four genes (ACS1, ALD5, PDC2, and ACC1) in Y. lipolytica significantly improved
the amounts of acetyl-CoA and malonyl-CoA, which further reacted to achieve
TAAL using PKS. After optimization, the engineered strain achieved over 35% of
the theoretical yield to TAAL in unoptimized tube culture and a maximum
observed titer of 35.9+3.9gL™" in a 3-L bioreactor scale with glucose and spiked
acetate. Moreover, a higher TAAL production (43% of theoretical conversion yield
under nitrogen starvation in a test tube) can be obtained by overexpression of a
B-oxidation related peroxisomal matrix protein (PEX10). Finally, TAAL was
used for chemically modifying commodity poly(epichlorohydrin) to form
poly(epichlorohydrin)-co(epoxy triacetic acid lactone) (PETAL) that upgrades its
glass transition temperature [391]. Another metabolic engineering strategy
employed for production of TAAL using Y. lipolytica and acetate as alternative
carbon sources was through acetate uptake pathway as an acetyl-CoA shortcut to
achieve metabolic optimality in producing TAAL. To efficiently utilize acetate for
TAAL production, the metabolic bottlenecks in Y. lipolytica, including generation
of the driving force for acetyl-CoA, malonyl-CoA, and NADH, were identified.
Therefore, Y. lipolytica was engineered with the overexpression of endogenous
acetyl-CoA carboxylase (ACCI), malic enzyme (MAEI), and a bacteria-derived
cytosolic pyruvate dehydrogenase (PDH), which results in a TAAL titer of up to
4.76gL™" from industrial glacier acetic acid in shake flasks, showing 8.5 times
improvement over the wild strain (Scheme 7.53b). The acetate-to-TAAL conver-
sion rtatio (0.149gg™") reaches 31.9% of the theoretical maximum yield, which
indicates the carbon flux of this metabolic shortcut exceeds the carbon flux
afforded by the native glycolytic pathways [392].

A new biosynthetic system based on Crabtree-negative yeast Pichia pastoris,
which can grow exceptionally on ethanol and convert ethanol directly in cytosol
to acetyl-CoA in three steps, was constructed to improve the production of acetyl-
CoA-derived drugs. A glucose-repressed and ethanol-induced transcriptional sig-
nal amplification device (ESAD) with 20-fold signal increase was constructed to
make ethanol the sole and fast-growing substrate, acetyl-CoA precursor, and
strong biosynthetic pathway inducer. The developed ESAD was then used to pro-
duce dihydromonacolin L (DML), the first step intermediate of commercial
hypolipidemic drug intermediate, monacolin J (MJ). DML is a fungal polyketide
that is synthesized from nine malonyl-CoA and a methyl donor S-adenosyl
methionine (SAM) with biosynthetic steps involving four enzymes, including lov-
astatin nonaketide synthase (LovB), enoyl reductase (LovC), and TE (LovG) from
Aspergillus terreus, as well as phosphopantetheinyl transferase (NpgA) from
Aspergillus nidulans (Scheme 7.54). While malonyl-CoA is directly derived from
acetyl-CoA by constitutively overexpressing a P. pastoris ACCI in the ADH2 and
ACS]I co-expressing strain. Then, a downstream strain for DML-to-MJ module
controlled by a synthetic constitutive transcriptional signal amplification device
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(CSAD) through co-expressing a cytochrome P450 monooxygenase (sLovA) and a
cytochrome P450 oxidoreductase (Cpr) in a separate P. pastoris cell was devel-
oped, which produced a high MJ titer of 2.2gL™" on ethanol. A 5-L stirred-tank
co-culture fermentation system with the upstream strain and downstream strain
allows a one-step high production of MJ (up to 3.2+0.1gL™"), which is far sur-
passing than the other reported M1 titers in heterologous hosts [393].

Phenylpropanoid-derived natural products, such as lignins, salicylates, cou-
marins, hydroxycinnamic amides, and flavonoids, are produced exclusively by
plants through the so-called phenylpropanoid pathway. While flavonoid-derived
compounds have drawn much attention by their usage as health-promoting com-
ponents in human diet, due to their cancer chemopreventive, antioxidant, and
anti-asthmatic activities. A plasmid in E. coli, which carried an artificial biosyn-
thetic gene cluster, including PAL encoding a phenylalanine ammonia lyase from
a yeast, ScCCL encoding a cinnamate/coumarate:CoA ligase from the actinomy-
cete S. coelicolor A3(2), CHS encoding a chalcone synthase from a licorice plant,
and CHI encoding a chalcone isomerase from the Pueraria plant, was constructed
for the production of plant-specific flavanones. The recombinant E. coli cells pro-
duced (2S)-naringenin and (2S)-pinocembrin from tyrosine and phenylalanine,
respectively (Scheme 7.55). The flavanone yields were greatly improved after the
two subunit genes of ACC from C. glutamicum were expressed under the control
of the T7 promoter and the ribosome-binding sequence in the recombinant E. coli
cells, probably due to an increase of malonyl-CoA that was used for flavanone
synthesis by the enhanced expression of acetyl-CoA. The yields of naringenin and
pinocembrin were about 60mgL~' when the recombinant E. coli cells were incu-
bated in 3mM tyrosine and phenylalanine [394].

Several strategies were employed for rational modifications of the acetate-
acetyl-CoA-malonyl-CoA central metabolism in E. coli for improving malonyl-
CoA precursor availability for robust synthesis of flavanones. The metabolic
engineering approach targeted the multisubunit complex ACC-biotin ligase
(BirA) and enzymes in acetate assimilation pathways in E. coli (Scheme 7.56). The
metabolically engineered E. coli was able to increase the production of pinocem-
brin, naringenin, and eriodictyol in 36 hours up to 1379, 183, and 373%, respec-
tively, overproduction with the strains expressing only the flavonoid pathway,
which corresponded to 429, 119, and 52 mg L respectively [395].

An integrated computational and experimental approach was applied for
improving the intracellular availability of malonyl-CoA in engineered E. coli to
increase the production of plant-specific secondary metabolite naringenin. A cus-
tomized version of the recently developed OptForce methodology was used to pre-
dict a minimal set of genetic interventions that guarantee a prespecified yield of
malonyl-CoA in E. coli. Then a recombinant E. coli strain was constructed that
exhibits a fourfold increase in the levels of intracellular malonyl-CoA compared
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to the wild-type strain, which produced a naringenin titer of 474 mgL™", a highest
yield ever achieved in a lab-scale fermentation process. This result was due to the
combined effect of the synergistic genetic interventions that correlates genetic
modification to cell phenotype, specifically the identified knockout targets
(AfumC and AsucC) and overexpression targets (ACC, PGK, GAPD, and PDH)
can cooperatively force carbon flux toward malonyl-CoA [396].

Eriodictyol is a flavonoid with anti-inflammatory and antioxidant activities. In
order to efficiently synthesize eriodictyol, a truncated plant P450 flavonoid, flavo-
noid 3’-hydroxylase (tF3'H), was functionally expressed as a fusion protein with a
truncated cytochrome P450 reductase (tCPR) in E. coli. This allowed the engi-
neered E. coli to produce eriodictyol from L-tyrosine by simultaneously co-
expressing the fusion proteinwith tyrosineammonialyase (TAL),4-coumarate-CoA
ligase (4CL), chalcone synthase (CHS), and chalcone isomerase (CHI). Moreover,
the availability of malonyl-CoA was enhanced by metabolic engineering so as to
achieve a new metabolic balance and rebalance the relative expression of genes to
enhance eriodictyol accumulation. Using these strategies, the production of erio-
dictyol from L-tyrosine was made 203% higher than that in the control strain,
which reached an amount of 107mgL™" [397].

7-O-Methyl aromadendrin (7-OMA) is an aglycone moiety of one of the impor-
tant flavonoid-glycosides found in several plants, such as Populus alba and
Eucalyptus maculate, with various medicinal applications. The biosynthesis of
7-OMA in E. coli from its precursor, p-coumaric acid, was primarily through nar-
ingenin synthesis, which was performed by feeding p-coumaric acid and recon-
structing the plant biosynthetic pathway by introducing the structural genes,
including 4-coumarate-coenzyme A ligase (4CL) from Petroselinum crispum, CHS
from Petunia hybrida, and CHI from Medicago sativa. The enhancement of
malonyl-CoA availability was overexpression genes for the acyl-CoA carboxylase
aand p subunits (nfa9890 and nfa9940), biotin ligase (nfa9950), and ACS (nfa3550)
from Nocardia farcinica. Then, the produced naringenin was hydroxylated at posi-
tion 3 by flavanone-3-hydroxylase (F3H) from A. thaliana and further methylated
at position 7 to form 7-OMA using 7-O-methyltransferase (7-O-MT) from
Streptomyces avermitilis through either dihydrokaempferol (DHK) (aromaden-
drin) or sakuranetin (SKN) intermediate (Scheme 7.57). Upon providing with
500 pM p-coumaric acid, the engineered E. coli strain produced 2.7 mgL™" (8.9 uM)
7-OMA in 24 hours, whereas the strain expressing only the flavanone modifica-
tion enzymes yielded 30mgL™" (99.2uM) 7-OMA from 500puM naringenin in
24 hours [398].

5-Deoxyflavanones are a distinct class of flavanone compounds in leguminous
plants that play important roles in their symbiotic interactions. A four-step
biosynthesis of 5-deoxyflavanones using engineered recombinant E. coli was
constructed by overexpression of E. coli with four heterologous plant genes:
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4-coumarate:coenzyme A ligase (4CL) from P. crispum, CHSs from M. sativa and
P. hybrida, and chalcone reductase (CHR) and CHI from M. sativa (Scheme 7.58).
Shake flask experiments demonstrated that P. hybrida rather than M. sativa CHS
produced the highest amount of liquiritigenin from precursor p-coumaric acid in
glucose minimal medium. Introduction of the recombinant pathway in S. cerevi-
siae also led to the formation of both 5-hydroxyflavanone and 5-deoxyflavanone,
however, with yields of the later lower than that achieved in E. coli. Other phenyl-
propanoid acid precursor, such as cinnamic acid and caffeic acid, could be synthe-
sized through the recombinant pathway as well produce corresponding
5-deoxyflavanone compounds [399].

Since it is usually lethal to microorganisms, to increase the intracellular availa-
bility of malonyl-CoA by inactivation of the malonyl-CoA consumption pathway
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is not applicable. A novel metabolic engineering strategy is using synthetic anti-
sense RNAs (asRNAs) to conditionally downregulate FA biosynthesis and achieve
malonyl-CoA enrichment in E. coli. The optimized asRNA constructs with a loop-
stem structure exhibit high interference efficiency up to 80%, which leads to a
4.5-fold increase in intracellular malonyl-CoA concentration when fabD gene
expression is inhibited. The application of this strategy allows an increased pro-
duction of natural products 4-hydroxycoumarin, resveratrol, and naringenin by
2.53-, 1.70-, and 1.53-fold in E. coli, respectively (Scheme 7.59). Besides, down-
regulation of other fab genes including fabH, fabB, and fabF also makes remark-
able increases in 4-hydroxycoumarin production [400].

Nargenicin Al is an effective antibacterial compound produced by Nocardia sp.
CS682 and exhibits significant activity against various Gram-positive bacteria,
while possessing lower cytotoxicity than macrolide antibiotics such as erythromy-
cin and spiramycin. In order to improve the production of nargenicin Al, a set of
multi-monocistronic vectors, pNV18L1 (without transcriptional terminator (TT))
and pNV18 (with TT derived from aac(3)IV) containing hybrid promoter (derived
from ermE* and promoter region of neor), RBS, and restriction sites for cloning, so
that each cloned gene was under its own promoter and RBS. The multi-
monocistronic vector pNV18L2 showed better efficiency in reporter gene assay.
Therefore, multiple genes involved in the biogenesis of pyrrole moiety (ngnN2,
ngnN3, ngnN4, and ngnN5 from Nocardia sp. CS682), glucose utilization (glf and
glk from Zymomonas mobilis), and malonyl-CoA synthetase (accA2 and accBE
from S. coelicolor A3 (2)) were cloned in pNV18L2. Further statistical optimiza-
tion of specific precursors (proline and glucose) and their feeding time led to
about 84.9mgL ™" nargenicin A1 from Nocardia sp. GAP, which is approximately
24-fold higher than Nocardia sp. CS682 (without feeding). In addition, a dedicated
hydroxylase pikC from the pikromycin gene cluster of Streptomyces venezuelae
was expressed to generate Nocardia sp. PikC and employed to yield a novel
derivative nargenicin Al acid, which showed a reduction in antibacterial
potential [401].

Lovastatin is a naturally derived drug commonly prescribed to patients suffer-
ing from heart-related diseases, which is produced as a secondary metabolite dur-
ing fermentation of sugars by A. terreus. To increase the production of lovastatin
in wild-type A. terreus strain, homologous recombination techniques were applied
to enhance the flow of precursors toward the lovastatin biosynthesis pathway.
Thus, a new strain was generated to overexpress ACC by replacing the native ACC
promoter with a strong constitutive PadhA promoter from A. nidulans. A low-
value substrate, glycerol, and mixture of lactose and glycerol were used indepen-
dently as the carbon feedstock to determine the degree of response by the A. terreus
strains toward the production of acetyl-CoA and malonyl-CoA. The concentration
levels of malonyl-CoA and acetyl-CoA in the new strain were raised by 240 and
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14%, respectively, compared to the wild-type strain, which resulted in an increased
production of lovastatin by 40% and a decreased production of by-product,
(+)-geodin, by 31% [402].

Except for bacteria, the application of metabolic engineering on food-grade
microorganisms, such as S. cerevisiae, is a potential alternative for sustainable pro-
duction of plant secondary metabolites flavonoids. To improve the naringenin
production yield due to insufficient enzyme activity, gene source screening was
used as a tool to identify the best gene source for enzymes such as 4-coumarate:
coenzyme A ligase (4CL) and CHS. Therefore, the 4CL gene from M. truncatula
and the CHS gene from Vitis vinifera were expressed in S. cerevisiae, which pro-
vided 28-fold higher yield of naringenin as compared to the control strain. The
combinations acquired similar performance in the Y-28 strains that resulted in a
highest production of 28.68 mg L™" [403]. In another study, an efficient production
of (2S)-naringenin in S. cerevisiae from p-coumaric acid was via a biosynthetic
pathway by integrating synthesis pathway genes into the yeast genome to achieve
a (2S)-naringenin production strain. The gene dosage experiments indicate that
the genes negatively regulating the shikimate pathway and inefficient CHS activ-
ity were factors limiting (2S)-naringenin production. Using fed-batch process
optimization of the engineered strain, the (2S)-naringenin titer achieved was
648.63mgL~" from 2.5gL~" p-coumaric acid [404].

Engineered S. cerevisiae has been utilized for de novo biosynthesis of resveratrol,
a natural antioxidant for food supplement and cosmetics ingredient, directly from
cheap carbon sources, glucose or ethanol, via tyrosine intermediate. The
biosynthetic pathway, consisting of TAL from Herpetosiphon aurantiacus,
4-coumaryl-CoA ligase from A. thaliana, and resveratrol synthase from V. vinif-
era, was introduced first and obtained 2.73 +0.05mg L ™" resveratrol from glucose.
Then, feedback-insensitive alleles of ARO4 encoding 3-deoxy-D-arabino-heptulos
onate-7-phosphate and ARO7 encoding chorismite mutase were overexpressed to
result in the production of 4.85+0.31 mgL ™" resveratrol from glucose as the sole
carbon source. In addition, the supply of the precursor malonyl-CoA was improved
by overexpressing a post-translational deregulated version of the acetyl-CoA car-
boxylase encoding gene ACC1, which further increased the resveratrol concentra-
tion to 6.39 +0.03mgL™". Followed by these strategies, the strain was improved by
performing multiple-integration of pathway genes to increase the resveratrol pro-
duction to 235.57+7.00mgL™". The final strain was fed-batch fermented to pro-
duce resveratrol using glucose or ethanol as carbon source, which resulted in a
resveratrol titer of 415.65 and 531.41 mgL™", respectively [405].

Kaempferol found in many edible plants is a flavonol with broad bioactivity of
antioxidant, anticancer, antidiabetic, antimicrobial, cardio-protective, and anti-
asthma. The budding S. cerevisiae was employed for de novo biosynthesis of
kaempferol. The biosynthetic pathway of kaempferol was constructed by first
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introducing high-efficient flavonol synthases from Populus deltoids, followed by
the construction of a recombinant S. cerevisiae for de novo synthesis of kaemp-
ferol, which generated ~6.97mgL™" kaempferol from glucose. The kaempferol
production was further promoted by overexpressing the acetyl-CoA biosynthetic
pathway and p-coumarate was supplied as substrate (Scheme 7.60), which resulted
in an improved kaempferol production by about 23 and 120%, respectively. Fed-
batch fermentation was finally developed for better kaempferol production, which
resulted in a kaempferol production of 66.29 mgL™" in 40 hours [406].

Since the oleaginous yeast Y. lipolytica has been previously demonstrated as an
optimal host for producing the simple polyketide, TAL, the capacities of this host
were expanded by employing a f-oxidation-related strategy to improve more com-
plex polyketides production directly from defined media. Therefore, the
4-coumaroyl-CoA derived polyketides, naringenin, resveratrol, and bisdemeth-
oxycurcumin, as well as the diketide intermediate, (E)-5-(4-hydroxyphenyl)-3-
oxopent-4-enoic acid, were established. Based on this strategy, de novo synthesis
of naringenin was able to be produced in high level through import of both a
heterologous pathway and a mutant Y. lipolytica allele, that generated an average
maximum naringenin titer of 898 mgL~", the highest titer ever reported in any
host. The results indicate that Y. lipolytica would be an ideal polyketide produc-
tion host for more complex 4-coumaroyl-CoA derived products [407].

The oleaginous yeast Y. lipolytica was also employed to produce flavonoid and
hydroxylated flavonoid. To overcome the limitations caused by the limited num-
ber of auxotrophic markers in Y. lipolytica, which restrict the ability to perform
iterative genetic modifications and manipulate long gene clusters, the high recom-
bination efficiency of the Cre-loxP system and the high integration rate of 26s
rDNA were combined to develop a versatile framework to iteratively integrate
multicopy metabolic pathways in Y. lipolytica. Both the flavonoid precursor (cyto-
solic acetyl-CoA and malonyl-CoA) pathways and the plant-derived cytochrome
P450 enzymes were functionally integrated to improve flavonoid and hydroxy-
lated flavonoid production. Thus, the engineered strains generated 71.2mgL™"
naringenin, 54.2mgL ™" eriodictyol, and 48.1mgL™" taxifolin [408]. Because ole-
aginous yeast produces a large amount of lipid bodies, and the abundant mem-
brane structure and its lipophilic environment provide an ideal environment for
the regioselectivity and stereoselectivity of many plant-derived P450 enzymes,
modular method was used for constructing, characterizing, and optimizing the
flavonoid pathways in Y. lipolytica (Scheme 7.61). In addition, a variety of precursor
biosynthetic routes were evaluated and the metabolic potential pathways in
Y. lipolytica were unleashed. Specifically, CHS and CPR were identified to be the
bottlenecks of hydroxylated flavonoid production. Furthermore, the precursor
pathway limitations by expressing genes associated with chorismate and
malonyl-CoA supply were removed. Through optimization of the pH and



http://chemistry-chemists.com

2CP6WE \'Q0  IN6FIPOfICI[A 6UAIUEELE] 2 CELSAR\A6 oL PIAY KIewbisLof bLogncflou”

bHBUAIgISUIUE ———> CIUUSWIC SCI ——— b-Conwsuc sciq —==—> b-conwsiA|-coy Ksewbyelo|
OHO

bvr CtH fCcr

cps|cous DHK
CH2 Wsuudeus CHI visuuBeul E3H Ere "o

MU0 A cefsie cef-Co -
EfS IW veeisiqepige — o Ve ~ea VeeN-coy “voo WsIouh-coy




ARO1

Glucose

HO

Chorismate

1 pathway NH,

L-Tyrosine

3x Malonyl-CoA

\\ CHI Ho O

OH
Naringenin chalcone

Scheme 7.61 Modular strategy to optimize biosynthetic pathways in S. cerevisiae for naringenin, eriodictyol, and taxifolin production.

OH
OH O HO
‘ CHI

http://chemistry-chemists.com

Module | OH S—CoA

4CL =

TAL
—> 0 —> 0

OH OH OH

p-Coumaric acid p-Coumaroyl-CoA

OH | OH

o \©/ HO o \©[ HO
OH g

CFaH

Module It

i F3'H

LF3H,_

i"cPR
OH OH ©
(28)-Naringenin | Eriodictyol

OH

Taxifoli




http://chemistry-chemists.com

74 Ligases for Carbon-Carbon Bonds Formation

carbon-nitrogen ratio (C/N), the engineered strain produced 252.4mgL~" narin-
genin, 134.2mgL~" eriodictyol, and 110.5mgL™" taxifolin from glucose in shake
flask experiments [409].

Organic acids constitute a key group among top building block chemicals. With
the recent desire to develop more sustainable bioprocesses, microbial production
of organic acids has been expanded rapidly as alternative to petrochemical
method. 3-HP is an important organic acid because it can serve as a platform for
the production of 3-carbon intermediates. For example, it can easily be converted
to acrylic acid upon dehydration, which is a major petrochemical product and is
in increasing demand every year due to its various applications in superabsorbent,
adhesive, surface coating, and paint. A variety of biological routes were employed
for the production of 3-HP, including the glycerol pathway, the $-alanine pathway,
and the malonyl-CoA pathway [410, 411]. The malonyl-CoA pathway involving
ACC will be discussed in the following texts.

Fermentative production of 3-HP is centered on bacterial systems in most cases,
in which E. coli is the most common one. Recombinant E. coli strains heterolo-
gously expressing the mcr gene of Chloroflexus aurantiacus DSM 635, encoding a
bifunctional NADPH-dependent malonyl-CoA reductase (MCR), were developed
to produce 3-HP from its immediate precursor malonyl-CoA (Scheme 7.62). This
recombinant E. coli generated 0.71 mM of 3-HP in 24 hours in shake flask cultiva-
tion under aerobic conditions with glucose as the sole source of carbon. As ACC
and biotinilase, encoded by the genes accADBCD of E. coli K-12 were overex-
pressed along with MCR, the 3-HP titer was improved by twofold to 1.6mML™".
3-HP production was further increased to 2.14 mM by additional expression of the
gene pntAB, encoding nicotinamide nucleotide transhydrogenase that converts
NADH to NADPH [412].

Cell growth in stationary phase potentially enhances target metabolite produc-
tion due to the decreasing demand of carbon consumption for cell growth. It has
been found that starvation of essential nutrients, such as nitrogen, sulfur, magne-
sium, and phosphorus, leads cells into stationary phase, and the overall metabolic
behavior changes depend on the type of nutrient starvation in E. coli. Therefore,
the optimum nutrient starvation type for producing malonyl-CoA-derived metab-
olites such as 3-HP and naringenin in E.coli was surveyed. Results showed that

Biotin

CoAS”™ "CH3 CoAS OH (PntABY Ho

Acetyl-CoA ATP+ ADP + Malonyl-CoA 2NADPH 2NADP*

Scheme 7.62 3-Hydroxypropionic acid production from glucose through malonyl-CoA
pathway with the recombinant E. coli.
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high production titer (2.0 or 2.3mM) and high specific production rate (0.14 or
0.28 mmol (gCDW) ™' h™') were observed for 3-HP production under sulfur
or magnesium starvation, whereas almost no 3-HP was found under nitrogen or
phosphorus starvation. Since malonyl-CoA is the precursor of 3-HP, the intracel-
lular malonyl-CoA concentration was significantly increased during 3-HP pro-
duction by the metabolic profiling analysis. Strong positive correlation (r = 0.95)
between intracellular concentrations of ATP and malonyl-CoA also revealed that
the ATP level is important for malonyl-CoA synthesis due to the requirement of
ATP for ACC. Magnesium starvation led to high production titer and specific pro-
ductivity for naringenin production as well [413].

Almost all major groups of prokaryotes possess the capability of using carbon
dioxide as the sole carbon source for cell growth (autotrophy). The studies of the
pathway of autotrophic CO, fixation in the phototrophic bacterium C. aurantia-
cus and in the aerobic thermoacidophilic archaeon Metallosphaera sedula revealed
that none of the key enzymes of the reductive pentose phosphate cycle, the reduc-
tive TCA cycle, and the reductive acetyl-CoA pathway were detectable, but the
biotin-dependent ACC and propionyl-CoA carboxylase as well as PEPC were con-
tained in the cells. The results indicate the autotrophic growth rate via the
3-hydroxypropionate cycle, which involves the CO,-, MgATP-, and NADPH-
dependent catalytic conversion of acetyl-CoA to 3-HP via malonyl-CoA and the
transformation of this intermediate to succinate via propionyl-CoA (Scheme 7.63).
The investigation was further extended to the autotrophic archaea Sulfolobus
metallicus and Acidianus infernus, and the cell extracts also showed acetyl-CoA
and propionyl-CoA carboxylase activities. Furthermore, large amounts of a small
biotin-carrying protein were detected in these aerobic archaea, as well as C. auran-
tiacus, which is most likely part of the acetyl-CoA and propionyl-CoA carboxy-
lases. These findings suggest that the aerobic autotrophic archaea M. sedula,
S. metallicus, and A. infernus use a yet-to-be-defined 3-hydroxypropionate cycle
for their autotrophic growth, in which ACC and propionyl-CoA carboxylase are
proposed to be the main CO, fixation enzymes, and PEPC may have an anaple-
rotic function. The results also support the occurrence of 3-HP cycle in the photo-
trophic bacterium C. aurantiacus [414].

Extremely thermophilic archaea M. sedula uses the 3-hydroxypropionate/4-
hydroxybutyrate (3-HP/4-HB) cycle for fixing CO,. Several reasons show that the
3-HP/4-HB cycle is a promising candidate for microbial production of chemical
from CO,: (i) it functions at high temperature to allow its use in extremely ther-
mophilic host with concomitant minimal risk of contamination and reduced cool-
ing costs; (ii) the 3-HP/4-HB cycle can function in either an aerobic or anaerobic
host; (iii) the 3-HP/4-HB cycle can drive rapid autotrophic growth with a doubling
time of less than 5 hours, indicating fast pathway kinetics. A reaction kinetic
model was developed for recombinant M. sedula to examine the biological and
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Scheme 7.63 Proposed 3-HP cycle of autotrophic CO, fixation in the phototrophic
bacterium C. aurantiacus. Enzymes: 1, acetyl-CoA carboxylase; 2, malonate-semialdehyde
dehydrogenase; 3, 3-hydroxypropionate dehydrogenase; 4, 3-hydroxypropionate-CoA
ligase; 5, 3-hydroxypropionyl-CoA dehydratase; 6, acrylyl-CoA reductase; 7, propionyl-CoA
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10, succinyl-CoA:malate-CoA transferase; 11, succinate dehydrogenase; 12, fumarase;

13, malyl-CoA lyase.

biotechnological attributes of the 3-HP/4-HB cycle for assessing metabolic engi-
neering strategies of incorporating CO, into biotechnologically important chemi-
cal intermediates and products: acetyl-CoA, succinate, and 3-HP [415].

Because cyanobacteria are able to fix CO, directly, they have been engineered as
an autotrophic microbial cell factory to produce 3-HP. Four approaches were
employed to construct a biosynthetic pathway of 3-HP in cyanobacterium
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Synechocystis sp. PCC 6803 that include (i) using different promoters and cultivation
conditions to increase expression of MCR gene, (ii) overexpressing ACC and bio-
tinilase to enhance supply of the precursor malonyl-CoA, (iii) overexpressing the
NAD(P) transhydrogenase gene to improve NADPH supply, and (iv) inactivating
the competing pathways of poly-3-hydroxybutyrate (PHB) and acetate biosynthe-
sis to direct more carbon flux into 3-HP (Scheme 7.64). The engineered cyanobac-
teria system was then optimized for the production of 3-HP, which led to
837.18mgL ™" (348.8mgg~" dry cell weight) 3-HP directly from CO, after 6 days
cultivation. However, overexpression of the ribulose-1,5-bisphosphate carboxy-
lase/oxygenase (Rubisco) gene from Anabaena sp. PCC 7120 and Synechococcus
sp. PCC 7942 led to no increase of 3-HP production, which indicates CO, fixation
may not be a rate-limiting step for 3-HP biosynthesis in Snechocystis [416].

Although metabolic engineering efforts on strengthening driving forces in path-
way design may favor product formation in the organisms, imbalanced cellular
intermediate distribution caused by excessive driving force may be detrimental to
product synthesis. Therefore, an ATP-hydrolysis based driving force module pro-
vided with a reversible outlet for excessive carbon flux was engineered into cyano-
bacterium Synechococcuselongatus PCC 7942 for producing 3-hydroxybutyrate
(3-HB), a valuable chemical feedstock for the synthesis of biodegradable plastics
and antibiotics (Scheme 7.65). This engineering strategy effectively increases the
product formation and reduces the uncontrolled accumulation of intermediate
metabolites, which likely lead to metabolic imbalance and thus to cell growth
inhibition. The engineered strain resulted in a significant increase of the cumula-
tive 3-HB titer to 1.2gL~" compared to the original strain [417].

A type II methanotroph, Methylosinus trichosporium OB3b, was engineered by
reconstructing malonyl-CoA pathway through heterologous expression of
C. aurantiacus MCR to improve 3-HP production. To increase the malonyl-CoA
pool, the supply of malonyl-CoA precursors was first engineered by overexpress-
ing endogenous ACC, which substantially enhances the production of 3-HP. Then,
overexpression of biotin protein ligase (BPL) and malic enzyme (NADP"-ME)
increases the 3-HP titer by ~22.7 and ~34.5%, respectively, in ACC-overexpression
cells. The second strategy used to increase the malonyl-CoA pool was the recon-
struction of acetyl-CoA carboxylation bypass route by co-expression of
methylmalonyl-CoA carboxytransferase of P. freudenreichii and PEPC, which pro-
vides the MMC precursor and further improved the 3-HP titer. The highest 3-HP
titer of 499mgL~" was obtained with the OB3b-MCRMP strain overexpressing
MCR, MMC, and PEPC, which was 2.4-fold increase of titer compared with that
in the strain only overexpressing MCR. The 3-L fermentation using the OB3b-
MCRMP strain along with gaseous substrates, methane, CO,, and air mixture
resulted in 60.59 mg L™" of 3-HP in 42 hours with a 6.36-fold improvement of volu-
metric productivity compared with that of the flask cultures [418].
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The use of bacterial hosts for large-scale 3-HP production exhibits certain draw-
backs such as low tolerance to low extracellular pH, which means that it is not
possible to produce the acid form directly. The result is the need for large volume
base titrant to maintain the medium pH and the formation of gypsum as a by-
product in the subsequent process of converting the salt to the acid form.
Therefore, food yeast S. cerevisiae is an interesting alternative host as it tolerates
relatively low pH, it is easy to engineer, and it has a detailed understanding of its
metabolism. The malonyl-CoA pathway to 3-HP production in the budding yeast
S. cerevisiae was reconstructed through evaluation of different MCR because this
allows low pH fermentation to lead a cheaper overall process. The host strain was
further engineered by increasing availability of the precursor malonyl-CoA and
by coupling the production with increased NADPH supply (Scheme 7.66), which
led to substantial improvement of 3-HP production by fivefold, up to a final titer
of 463mgL~" [419].
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Scheme 7.66 3-HP biosynthetic pathway in engineered S. cerevisiae. Bold arrows show
modifications. GAPN, nonphosphorylating glyceraldehy-3-phosphate dehydrogenase from
Streptococcus mutans; Adh2, alcohol dehydrogenase; Ald6, aldehyde dehydrogenase; ACSsg,
modified acetyl-CoA synthase from S. enterica; Cit2, citrate synthase 2; Mls1, malate
synthase 1; Accl, acetyl-CoA carboxylase 1; MCRc,, malonyl-CoA reductase from

C. aurantiacus; MCRs;, malonyl-CoA reductase from Sulfolobus tokodaii; HPDH,
3-hydroxypropionate dehydrogenase from M. sedula; HIBDH, 3-hydroxyisobutyrate
dehydrogenase from P. aeruginosa. All overexpression of the multiple genes were
conducted using plasmids.
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Since the control of Accl activity in S. cerevisiae mainly occurs at two levels, i.e.
regulation of transcription and repression by Snfl protein kinase at the protein
level, a strategy for improving the activity of ACC in S. cerevisiae was conducted
by abolishing post-translational regulation of Accl via site-directed mutagenesis.
The introduction of two site mutations in Accl, Ser659 and Ser1157, was found to
result in an enhancement of the activity of Accl and an increase of the total FA
content. Because Snfl regulation of Accl is particularly active under glucose-
limited conditions, the effect of the two site mutations was evaluated in chemostat
cultures. The results demonstrated that the modifications of Accl could enhance
the supply of malonyl-CoA and thus successfully increase the production of two
industrially important products derived from malonyl-CoA, FAEEs, and
3-HP [420].

Because the fission yeast S. pombe has higher tolerance to 3-HP, this microor-
ganism was selected to carry out the production of 3-HP from glucose via the
malonyl-CoA pathway. S. pombe transformants were constructed by overexpress-
ing two genes, one encoding the S. pombe ACC (Cut6p) and the other encoding
the malonyl-CoA reductase derived from C. aurantiacus (CaMCR). Moreover, an
S. pombe protease-deficient strain was employed to prevent the degradation of
these expressed proteins and acetate was supplemented to the medium to increase
the cytosolic concentration of acetyl-CoA. Both strategies improved 3-HP produc-
tion. A highly expressing S. pombe hsp9 promoter was also exploited for overex-
pression of Cut6p and CaMCR on 3-HP production. By culturing this engineered
strain in a high-density shake flask culture, 7.6gL™" 3-HP at 31 hours with the
maximum production rate of 1.183g L™"h™" was achieved [421].
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Future Perspectives

8.1 Combinatorial Enzymatic Organic Synthesis

8.1.1 Combinatorial Chemistry

In contrast to retrosynthesis or de novo synthesis mentioned in previous chapters,
which generates only one compound at a time from the starting materials, combi-
natorial chemistry is a chemical synthetic method that quickly and simultaneously
generates a large array of structurally diverse compounds, called a chemical library,
in a single process through systematic, repetitive, and covalent linkage of various”
building blocks” [1, 2]. These compound libraries with a wide range of linear or
macrocyclic chemical molecules - peptides, nonpeptide oligomers, peptidomimet-
ics, small molecules, and natural product-like organic molecules — can be made as
mixtures, sets of individual compounds, or chemical structures generated by com-
puter software [3]. The compounds in the library can then be screened by individu-
ally interacting with biological targets of interest to allow the identification of
useful components of the libraries using either directly (in position-addressable
libraries) or via decoding (using genetic or chemical analysis). Combinatorial
chemistry has turned traditional chemistry upside down when introducing auto-
mated substance synthesis to the drug discovery process. A large number of chemi-
cal compounds generated by combinatorial library methods can be used a valuable
source for the discovery of drug leads, molecular imaging agents, and capturing
agents for molecular markers. Moreover, combinatorial library can provide power-
ful tools for basic research in various disciplines, such as to probe their effects on
specific cellular function and then to study cellular pathways involved in these
cellular functions, to apply for the field of chemical genetics [1, 4, 5].

The development of combinatorial chemistry and the generation of the first
combinatorial library can be dated back in the early 1980s, while the word
“combinatorial” appeared in the scientific word and really be taken up by the

Enzyme-Based Organic Synthesis, First Edition. Cheanyeh Cheng.
© 2022 John Wiley & Sons, Inc. Published 2022 by John Wiley & Sons, Inc.
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Scheme 8.1 Merrifield’s solid-phase synthesis of a dipeptide; Cbz, benzyloxycarbonyl;
DCC, 1,3-dicyclohexylcarbodiimide; @, polystyrene. Source: Based on Rasheed and
Farhat [2]; Merrifield [6]; Gordon and Balasubramanian [7].

industry since 1990s. The first report dealt with the simultaneous production of
collection of chemically synthesized peptides were produced by solid phase syn-
thesis, which can be rooted as far back as the 1960s with the researches of the
solid-phase synthesis of peptides by the Nobel Laureate Bruce Merrifield at
Rockefeller University (Scheme 8.1) [2, 6, 7]. In the past decades, the research and
development of combinatorial chemistry to the discovery of new compounds and
materials flourish. In the mid-nineties, a method combining thin film deposition
and physical masking techniques has been used for the parallel synthesis of spa-
tially addressable libraries of solid-state materials [8]. In the mid-twenties, the
mRNA-display macrocyclic peptide libraries using unnatural and D-amino acids
as building blocks were reported [9-11]. The introduction of the method for post-
translational chemical modification of phage-displayed peptide libraries in 2009
enabled the generation of libraries of conformation constrained peptides with
greater chemical diversity and resistance to proteolysis, which are potentially
more useful as drugs [12]. The advancement in DNA-encoded chemical libraries
(DECLs) have been used to create and decode huge diversity small-molecule
organic, peptide, or macrocyclic libraries [13-19].

8.1.2 Principle of Combinatorial Chemistry

Traditionally, chemists synthesize one compound at a time, for example by react-
ing compound A with compound B to make the product AB, which would have
been isolated after reaction workup and purified using crystallization, distillation,
or chromatography. In contrast to this approach, synthesis of molecules in a com-
binatorial fashion can quickly lead to large numbers of molecules using the same
reaction conditions and the same reaction vessels. For example, a molecule with
three points of diversity (R;, Ry, and Rs) can generate N x N x Ny possible
structures, where N ro Ni» and N r, are the numbers of different substituents
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utilized. Or, given a linear amino acid sequence of n residuals X;-X,-X3-Xy-. . . -Xj,
the total number of different peptides obtainable equals to y", where n is the pep-
tide length and y is the number of different amino acid residues in the synthesis
(usually, 18). Therefore, when n equals to 3, there are 5 832 peptides; when n
equals to 4, there are 104 976 peptides; when n equals to 5, there are 1 889 568
peptides; when n equals to 6, there are 34 012 224 peptides, etc. [6, 20]. While a
traditional chemist can synthesize 100-200 compounds a year, advances in robot-
ics for combinatorial synthesis lead industrial companies to routinely produce
over 100 000 new and unique compounds per year, which can be high-throughput
screened and tested for potential drug candidates [21].

The range of combinatorial techniques is highly diverse, and these products
could be carried out either in separate reaction vessels (parallel synthesis) or
simultaneously in a mixture using either solution or solid phase tech-
niques [22-26]. Since there are specific requirements upon the reaction sequence
when many reactions are performed in the same vessel, thus while solution chem-
istry is feasible, it is essential that reaction conditions must be carefully chosen so
as to minimize byproduct formation. Yet, the application of solid-phase methodol-
ogy allows for the generation of products that are physically separated from solu-
tion by their attachment to the resin, thus the removal of reagents and byproducts
can be implemented by simple filtration step. In addition, the problem of the dif-
ferences in reagent reactivity can be overcome by the application of the “split-mix
(split and pool)” synthesis protocol (Figure 8.1) [24, 25].

The parallel synthesis method developed in 1984 by Geysen et al. has been
used for the preparation of peptide arrays, which 96 peptides were synthesized
on plastic rods (pins) coated at their ends with the solid support [22]. The pins
were immersed into the solution of reagents placed in the wells of a microplate
plate. Therefore, the parallel method has the advantage that which peptide or
other compound formed on each pin can be exactly known, even though this
method is much slower than the real combinatorial one. This method has been
widely applied in many areas and automatic parallel synthesizers have been
developed.

8.1.3 Combinatorial Chemistry with Enzymes

A more recent approach in combinatorial chemistry is the incorporation of bio-
catalysts into the array of synthetic tools to create smaller and focused libraries.
Two different combinatorial schemes can be exploited to generate libraries of
compounds with biocatalysts: (i) combinatorial biocatalysis, which assembles
in vitro new compounds and derivatives using isolated enzyme and (ii) combina-
torial biosynthesis, which shuffled or modified the genes of natural biosynthetic
pathways to produce in vivo libraries of “unnatural” natural products [27, 28].
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8.1.3.1 Enzymes as a Tool in Combinatorial Synthesis

Because enzymes can be applied at different stages of generating combinatorial
libraries including selective deprotection of key functional groups and release of
libraries from solid supports, enzymes are valuable tool in combinatorial chemical
synthesis, particularly, in solid-phase and polymer-supported synthesis of
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compound libraries. Due to their exquisite selectivity and operating ability under
mild conditions, enzymes are a unique deprotecting tool for combinatorial syn-
thesis involving the most fragile molecules. For instance, penicillin acylase was
used for selective N-deprotection of a highly labile S-palmitoylated oligopeptide
in the multistep synthesis of complex lipopeptide [29]. After the removal of the
4-(phenylacetoxy)benzyloxycarbonyl protecting group, the S-palmitoylated oligo-
peptide was further employed as a building block in the following synthetic steps,
such as coupling with another oligopeptide chain separately prepared by solid-
phase synthesis (Scheme 8.2) [28]. Another similar enzymatic deprotection strat-
egy has been used for the preparation of acid-labile and base-labile
nucleopeptides [30]. More examples have been shown in the review of enzymatic
protecting group techniques in synthetic chemistry [31].

Enzymes have been utilized in polymer-supported synthesis on which the sub-
strate is anchored to the polymer through a functional group (linker). The linker
must be stable during the synthesis and has to be easily cleavable after the syn-
thetic sequence. Since enzymes work under mild conditions where most of com-
pounds during the synthesis are stable, the use of enzymes has open up alternative
opportunities to release compounds from polymeric supports. Many enzyme-
labile linkers have been developed, which involves the use of hydrolases such as
proteases, glycosidases, esterases, and amidases for their cleavages and catego-
rized into exo- and endo-linkers [32, 33]. Whereas the endo-linking bond is cleaved
directly by the enzyme action, the cleavage of the exo-bond yields an intermediate
that further undergoes a spontaneous fragmentation, thereby releasing the target
compound. The example of an endo-linker is shown in Scheme 8.3a. Following
the standard solid-phase peptide synthesis, the peptidic endo-linker was directly
cleaved by subtilisin BPN to release the target oligopeptide from the polymer sup-
port [34]. In another work, an oligosaccharide synthesized on a soluble polymer
support was released into solution by a-chymotrypsin acting on an endo-linker
containing a phenylalanine marker group [35]. Exo-linkers have been developed

o
m \©\/O\ﬂ/ NH—Pro'Cys'GIer/\/
° W
o
lPenimlhn acylase l =<:>= I
o oty | —=Ho—  p—/
O\@/ ANF H-Pro-Cys-Gly-O NS
NH-Pro-Cys-Gly-O
Sy >
o

j\/\/\/\/\/\/\/\ o OMV\/\/\/\/\
o

Scheme 8.2 Removal of the enzyme-labile urethane protecting group from lipopeptide
by penicillin acylase. Source: Rich et al. [28].
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for a variety of small molecules synthesis [36-38]. An example of the exo-linker
comprises a 4-acyloxy-3-carboxy-benzyloxy group containing lipases or esterases
cleavable acyl group, such as acetate, which is attached to the solid-phase support
with an amide bond. The acyl group is cleaved by a lipase to generate a phenolate,
which fragments to produce a quinone methide and releases the desired product
(Scheme 8.3b) [36]. The quinone methide trapped by water or an additional
nucleophile remains attached to the solid-phase support. Enzymatic cleavage of
linkers has been successfully achieved both on soluble and insoluble polymer sup-
ports. However, the relatively large enzyme molecules may limit the enzyme
action on solid carriers by their restrict access into the interior of polymeric beads,
which results in incomplete release of synthesized compounds [33, 34].

Instead of using enzymes for cleaving chemically produced libraries from poly-
mer supports, enzymes have also been made toward actual synthetic catalysts for
polymer-supported compound libraries. For example, the pioneer work of the
solid-phase synthesis of oligosaccharides was catalyzed by galactosyltrans-
ferase [39]. The synthesis of sialyl Lewis™ glycopeptide was performed on a solid
support by the use of glycosyltransferase and the target product was detached
from the solid support through a protease-catalyzed hydrolysis [40]. Afterward,
several syntheses of oligosaccharides on solid support or on soluble polymeric
support were reported [41-43]. Works on solid-phase and liquid-phase synthesis
of glycopeptides, glycolipids, oligonucleotides, and oligosaccharides also have
been reviewed [44]. In another approach, glycosidases were used for both glycosi-
dation of a sugar acceptor and for the removal of the unreacted monosaccharide
acceptor, and the support for this system was soluble monomethylether of poly-
ethyleneglycol (MPEG) [45, 46]. There also has been the first report of protease-
catalyzed high-yielding peptide synthesis on solid support in bulk aqueous buffer
with no need for organic cosolvent or activated carboxylic acid [47]. All these and
many other examples of solid- and liquid-phase biocatalytic synthesis indicate
that the biocatalytic synthetic machinery is ready to be used for the preparation of
compound libraries.

8.1.3.2 Combinatorial Biocatalysis

The enzymatic formation of focused libraries is based on derivatization of existing
molecules, which mimics the chemistry occurring in biological systems where
precursors are modified by the action of biocatalysts. There is a myriad of biocata-
lytic reactions available for combinatorial biocatalysis, which can be grouped into
three major categories: (i) introduction of new functional groups, (ii) modifica-
tion of existing functionalities, and (iii) addition onto functional groups [27]. For
combinatorial biocatalysis, orthogonality is an important matter. The modifica-
tion of a substrate by one enzyme “X” may prevent it from being a substrate of
another enzyme “Y,” while the modification of the initial substrate by enzyme
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“Y” may not preclude it from being a substrate for the enzyme “X” (Figure 8.2) [48].
An example of this is the iterative enzymatic derivatization of bergenin to pro-
duce 7-chloro-11-(a-galactosyl)bergenin (Scheme 8.4) [48].

The enzymatic reactions are allowed to run iteratively, thus the first generation
of derivatives is modified by another round of biocatalysis at different reactive
sites to form a second generation of derivatives, etc. Therefore, a great number of
derivatives from the original lead compound can be created after several itera-
tions. Again, using the flavonoid bergenin as an example, modification of ber-
genin and its derivatives by 16 purified enzymes could be made to generate a
diverse 600-member library in two synthetic rounds (Scheme 8.5) [27, 49, 50]. The
progress of combinatorial biocatalysis have expanded in a growing rate with many
new advances including iterative derivatization of small molecules and complex
natural products, regioselectively controlled libraries, and novel one-pot library
synthesis.

A 24-compound library was prepared by a one-pot reaction with four multi-
functional starting materials, that is 2,4-dihydroxy-N-(2-hydroxyethyl)benzamide,
4-hydroxyphenethyl alcohol, 3,5-dihydroxybenzyl alcohol, and 4-hydroxybenzyl
alcohol, as well as six vinyl esters using lipase from Candida Antarctica as the
biocatalyst [51]. All the resulted esters were tested for inhibitory activity against
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Scheme 8.4 Significance of orthogonality on the production of analogues using
iterative biocatalysis. Source: Krstenansky and Khmelnitsky [48].
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polyphenol oxidase, and a deconvolution strategy was developed to identify the
active compound, which involved the resynthesis and screening of partial ester
libraries prepared either with a single alcohol and mixture of vinyl esters, or single
vinyl ester and mixture of alcohols. Analysis of the inhibition pattern observed
with these ten partial libraries suggested that 4-hydroxybenzyl benzoate should be
the most potent inhibitor.

A combinatorial library of polyesters using lipase from Candida antarctica was
synthesized by reacting four straight-chain diesters (C3-Cyg) as acyl donors and
12 multifunctional alcohols as acyl acceptors. The selected alcohols included ali-
phatic and aromatic diols as well as carbohydrates, nucleic acids, and a steroid diol.
Each of the polyesters was synthesized in different wells of a 96 deep-well plates. The
molecular weights of this polyester library were as high as 20 kDa, including several
novel sugar-containing polyesters. This combinatorial approach demonstrates that
polymer arrays can be produced from structurally complex monomers [52].

Since the biocatalytic steps would access to structural variants that are either
inaccessible or accessible with difficulty by purely synthetic means, the combina-
tion of chemical and biocatalytic reactions could provide means to quickly access
much larger numbers of compounds than would be available from synthesis
alone. In order to augment the structural diversity, a combination of parallel
chemical synthesis and biocatalysis was employed to prepare and amplify a library
of cross-conjugated cyclopentenones, which are known to incorporate in a num-
ber of marine and terrestrial natural products with antibiotic and antitumor activ-
ity. The structural space covered by the chemically synthesized combinatorial
library of cross-conjugated cyclopentenones was significantly expanded by bio-
catalytic halohydration, reduction, and acylation using biocatalysts soybean per-
oxidase, yeast cells, as well as lipases and proteases, respectively (Scheme 8.6) [53].

In a different approach, the carboxylic acid and amine precursors for the chem-
oenzymatic preparation of a nine-member Ugi condensation library were enzy-
matically generated by selective acylation of 3-hydroxybutyric acid and
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Scheme 8.6 Chemically synthesized combinatorial library of cross-conjugated
cyclopentenones expanded by biocatalysis. Source: Modified from Jang et al. [53].
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4-amino-1-butanol, respectively, using porcine pancreatic lipase in tert-amyl alco-
hol. These enzymatically prepared derivatives were then subjected to a four-
component Ugi condensation reaction in the presence of acetaldehyde and methyl
isocyanoacetate (Scheme 8.7). The range of yields for the a-(acylamino)amide Ugi
products was 72-95% [54].

The glycosyltransferases, which can be used to prepare diverse libraries of oli-
gosaccharides and glycoconjugates, show typically high promiscuity toward agly-
cons and almost exclusively rely on UDP- and TDP-nucleotide sugars as glycosyl
donors for the construction of glycoconjugates. An efficient biocatalytic system
capable of quickly generating these critical nucleotide sugars for oligosaccharides
libraries has been reported, which utilizes a recombinant a-D-glucopyranosyl
phosphate thymidylyltransferase to convert a wide array of a-D-hexapyranosyl
phosphates to their corresponding UDP- and TDP-nucleotide sugars [55, 56].

Combinatorial enzymatic synthesis of some unnatural deoxygenated trisaccha-
ride analogues has also been reported on the milligram scale by a series of deoxy-
genated uridine 5’-diphosphogalactose (UDP-Gal) derivatives and three different
retaining a-galactosyltransferases (Scheme 8.8) [57, 58]. Since UDP-2-deoxy-Gal

OH._-OH Rafe o OH
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Scheme 8.8 Unnatural oligosaccharide library synthesized by using UDP-Gal analogues.
Source: Based on Nishimura [57]; Sujino et al. [58].
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and UDP-6-deoxy-Gal were found to be active as donors for all three enzymes,
substrate specificity and accessibility for the assembling of oligosaccharides
depend deeply on the position of the deoxygenation. This result suggests that
some genetically engineered enzymes may be designed on the basis of a suited
molecular modeling study on enzyme sugar-nucleotide interaction.

In contrast to combinatorial chemistry (CC), where subunits are covalently
linked to yield libraries of increasingly complex molecules, dynamic combinato-
rial chemistry (DCC, also known as dynamic covalent chemistry) is a branch of
supramolecular chemistry whereby a noncovalent assembly of subunits yields
highly complex chemical systems [59]. DCC applies reversible chemical reac-
tions to form libraries under thermodynamic control, which eventually reach the
equilibrium state. However, building blocks and products in a dynamic library
are still continuously interconverting one another, which enable the system to
respond to an external stimulus by shifting its equilibrium composition.
Therefore, artificial template molecules were used to selectively direct cyclodex-
trin glucanotransferase (CGTase) mediated generation a complex dynamic mix-
ture of interconverting linear and macrocyclic a-1,4-D-glucans (cyclodextrins).
CGTase catalyzes not only reversible transglycosylation but also irreversible
hydrolysis. The native cyclodextrins (o, B, and y) are formed out-of-equilibrium
as part of a kinetically trapped system that operates transiently like a Dynamic
Combinatorial Library (DCL) under thermodynamic control. The selectivity for
the synthesis of each of the native cyclodextrins by adding different templates
was 89-99%, or we can entirely alter the outcome of the synthesis to obtain larger
ring cyclodextrins, 8-CD (CD9) and e-CD (CD10). In the absence of templates,
the transient DCL lasts less than a day, and cyclodextrins convert rapidly to short
maltooligosaccharides [60].

Heparan sulfate, an anionic polysaccharide, is biosynthesized in the Golgi body of
eukaryotic cells through sequential reactions involving up to 30 enzymes, but hepa-
rin, a widespread used clinical anticoagulant drug, is a specific highly sulfated ver-
sion of glycosaminoglycan produced by mast cells [61]. A collection of recombinant
E. coli expressed enzymes, including N-deacetylase N-sulfotransferase (NDST),
O-sulfotransferases (OST), and C5 epimerase (Epi), is used to modify N-sulfo hepa-
rosan, which had been chemoenzymatically prepared from E. coli K5 polysaccha-
rides, to construct a library of heparan sulfate polysaccharides. Eight heparan sulfate
polysaccharides were characterized by disaccharide analysis. A heparan sulfate poly-
saccharide containing a repeating unit consisting of —4) p-D-glucuronic acid (1—-4)
a-D-6-O-sulfo N-sulfo glucosamine (1—, called “Recomparin,” showed antithrombin-
mediated anticoagulant activity [62].

Biocatalytic generation of potential building blocks for combinatorial libraries
was described in another report that a threonine-trisaccharide conjugate was pre-
pared in a one-pot reaction cascade involving a regioselective and stereoselective
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galactose transfer from lactose, catalyzed by galactosidase, followed by enzymatic
sialylation. The glycosylated amino acid derivative was then employed as a build-
ing block in the solid-phase synthesis of a glycopeptide (Scheme 8.9) [28, 63].

The chemoselective polymer blotting method has been developed for rapid and
efficient synthesis of complex glycopeptides using a convenient “heterobifunc-
tional linker” that shuttles product between solid-phase and water-soluble poly-
mer supports. The five-step synthetic strategy follows: (i) perform the solid-phase
chemical syntheses of the glycopeptides with the newly introduced heterobifunc-
tional linker, (ii) deprotection and release of glycopeptides from the resin, (iii)
chemoselective blotting of glycopeptides by a water-soluble polymer to act as a
“primers,” (iv) sugar elongation by glycosyltransferase, and (v) release of the tar-
get glycopeptides. The combined use of the solid-phase chemical syntheses of
peptides and the enzymatic syntheses of carbohydrates on water-soluble polymers
greatly contribute toward the efficient high-throughput synthesis of complicated
glycopeptide libraries, that is various types of MUC1 mucin glycopeptides exhibit-
ing a variety of sugar moieties [64].

A library of tailored multivalent neo-glycoproteins was synthesized and tested
for their galectin-3 (Gal-3), a tumor biomarker involving in tumor angiogenesis
and metastasis, binding properties. A set of N-acetyllactosamine (Galp1,4GIcNAc;
LacNAc type 2)-based oligosaccharides featuring five different terminating glyco-
sylation epitopes was first synthesized by the combinatorial use of glycosyltrans-
ferases and chemo-enzymatic reactions, respectively. Neo-glycosylation of bovine
serum albumin (BSA) was accomplished by dialkyl squarate coupling to lysine
residues, which results in a library of defined multivalent neo-glycoproteins.
Solid-phase binding assays with immobilized neo-glycoproteins revealed distinct
affinity and specificity of the multivalent glycan epitopes for Gal-3 binding;
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particularly, high selectivity was shown for neo-glycoproteins decorated with
N’,N”-dialkyllactosamine (GalNAcp1,4GlcNAc; LacdiNAc) epitopes. In addition,
neo-glycoproteins with terminal biotinylated LacNAc glycan motif could be used
as Gal-3 detection agents in a sandwich ELISA format [65].

Synthesizing metabolites with the correct stereoselective modifications usually
is difficult for chemically complex parent compounds. Biocatalytic approaches
using human drug-metabolizing enzymes, such as cytochrome P450 2D6
(CYP2D6), to introduce the required modifications is an alternative to purely
chemical synthesis. The combinatorial libraries of ancestors for directed evolu-
tion (CLADE) approach was employed to develop a library of robust mutant
CYP2D enzymes for biocatalysis. The CLADE approach increased the stability of
CYP2D mutants, which were obtained by DNA shuffling using three extant
CYP2D forms. The resulting CYP2D mutants exhibited divergent profiles of
activity toward typical CYP2D6 substrates and an increase of the average
thermostability [66].

CsyB from Aspergillus oryzae is a unique type III PKS (polyketide synthase) that
isinvolved in the biosynthesis of short-chain product csypyrone B1 (Scheme 8.10a).
In addition, it is the first type III PKS that performs not only the polyketide chain
elongation by decarboxylative condensation but also the condensation of two f-
ketoacyl units by non-decarboxylative condensation. Therefore, a highly promis-
cuous enzyme type III PKS was utilized to perform a combinatorial enzymatic
synthesis to produce a series of unnatural long-chain p-branch pyrenes by the
nondecarboxylative condensation reaction using two molecules of fatty acyl
diketide-N-acetylcysteine (diketide-NAC) units of different chain lengths. Two
molecules of non-natural long-chain (Cy4, Cyg) fatty acyl diketide-NACs were pre-
pared, which were individually coupled to six short-chain (C4-Cy) diketide-NACs
to generate in vitro 12 novel unnatural long-chain p-branch pyrenes by one-pot
synthesis (Scheme 8.10b) [67].

(a)

o) o o o o CsyB H
/\)J\ + )J\/U\ + )J\/U\ oxidation

SCoA HO SCoA SCoA
Csypyrone
(b) -
o o o o CsyB ]

)J\/U\ * )J\/U\ —— Z Rz
R SCoA Ry SCoA
Ry = CigHay, oy P2 = CaHr, Cabo, Cafh, OH O

CgH1a, C7H15, CgHy7

Scheme 8.10 (a) Biosynthesis of Csypyrone B1 with mutant CsyB. (b) Combinatorial
enzymatic synthesis of unnatural long-chain p-branch pyrenes by mutant CsyB.
Source: Pan et al. [67].
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Integration of dynamic combinatorial chemistry and scale effect has been
designed to realize the efficient synthesis of bioactive compounds. In a study, a
novel microfluidic system consisting of two microreactors, coupled with online
high-resolution mass spectrum detection was designed and used in the esterifica-
tion. Model reaction was first optimized in microreactor A to investigate the role
of scale effect in the esterification. Synthetic efficiency in the esterification reac-
tion and combinatorial synthesis were significantly improved in the capillary with
smaller diameters. Then, two libraries of long fatty acid esters were established in
the flask batch mode and fixed bed flow mode, respectively. The composition of
these two libraries was analyzed and compared. Based on the interaction between
esters and bull serum albumin, the reaction equilibrium in microreactor B could
be altered intensify the synthesis of esters with high binding activity [68].

8.1.3.3 Combinatorial Biosynthesis

Traditionally, the production of natural products and their analogs with complex
structures for pharmaceutical applications was via fermentation processes.
However, more research efforts on the metabolic engineering at genetic level offer
the possibility to develop controllable biosynthetic pathways, which has opened
the door to use the cell to exploit substrate promiscuity to generate novel “unnatu-
ral” natural products, substantially expanding the structural diversity of natural
products with potential pharmaceutical application. The whole cell combinatorial
biosynthesis has been extensively employed for the production of libraries such as
macrolide antibiotics, carotenoids, and peptides [69-73], which many of them
consist of modular enzymes that can be genetically engineered in the develop-
ment of custom catalysis [74]. Since natural products have played a significant
role in drug discovery, nowadays the combinatorial biosynthesis is flourishing in
pharmaceutical industry. The advancement of combinatorial biosynthesis for
drug discovery follows three major strategies: (i) precursor-directed biosynthesis;
(ii) enzyme-level modification, which includes swapping of the entire domains,
modules and subunits, site-specific mutagenesis, and directed evolution; and (iii)
pathway-level recombination [75]. The followings are a few examples to highlight
these strategies.

In the precursor-directed combinatorial biosynthesis, the enzymes in the bio-
synthetic pathways can take diverse structures of non-native building blocks to
produce a variety of natural product analogs. Molecular type I polyketide syn-
thases (mPKSs) are polyketide synthase (PKS) assembly lines that contain sequen-
tially organized modules, each of which harbors a set of catalytic domains
required for one cycle of chain extension. Thus, a chemical genetic strategy that
combines precursor-directed biosynthesis and colony bioassay was developed to
rapidly discover new macrolide antibiotics. A library of synthetic diketide precur-
sors that mimics the natural diketide intermediate in the biosynthesis of
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6-deoxyerythronolide B (6-dEB) was fed to cultures of engineered E. coli HYL3
(E. coli HYL3/pBP130/pBP175#8/pHL74/pHL80*) strain evolved for improved
polyketide production, with plasmids expressing module 2-6 (pBP130/pBP175#8)
of the mPKS 6-deoxyerythronolide B synthase (DEBS), and proteins (pHL74/
pHL80*) for sugar biosynthesis and glycosyl group transfer. These precursors
were converted to the corresponding glycosylated macrolides, and their bioactivi-
ties were screened against a B. subtilis overlaid lawn. A new class of alkynyl- and
alkenyl-substituted erythromycin analogs, including an equipotent and orthogo-
nally functional analog, with activities comparable to that of the natural product
was identified (Scheme 8.11) [76].

PKSs are classified into three groups: types I, II, and III. Compared to mPKSs,
type III PKSs are structurally simple PKSs, which catalyze the priming, extension,
and cyclization reactions iteratively with a single active site. The sources of PKSs
are plants, bacteria, and filamentous fungi and widely used to produce biologi-
cally important compounds such as chalcones, pyrenes, acridones, phloroglu-
cinols, and stilbenes [77]. Since type III PKSs exhibit unusual broad substrate
specificity and notable catalytic versability, they offer an excellent platform for
precursor-directed biosynthesis of novel “unnatural” natural products [78]. A
novel plant type III PKS cloned and sequenced from the Chinese club moss
Huperzia serrata was expressed in E. coli, which showed unusually versatile cata-
lytic potential to accept various starter units and produce various aromatic tetra-
ketides, including chalcones, benzophenones, phloroglucinols, and acridones. In
particular, this enzyme also accepted bulky starter substrates such as
4-methoxycinnamoyl-CoA and N-methylanthraniloyl-CoA, and carried out three
condensations with malonyl-CoA to generate 4-methoxy-2’4’,6’- trihydroxychal-
cone and 1,3-dihydroxy-N-methylacridone, respectively [79]. Micacocidin is a
thiazoline-containing metabolite from the plant pathogenic bacterium Ralstonia
solanacearum generated on a hybrid polyketide/nonribosomal peptide synthetase
(PKS/NRPS) assembly lines. Micacocidin is of pharmaceutical interest due to its
use in treating Mycoplasma pneumoniae infections. In the precursor-directed bio-
synthesis of this antibiotic, the starter-unit-activating domain, fatty acid-AMP
ligase (FAAL), of the hybrid PKS/NRPS enzyme MicC activates the starter unit
hexanoic acid as acyl-adenylate and forwards it to this iteratively acting polyketide
synthase (Scheme 8-12) [80]. The FAAL exhibited an extended substrate toler-
ance, which opens the door for the modification of a micacocidin residue with
non-native precursors. Thus, a total of six new analogues of micacocidin were
generated with activity against M. pneumoniae.

Swapping of the entire domains, modules, or subunits of the enzyme has been
the main classical approach for combinatorial biosynthesis. Many modular PKSs
and NRPSs are suitable for the combinatorial biosynthesis by rearranging their
modular organization and stepwise synthetic strategy [81-83]. One example is the
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construction of a large combinatorial library of 61 6-dEB analogs by using
6-deoxyerythronolide B synthase (DEBS), the mPKS used for producing the mac-
rolide ring of erythromycin. This was accomplished by substituting the AT
domains and the p-carbon processing domains of DEBS with counterparts from
rapamycin mPKS that encode alternative substrate specificities and p-carbon
reduction/dehydration activities. The library includes analogs with one, two, and
three altered carbon centers of polyketide products [84]. Daptomycin is a cyclic
lipopeptide antibiotic produced by Streptomyces roseosporus and approved for the
treatment of skin and skin structure infections caused by Gram-positive patho-
gens. Genetic engineering using module and subunit exchanges for NRPSs have
been applied for the combinatorial biosynthesis to generate lipopeptide antibiot-
ics daptomycin derivatives [85-87]. For instance, subunit and module exchanges
between related cyclic lipopeptide A54145 and calcium-dependent antibiotic
(CDA), coupled with modifications of glutamine at position 12 and variations in
lipid side chain, in mutants of S. roseosporus were used to generate a combinato-
rial library of 72 lipopeptide antibiotics related to daptomycin, and most of which
displayed antibacterial activity [87]. Fungal polyketide benzenediol lactones
(BDLs) are important pharmacophores exhibiting a wide range biological activi-
ties. BDL scaffolds are biosynthesized by pairs of collaborating, sequentially act-
ing iterative polyketide synthases (iPKSs) forming quasi-modular BDL synthases
(BDLSs) [88-90]. Expression of random pairs of iPKS subunits from four BDL
model systems in a yeast heterologous host produces a diverse combinatorial
library of BDL congeners, including a novel radiolarian with a 14-membered ring
exhibited more potent heat shock response-inducing activity than natural
dehydrocurvularin [90].

The combinatorial biosynthesis using the classical domains, modules, or subu-
nits swapping approaches often has difficulties with insoluble protein expression,
impaired activities, and reduced product yield. These problems are most probable
as a result of the disruption of protein’s overall structure, which cause the loss of
its function. In addition, the intermediates formed by domain swapping may
result large difference in structure, which makes the intermediates inaccessible by
downstream catalytic domains. Thus, modern site-specific mutagenesis, which
only substitutes specific amino acid residues at the catalytic site of the enzyme, is
usually less invasive and changes the enzyme function more efficiently.

After the catalytically critical active site residues in every reductive domain of
the monensin PKS were identified by protein sequence alignments, a minimally
invasive mutagenesis scheme was developed to inactivate the targeted reductive
domains, such as ketoreductases, dehydratases, and enoylreductases of the cho-
sen modules of monensin PKS, which leads to the formation of a library of 22
premonensin redox derivatives [91]. Organofluorines represent a rapidly expand-
ing proportion of molecules that are used in pharmaceuticals, diagnostics,
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agrochemicals, and materials. The only organofluorine natural products charac-
terized to date consist of a small set of simple molecules associated with the
fluoroacetate pathway of Streptomyces cattleya, which have the ability to catalyze
the formation of C-F bonds from aqueous fluoride. When a key S2107A
(Ser'?” — Ala?'") mutation was introduced into the AT domain on the sixth
module of the mPKS DEBS, the AT substrate specificity was switched from native
methylmalonyl-CoA to fluoromalonyl-CoA [92]. Therefore, mutagenesis of the
AT domain on either the module 2 or module 3 results in Site-selective fluorine
insertion into the polyketide backbone by the modularity and the stepwise syn-
thetic mode of mPKS, which opens the door to generating fluorinated natural
product analogs [93].

Directed evolution is a powerful enzyme engineering approach that has not
been widely utilized in natural product biosynthetic enzymes. Nevertheless,
applying directed evolution to combinatorial biosynthesis exists several signifi-
cant advantages. First, the changes by site-specific mutagenesis are more con-
servative, while directed evolution approaches can make more drastic alterations
of substrate specificity of domains but still restoring the impaired activity due to
large changes in substrate specificity. Second, in contrast to only one enzyme vari-
ant obtained with every successful domain swap, directed evolution methods sig-
nificantly increase the throughput of enzyme variants that greatly benefit the
combinatorial biosynthesis. Third, directed evolution can be accomplished even
when the enzyme catalytic mechanism is unclear [75]. The first application of
directed evolution was on NRPSs for nonribosomal peptides production. Using
rounds of random mutagenesis coupled with in vivo screening successfully
restored the activity losses of two chimeric NRPSs by the A domain swapping [94].
The success of directed evolution strategy was then employed for the combinato-
rial NRPS biosynthesis, which exploited saturation mutagenesis of the active site
residues of A domain of the 64-kDa A-T di-domain protein AdmK within a hybrid
NRPS/PKS pathway for antibiotic andrimid biosynthesis [95]. A multiplexed
assay was used to screen a library of ~14,330 clones and four derivatives of anti-
bacterial andrimid were generated including three new derivatives, which showed
bioactivity toward E. coli imp ASR in agar overlay bioassays. Still more efforts in
directed evolution of isolated A domain of DhbE were put to increase the reper-
toire of A domains for combinatorial biosynthesis. DhbE is part of a three-module
NRPS assembly line comprising DhbE, DhbB, and DhbF responsible for the syn-
thesis of the siderophore bacillibactin in Bacillus subtilis that activates
2,3-dihydroxybenzoic acid (DHB) to form the DHB-AMP acyl-adenylate and then
transfer it to the aryl carrier protein (ArCP) domain of DhbB (Scheme 8.13) [96].
The substrate specificity of the A-domain mutants of DhbE of the bacillibactin
NRPS complex was dramatically altered toward unnatural aromatic building
blocks using a powerful high-throughput screening technique, yeast cell surface
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display. The result of iterative rounds of selection by this strategy generated a
library of 5 x 10° yeast clones and acquired A-domain mutants of DhbE that iden-
tify two nonnative substrates 3-hydroxybenzoic acid (3-HBA) and 2-aminobenzoic
acid (2-ABA).

In 1985, a novel antibiotic compound, mederrhodin A, was found by inter-
changing and combining genes from multiple species to generate combinatorial
pathways [97]. Following this work, more novel natural products, especially in
drug discovery, were discovered by using hybrid pathways. As an example, triter-
penoid saponins, a diverse group of specialized (secondary) metabolites with a
wide range of biological properties found in many plant species, can be produced
with heterologously expressed combinatorial biosynthesis approaches.
Recombinant yeast strains expressing the combinations of either the f-amyrin
synthase (bAS), cytochrome P450 reductase (CPR), p-amyrin oxidases CYP93E2,
and CYP72A61v2 or the bAs, CPR, f-amyrin oxidases CYP716A12 and
CYP72A68v2 were able to generate soyasapogenol B and gypsogenic acid, respec-
tively [98]. The yeast strains expressing bAS, CPR, B-amyrin-30-oxidase
CYP72A63[99], and p-amyrin oxidases CYP93E2 or CYP16A12 were employed to
produce rare triterpenoids not occurring in Medicago truncatula. Furthermore, a
gene, designated CYP716Y1, encoding a cytochrome P450 monooxygenase
(P450) from Bupleurum falcatum was identified and exploited to catalyze the
C-16a hydroxylation of saikosaponins that comprise oleanane- and ursane-type
triterpene saponins. This enzyme was combined with oxidosqualene cyclase,
P450, and glycosyltransferase genes available from other plant species and recon-
stituted the synthesis of monoglycosylated saponins in yeast (Scheme 8.14) [100].
More examples for pathway-level combinatorial biosynthesis are described in
reference [75].
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8.2 Artificial Intelligence Assisted Enzymatic
Organic Synthesis

8.2.1 Introduction to Artificial Intelligence

Intelligence means the ability to adapt to new circumstances and to solve new
problems. Therefore, all but the simplest and routine human behavior is ascribed
to intelligence, while even the most complicated animal instinctive behavior is
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never taken as an indication of intelligence. Furthermore, human intelligence is
not characterized by just on trait but by the combination of many diverse abilities.
In this sense, artificial intelligence (AI) refers to the simulation of human intelli-
gence in machines (or computers) that are programmed to think like human mind
and to mimic human functions, such as learning and problem solving [101].

Artificial intelligence was founded as an academic discipline in 1955 after the
development of the digital computer in the 1940s, which has been demonstrated
that computers can be programmed to carry out very complex tasks, for example,
discovering proofs or mathematical theorems or playing chess. Al becomes an
interdisciplinary science with multiple approaches in recent years. The research
of AI has been divided into subfields based on technical considerations, such as
particular goals, for example, “robotics” or “machine learning,” the use of particu-
lar tools, for example, “logic” or artificial neural networks, or deep philosophical
differences. Subfields have also been divided based on social factors, such as par-
ticular institutions or the works of specific researchers. The advancements in
machine learning and deep learning are creating a paradigm shift in virtually
every sector of the tech industry [102].

The goals (or problems) of Al include learning, reasoning, knowledge representa-
tion, planning, language processing, perception, and the ability to move and manipu-
late objects. Methods to approach the goals include statistical methods, computational
intelligence, and traditional symbolic Al, and tools used in AI include versions of
search and mathematical optimization, artificial neural networks, and methods
based on statistics, probability, and economics. Machines are wired using a cross-
disciplinary approach based on computer science, information engineering, mathe-
matics, linguistics, psychology, philosophy, and many more. Algorithms often play
an important part in the structure of AI, where simple algorithms are used in simple
applications, while more complex one helps frame strong artificial intelligence. In
this twenty-first century, following concurrent advances in computer power (speed
and memory), large amounts of data (“Big Data”), and theoretical understanding, Al
techniques have become an essential part of the technology industry.

Nowadays, Al has been applied for medical care and diagnostics, transporta-
tion, public safety, service robots, education, and entertainment, but the collec-
tion of “Big Data” and the expansion of the Internet of Things (IoT) have made a
perfect environment for new AI applications and services to grow. We will foresee
that with the combination of Internet AI will serve as a powerful engine for the
society and economic growth [103].

8.2.2 C(Categorization of Artificial Intelligence

Artificial intelligence can be divided into two broad categories: narrow Al and
general Al Narrow Al, sometimes referred to as “Weak AlL” is a kind of AI oper-
ates within a limited context to perform single specific tasks within a domain (e.g.
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language translation). Although narrow AI may seem intelligent, they operate
under far more constraints and limitations than even the most basic human intel-
ligence. General Al, sometimes referred to as “Strong Al,” is hypothetical and not
domain specific but can learn and perform tasks anywhere (e.g. robots). General
Al is a machine with general intelligence that carry on the tasks much like a
human being, thus it can apply to solve any problem [103]. In contrast to the more
complex and complicated general Al systems, narrow Al is all around us and is
easily the most successful realization of artificial intelligence to date that has
experienced numerous breakthroughs in the last decade to have “significant soci-
etal benefits and have contributed to the economic vitality of the nation,” accord-
ing to a 2016 report released by the Obama Administration. Therefore, the
following subjects will focus on advances in narrow Al, especially on the develop-
ment of new algorithms and models referred to machine learning.

8.2.3 Machine Learning

Venture capitalist Frank Chen provides a note:

Atrtificial intelligence is a set of algorithms and intelligence to try to mimic
human intelligence. Machine learning is one of them, and deep learning is
one of those machine learning techniques.

This note indicates AI often revolves around the use of algorithms. An algo-
rithm is a set of unambiguous instructions that a mechanical computer can exe-
cute that is used to solve a problem. Algorithms are developed by programmers to
instruct computers in new tasks, which are the building blocks of the advanced
digital world we meet today. Computer algorithms organize enormous amounts
of data into information and services based on certain instructions and rules.
Here, an important concept must be understood that in machine learning (ML),
learning algorithms and not computer programmers create the rules [102-104].

In the ML approach, algorithms give the computer instructions that allow it to
learn from data without new step-by-step computer programming instructions by
the programmer, which means computers can be used for new complicated tasks
that could not be manually programmed (e.g. photo recognition for the visually
impaired or translating pictures into speech). In other words, in the basic ML
process, we put training data to a learning algorithm, so the learning algorithm
generates a new set of rules based on inferences from the data, which in essence
is the generation of a new algorithm, formally referred to as the machine learning
model. The same learning algorithm could be used to generate different models
from different training data. Put it simply, ML is a process that feeds a computer
data and uses statistical techniques help it “learn” how to get progressively better
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at a task, without having been specifically programed for that task, eliminating
the need for millions of lines of written code. Therefore, the same type of learning
algorithm could be used to teach the computer how to translate languages or pre-
dict the stock market. Note that a complex algorithm is often built on top of other,
simpler, algorithms [102-104]. From the arguments above, the core strength of
ML is the inference of new instructions from data, which in turn highlight the
critical role of data, that is the more data available to train the algorithm, the more
it learns.

Even an ML model may apply a mix of several technique, the methods for ML
can be categorized as three general types: supervised learning, unsupervised
learning, and reinforcement learning. For supervised learning, the learning algo-
rithm is given labeled data sets and the desired output, for example, pictures of cat
labeled “cat” will help algorithm identify the rules to classify pictures of cats. In
unsupervised learning, unlabeled data sets are given to the learning algorithm
and the algorithm is asked to identify patterns in the input data, for example, the
recommendation system of an e-commerce website where the learning algorithm
discovers similar items often bought together. While for reinforcement learning,
the algorithm interacts with a dynamic environment that provides feedback in
terms of rewards and punishments, for example, self-driving cars being rewarded
to stay on the correct direction of the road [103]. In addition to the three general
types of ML, deep learning is a type of ML that runs inputs through biologically
inspired layered neural network architecture. The layered neural networks con-
tain a few hidden layers through which the data are processed, allowing the
machine to go “deep” in its learning as well as making connections and weighting
input for the best results [104].

With the advent of computer, the use of computer in organic chemistry or
computer-aided organic synthesis has also rapidly and vigorously developed [105].
The idea and research studies of computer-assisted organic syntheses can be
traced back as early as 50 years ago [106]. Al development and ML move the
organic synthesis toward a new era, which can be employed for not only synthesis
planning, suitable reaction conditions prediction, and search for new activity but
also optimizing the prediction of chemical patterns and robot-drive automation
and autonomous synthesis [107-112].

8.2.4 Artificial Intelligence with Enzymatic Organic Synthesis

Biocatalysis with either isolated enzymes or whole cell microorganisms is increas-
ingly interested in synthetic organic chemistry and being applied for diverse
large-scale industries [113]. In the past few years, a plethora of methods have
been developed to enable the rather rapid tailored-design of an enzyme for a tar-
geted reaction such as asymmetric synthesis of a chiral building block by the
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combination of information from sequence and structure databases with modern
molecular biology methods and high-throughput screening tools [114], while the
application of disconnection approach guided by retrosynthetic analysis of possi-
ble intermediates and the chemical reactions involved to search ready available
starting materials for the planning of a biocatalytic synthesis route is just get
developed [115]. All these synthetic strategies indicate that the selection of the
most appropriate existing enzymes or the discovery of novel enzymes for targeted
reactions, cascade reactions, or reaction pathways is the utmost important point
for successful enzymatic synthesis purpose.

Protein engineering or specifically enzyme engineering has emerged as an
important tool for the development of new biocatalyst entities with tailor-designed
desired properties [116]. Accompanied with the development of computational
techniques and site-directed mutagenesis, or directed (molecular) evolution tech-
niques, researchers can produce enzymes with optimized features such as activity,
(enantio-, regio-, and chemo-) selectivity, stability, substrate specificity, cofactor
specificity, tolerance of cosolvents, pH optimum and cofactor requirements, and
many more others. However, the high intrinsic structural complexity of enzyme
still makes it difficult to understand how enzymes function and control the selec-
tivity of different reactions. Therefore, it is urged to (i) develop computational
protocols that can reliably describe and predict enzyme mechanisms and control-
ling selectivity, (ii) design of new enzymes, (iii) develop computational tools that
can efficiently scan sequence space in the search for optimal biocatalysts, and (iv)
engineering thermostability and solvent tolerance [117].

In addition to the experimental techniques, enzyme computational simulations
are a powerful addition to the protein design toolbox, and their practicability and
effectiveness in the study of biocatalysis have been greatly increased by the devel-
opment of modern theoretical algorithms concurrent to the improvement of com-
puter power. These methods are contingent on the knowledge of the enzyme’s 3D
structure and of the reaction mechanism, which is very much easier to obtain
nowadays. Not only do simulations allow for a more ambitious and tentative
exploration of the sequence space but also a much higher number of variants and
protein-ligand systems can be analyzed in silico. Modern computational simula-
tions have been applied for the re-design and de novo generation of enzymes. If de
novo or re-designed enzymes are not very efficient catalysts, further refinement by
such as directed evolution can increase the catalytic parameters. At present, com-
putational simulation tools such as molecular dynamics (MD) and hybrid meth-
ods combining quantic mechanics and molecular mechanics (QM-MM) have
been mainly employed for rationalize the success (or failure) of designed enzymes
or to reduce the universe of possibilities by ranking feasible designs [118].

Computer modeling approaches have been utilized to the quantitative under-
standing of enzyme catalysis. The method used for modeling an enzymatic
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reaction is the QM-MM method in well-defined active site. Because it is believed
that the catalysis is mainly due to electrostatic preorganization of the active site,
to convince this point may require the demonstration of effective rational enzyme
design. The effectiveness of computer-aided enzyme design is based on the ability
to predict the actual catalytic power of different design constructs in spite of the
fact that the most of current advances are still done by direct evolution [119].

Computer-aided molecular techniques, which are widely used in academia and
industrial settings, can assist the selection of new compounds for modulating bio-
logical targets. When applied to the discovery of compounds supposed to become
future drugs, these techniques are commonly referred as computer-aided drug
design (CADD) techniques. In the last decade, epigenetic modifications of his-
tones, particularly histone deacetylases of classes I, II, and IV (HDACsS), are found
to be the catalytic result of a large set of enzyme families that operate covalent
modifications on specific residues at the histone tails. These modifications elicit a
complex and concerted process that greatly contribute to the chromatin remode-
ling and may drive different pathological conditions, especially cancer. The
computer-aided molecular design approaches have been applied for several epige-
netic targets under validation for drug discovery purposes to produce the first pre-
clinical and clinical outcomes [120].

FuncLib is a new automated computational protein design strategy that designs
a small set of stable, efficient, and functionally diverse multipoint active-site
mutants using phylogenetic analysis and Rosetta design calculations and is ame-
nable to low-throughput screening. FuncLib, in principle, can be applied to any
natural enzyme using its molecular structure and a diverse set of homologous
sequences. Two unrelated enzymes, a phosphotriesterase and an acetyl-CoA syn-
thetase, were then tested and most of the designs showed significant different
activity profiles from the wild-type and from one another. Several dozen designs
with only 3-6 active-site mutations exhibited 10- to 4 000-fold higher efficiencies
with a range of alternative substrates, including hydrolysis of the toxic organo-
phosphate nerve agents soman and cyclosarin and synthesis of butyryl-
CoA. FuncLib is implemented as a web server (http://FuncLib.weizmann.
ac.il) [121].

In the past few decades, AI and ML have been gaining attention in designing
new biocatalysts. Apart from the classical model-driven rational design and itera-
tive selecting of the existing mutants in directed evolution, ML strategy is data-
driven, which identifies patterns in the existing data to predict properties of the
previously unseen but similar input or generates new, previously unseen but
promising variants. Specifically speaking, the patterns found from the collected
data can help predict protein structures, improve enzyme stability, solubility and
function, predict substrate specificity, and guide rational protein design, which
indicate ML strategy is the combination of rational design and directed evolution.
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Results on ML-guided directed evolution, analysis in systems metabolic engineer-
ing, implementation of biocatalysis in systems in the industry, and biosystems
design were also reported in literatures. Multiple ML algorithms have already
been applied to enzyme engineering such as random forests used to predict pro-
tein solubility, support vector machines and decision trees to predict enzyme sta-
bility changes upon mutations, K-nearest-neighbor classifiers to predict enzyme
function and mechanisms, and various scoring and clustering algorithms for
rapid functional sequence annotation. The advances in the analysis of human
genetic variation data in biomedicine and health care further increase the appeal
of this approach for the design of beneficial mutations [122].

The success of an ML predictor for previously unseen data crucially depends on
both the quality of the data used for training and the efficiency of the underlying
algorithm. A lot of notable databases have been used in enzyme engineering. The
most abundant are databases of protein sequences followed by databases of pro-
tein structures. Protein stability and solubility are the next two qualities that have
routinely been measured for several decades now [122]. The applications of ML
for enzyme engineering using these databases include protein structure predic-
tion, predicting enzyme catalytic activities, precise functional prediction, protein
solubility prediction, and the design of smart combinatorial libraries for directed
protein evolution.

Focus on the biocatalytic synthesis reaction, a reaction database is needed for
searching reactions and relevant information of reactions. A reaction database,
which covers chemical and biochemical reactions, has been developed to assist
small molecule pharmaceutical process development during the early stages of
the synthesis route selection and process-product development by providing a
data rich environment for enhanced process understanding. The database struc-
tured in terms of reaction classification of reaction types, compounds participat-
ing in the reaction, use of organic solvents and their function, information for
single step and multistep reactions, target products, and reaction conditions and
reaction data. Information for reactor scale-up together with information for the
separation and other relevant information for each reaction and reference are also
available in the database. In addition, the retrieved information obtained from the
database can be evaluated in terms of sustainability using published “green” met-
rics. The application of the database has been highlighted for the synthesis of
ibuprofen, for which data on different reaction pathways retrieved from the data-
base were compared using “green” chemistry metrics [123].

Unlike pathway databases such as EcoCyc, MetaCyc, and Kegg, which focus
primarily on intermediary metabolism, a free access database (http://umbbd.ahc.
umn.edu) concentrated on biocatalysis/biodegradation was established by the
University of Minnesota. The University of Minnesota Biocatalysis/Biodegradation
Database (UM-BBD) is an online compilation of microbial catabolic enzymes,
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reactions, and pathways for primarily synthetic organic chemical compounds,
which can be queried (i) for specific compounds via name, CAS number, or chem-
ical formula; (ii) for enzymes by means of name or EC code; or (iii) for specific
microorganisms, as well as can be browsed by compounds, enzymes, reactions,
pathways, or microorganisms from the search page. Information in the database
is directly applicable toward enhancing the understanding of biocatalysis leading
to specialty chemical manufacture and the biodegradation of environmental pol-
lutants. Catabolic routes for compounds having any of the 50 functional groups
listed as of January 2002 are provided. The UM-BBD is a key resource for biodeg-
radation pathway information and is evolving to include the prediction of special-
ized catabolic routes for new compounds. An example the text and graphic
formats of the propylene degradation pathway from the UM-BBD database is
shown in Figure 8.3 [124]. The UM-BBD showed several strengths including its
focusing on specialized enzymes and genes not found in many databases of inter-
mediary metabolism, focusing on functional group transformations, and numer-
ous static and dynamic links to other databases; however, complete UM-BBD
pathways may not necessarily be present in their entirety within a single organism
is its potential weakness.

The advent of Al algorithms to automatize, improve, and generalize predictions
is gaining importance in the organic synthesis that holds the potential to advance
organic synthesis in a revolutionary way, and the development of Al together with
“Big Data” have been extended to the applications such as targeted drug discovery,
diabetes care, medicine, and public health [125-128]. Then, it comes out a ques-
tion: Are robots replacing chemists? [129] I think the answer should be “No”
based on the most basic rule: the created “thing” cannot exceed creator. Robots
may be superior to chemists in some routine works due to their creation by a
group of intelligent people and the fast processing of large amounts of data and
knowledges. However, certain characteristics of human such as intuition and
inspiration, which can never endow to robots, make chemists prevail robots.

(a) Alkene Epoxide

Propylene monooxygenase carboxylase Intermediary
X ——— > Propylene ——— > Acetoacetate —— .

anthobacter sp.Py2 epoxide metabolism
P (KEGG)

(b)

H Propene monooxygenase Epoxide 0 o

|

\ , alkene monooxygenase H I\ ,H carboxylase | |
c—C

|
N
/C:C\ ﬁ - 7—T> ch/C:C'/C\OH
+ ’
H3C H NADH* NAD* + H3C CO, H HY “H
O, + H* H,O

Figure 8.3 Biodegradation pathway for propylene retrieved from the UM-BBD. (a)
Text-based and (b) graphical-based representations. Source: Burgard and Maranas [124].
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formation 371
pathways 372
synthesis 371
Acetate-acetyl-CoA-malonyl-CoA
central metabolism 397
Acetate assimilation pathway(s) 397
Acetate-CoA ligase, 323. see also
Acetyl-CoA synthetase
gene 329-330
medium-chain carboxylate 332
medium-chain fatty acids 333
Acetate kinase 366

Aceticacid 274-275, 329-330,
370-371, 379
production pathways 347
Acetoacetyl-CoA reductase 169
NADPH-dependent 328
Acetobacter aceti 259
Acetobacter pasteurianus 25, 147
Acetobacter rancens 25
Acetone 22,49, 52,126-127
Acetonitrile 39, 84,102
Acetophenone 31, 48, 63-64, 154
Acetoxy-coumarin(s) 78
3-[(Acetoxy)methyl]-4-
[4-(dimethylamino)-1-
(4-fluorophenyl)-1-hydroxybutyl]-
benzo nitrile (diol
monoacetate) 91
Acetyladenylate 327
Acetyl-AMP 325
Acetylation 77-78, 303, 341
auto 326
CoA 328
lysine 326
Acetyl carnitine 78
Acetyl-CoA 167, 285, 323, 325-327,
330, 335-336, 346, 364, 383-385,
387, 389, 392, 394-395, 397, 401,
409, 414
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Index

Acetyl-CoA (contd)
biosynthetic pathway 404
biotin-dependent 408
carboxylation 393, 410
cytosolic 404
formation 387
metabolism 327
pathway 408
regenerating 328
Acetyl-CoA acetyltransferase 168
Acetyl-CoA carboxylase 285, 384-387,
392-395, 399, 401, 403, 407-408,
410, 414
biotin-containing 383
gene 390, 394, 397
Acetyl-CoA carboxylase-biotin
ligase 397
Acetyl-CoA: glucosamine-6-phosphate
N-acetyltransferase 1
Acetyl-CoA synthetase 76, 323, 325,
327-328, 330, 334, 392, 399, 457
gene 329
medium-chain carboxylate 332
medium-chain fatty acids 333
Acetyl-CoA thioesterase 168
Acetyl coenzyme A (Acetyl-CoA) 75,
77-78,173, 344
Acetylenedicarboxylate 165-166
Acetylene hydratase 159, 394
Acetyltransferase(s) 75-77,273
Acetylxylan esterase 127
Achromobacter eurydice 151-152
Achromobacter liquidum 180
Achromobacter, sp. 151
Acid-base interaction 3
Acid-base mechanism 163
Acidianus brierleyi 383
Acidianus infernus 408
Acid phosphatase 7, 104, 261, 263-264,
270
Acinetobacter calcoaceticus 38

Acinetobacter sp. 40
Acinetobacter venetianus 28
Aconitase 379
Acridone(s) 446
Acrylic acid(s) 177,179, 182, 407
Actin cytoskeleton 277
Actinobacillus succinogenes 372
Actinomycete(s) 299
Actinomycin D 222
Acyl acceptor(s) 440
Acyl-ACP 329, 347
Acyl-ACP thioesterase 386
Acyl-acyl carrier protein 329
Acyl-adenylate 446
Acylamide amidohydrolase 99-102,
435
Acyl-AMP 331
Acylation 440
lipases 91
Acyl-CoA 167, 326, 331-333, 347, 385
long-chain 346
precursors 338
Acyl-CoA carboxylase 399
Acyl-CoA dehydrogenase
gene 329
Acyl-CoA:diacylglycerol acyltransferase,
gene 394
Acyl-CoA ligase (or synthetase),
medium-chain 331-334, 340
Acyl-CoA oxidase 343
Acyl-CoA synthetase, 321, 323, 325-327,
332, 336, 342, 345, 387. see also
Long-chain-fatty-acid-CoA ligase
family 340
gene 330
long-chain 341-342, 344, 346-347
medium-chain  331-334, 336
short-chain 331
Acyl-CoA thioester(s) 334, 336, 340
Acyl donor(s) 440
Acylglycerol(s) 89
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Acylglycine(s) 333
Acylic n-octane 27
Acyloin condensation 145-149,
151-152
asymmetric 152
C-C bond formation 145
Acyloins (a-Hydroxyketone(s)) 24-25,
145, 148-149, 151-152
4-Acyloxy-3-carboxy-benzyloxy
group 435
Acyl phosphate 357
Acyl transferase  64-65, 449-450
Adenine 269
Adenosine
biosynthesis 267
Adenosine 5-(f,y-imido)
triphosphate 341
Adenosine deaminase 269
Adenosine diphosphate (ADP) 321
Adenosine monophosphate (AMP)
323
Adenosine triphosphate (ATP) 321
Adenosylcobalamin (Coenzyme By;)
274-275
Adenylation 325
ATP-mediated 360
carboxylate 331
Adipic acid bishexyl-amide 99
AdmH 282-283, 286
AdmK 450
Adonixanthin 301
ADP 74-75, 263, 347, 356, 359, 376
binding 350
ADP-glucose pyrophosphorylase gene
394
Aeromonas hydrophila 169
Aeromonas jandaei 227
Aglycone 118,399, 441
Agrobacterium aurantiacum 301
Agrobacterium radiobacter 114-115,
195-196, 199-201, 203, 205, 242

Index

Agrobacterium tumefaciens 114, 238-240,
242
Agrocybe aegerita 28
Agromyces mediolanus 109
Al algorithm(s) 459
Alanine 116, 226, 325, 358
residue 283, 357, 359
Alanine dehydrogenase 358
Alanine racemase 223, 226, 280
Albumin 42
Alcalase 2.4L 95, 99
Alcaligenes eutrophus 33
Alcaligenes sp. 87, 243-244, 260
Alcohol(s) 44, 258, 334, 440
B-substituted 194, 196, 200
fermentation 1,268
higher 385
short-chain 343
Alcohol dehydrogenase (ADH) 5, 22,
39-40, 44, 46-47, 49, 52, 168, 187,
199, 202, 290, 367, 392
R-selective 203
sec-Alcohol dehydrogenase(s) 24
S-selective 203
Alcohol oxidase(s) 22,151
Aldehyde(s)
achiral 183
aromatic and o-substituted
aromatic 149
butyraldehyde derivatives 149
a-chiral aldehyde 149
cleavage of a-cyanohydrins 152
enantioselective condensation 153
glyceraldehyde derivatives 149
149, 184
mono-and dimethoxyaldehyde 149
propionaldehyde 149
simple aliphatic 149
Aldehyde dehydrogenase 168, 187, 392
Aldehyde oxidase 25
Aldicellulosiruptor saccharolyticus 128

heteroaromatic
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Index

Aldimine
external 223,274
internal 223, 275
Schiff base 223

Aldohexose 258-259

Aldol addition 269

Aldolase(s) 140
acetaldehyde-dependent
classI 140, 142
classII 140
dihydroxyacetone phosphate-

dependent 140
glycine-dependent 140, 144
pyruvate-dependent 140, 142

Aldol condensation 142, 146, 263, 328

Aldol reaction 140-141
aldehyde 140, 142, 144
aldol addition 142-144
ketone 140

Aldose(s) 24,247, 257, 259, 261-262,

265
oxidation 24

Aldose-ketose isomerase 256

Algae 41-42,383
green 373

Alginate 48

Algorithm(s) 453-455, 458

Alicyclobacillus acidocaldarius 128

Aliphatic acyloin(s) 147

Aliphatic aldehyde(s) 152-153

Aliphatic amidase(s) 99, 101

Aliphatic epoxide(s) 201

Aliphatic methyl ketone(s) 153

Aliphatic unsaturated aldehyde(s) 156

Alkaline phosphatase 7, 77, 103-104,

266

Alkaline protease 95

Alkaloid 32, 37, 140, 278

Alkane(s) 334

Alkane hydroxylase 27,29

Alkane monooxygenase(s) 28

140, 142

Alkene(s) 322

Alkene epoxidation 36

2-Alkenoic acid(s) 335

Alkylamines, simple 174

3-Alkylaspartic acid(s) 174

2-Alkyl cyclohexanone(s) 155

Alkyl ester(s) 387

2-Alkylfumaric acid(s) 174

5-Alkylhydantoin(s) 115

2-Alkylmalonyl-CoA 337-338

Alkyne(s) 199, 322, 338

Alkyne biosynthesis 338

Allele(s) 291, 302, 374, 403-404

Allelic variability 302

Allene oxide cyclase 342

Allene oxide synthase 342

Allicin 38

Alliinase(s) 189,191

Alliin lyase(s), 191. see also Alliinase(s)

Allitol 253

Allium cepa 191

Allium porrum 191

Allium sativum 191

Allium sp. 191

Allium ursinum 191

Allosteric inhibition 390

Allosteric regulation 364

allo-Threonine 144, 227

All-trans-lycopene (Lycopene) 297

Allyl glycidyl ether 250

Allyl methacrylate 85

1-Allyl-3-methylimidazolium
chloride 125

Ally phenyl ether 37

2a,50,108,14p-Tetraacetoxy-4(20) 9

a-(Acylamino)amide, Ugi products 441

a-Acyloxy ester(s) 93-94

a-Alkoxy acetone(s) 68

a-Amino acid(s) 112, 169, 182, 280

a-Aminoadipic acid 361

a-Amino diacid(s) 361
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a-Aminonitrile(s) 155

a-Aminopimelic acid 361

a-Amylase(s). see 1,4-a-D-glucan
glucanohydrolase or glycogenase

a-Arabinofuranosidase
(o-L-Arabinofuranosidase) 127

a-Aryl acetone(s) 68

a-Arylalanine(s) 280, 284

substituted 284

o,o-Trehalose 105

a-Azidonitrile 156

a, f-Elimination 190

ammonia 278

water 224

a,p-Hydroxyacyl-CoA thioester(s) 167

a,p-Unsaturated aldehyde(s) 50-51,
53-54,147

a,p-Unsaturated ketone(s) 50-51,
53-54

o-Carotene 297

a-Chloroacetophenone 48

o-Chloroketone(s) 202

a-Chymotrypsin 95, 97, 435

a-Cryptoxanthin 298

a-Cyanohydrin(s) 152-153

a-Cyclodextrin 71

o-D-Allo-1,4-furanose 258

a-D-Allo-1,5-pyranose 258

a-1,4-D-Glucan(s) (Cyclodextrin(s))

442
1,4-a-D-Glucan glucanohydrolase or
glycogenase 120-121

expressing 229
1,4-a-D-glucan maltohydrolase 120
a-D-glucopyranosyl phosphate

thymidylyltransferase 441

a-1,2-D-Glucuronic acid linkage 128
a-D-Hexapyranosyl phosphate(s) 441
a-Diketone 24
a-Diketone reductase(s) 24
a-Dipeptide(s) 356

Index

a-D-Ribose 1-phosphate (Ribose
1-phosphate) 265-266
a-D-Ribose 5-phosphate (Ribose
5-phosphate) 265-267
a-Fluorocyanide(s) 156
a-Fluorofumarate 165
a-Galactosyltransferase(s) 441
o-Glucosidase(s) 120
o-Glucuronidase (a-Glucosiduronase)
127-128
a-Halo ketone(s) 199, 202-203
a-Helix 3, 83, 325, 341, 360
a-Hydroxyacid(s) 187
a-Hydroxy aldehyde(s) 155
a-Hydroxycarboxylic acid(s) 155
8a-Hydroxy-ent-pimar-15-ene 291
a-Hydroxyester(s) 156
a-Hydroxyketone(s) 24, 145-146,
149, 155
a-Hydroxylation 41
a-Keratin 3
a-Keto acid 189
a-Ketoacid decarboxylase 151
a-Ketobutyrate 191
a-Keto butyric acid 146
a-Ketoglutarate 189, 232, 361
a-Ketoglutaric acid, 377-378. see also
2-Oxoglutaric acid
a-Ketoisocaproic acid 146
a-Ketoisovaleric acid 146
a-Keto valeric acid 146
a-L-Arabinofuranose 128
a-1,3-L-Arabinofuranose linkage 128
a-L-Arabinofuranosyl units 127
a-Limit dextrin(s) 120
o-Linolenic acid 160, 246, 342-343
o-Lyase 183,285
a-Methylally alcohol 163
a-Methyl carboxylic deracemizing
enzymel 336
a-Methyl-cinnamaldhyde 51
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Index

a-Methylmaleic acid dimethylester 52

a-Naphthyl glycidyl ether 111

a-Oxoglutarate dehydrogenase 380

a-Peptide bond 355

o-Phenylalanine 279, 282-283, 286

substituted 285

(2S)-a-Phenylalanine 278, 282

(2S)-a-Phenylalanine 183, 280

a-Phenylpropanoid 283

a-Sulfonyloxynitrile(s) 155

o-Terpineol 163-164

a-(Thiophene-2-yl)alanine(s) 284

a-Tocopherol 205

o-Tyrosine 277

a, ®,-Dicarboxylic acid(s) 160

a,0-Diol(s) 27

Alveolar bone 74

Alzheimer’s disease 145, 353

Amidase. see Acylamide amidohydrolase

Amidase signature family 99-101

Amide 352-353

Amide bond 437

formation 359

Amidohydrolase 286

Aminated-methylidene imidazolone
(NH,-MIO) 279

Amination 63-64, 66-67, 176, 178-182,
184-186, 280

Amine, precursor(s) 440

Amine transaminase 65

2-Aminoacetanilide 9

Amino acid(s) 2, 63-64, 73, 75, 96,
111-112, 116, 118, 140, 169, 177,
181, 221-223, 226, 238, 286,
350-353, 370

active site 249

aliphatic 226

aromatic 357-358

binding site 350

biosynthesis 354

changes 302

conjugation 334
correct assembly 159
357

D-branched-chain

C-terminal
227-228
degradation 349
disulfidic 190

essential 382

ester 96

ester derivative 96
glycosylated derivative 443
homology 332
metabolism 377

179

96, 226

nonnatural
nonprotein
276
N-terminal

novel
357
peptide linker 341
preparation 139
residues 295, 341, 433, 449
ring-size modified 96
sulfur-containing 38, 118, 189-190
thiophene substituted 176-177
Amino acid aldehyde(s)
substituted 361
Amino acid catabolism 76
Amino acid ester(s) 96
derivative 96
non-protein N-protected 96
N-protected 94-95
Amino acid metabolism 74
Amino acid racemase(s) 221, 223-224,
226-229
Amino acid residue(s) 3, 5-6, 97, 163,
326
Amino acid sequence 162-163, 433
iterative modification 114
Aminoacylase 96-97
Amino alcohol dehydrogenase 11
Aminoalkanedioic acid 96-97
2-Aminobenzoic acid 451
4-Amino-1-butanol 441
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Amino cyclitol(s) 33
2-[(2-Amino-1,6-dihydro-6-oxo-9H-
purin-9-yl)methoxyl]-3-
hydropropyl-N-[(benzyloxy)
carbonyl]-L-valinate 95
2-[(2-Amino-1,6-dihydro-6-oxo-9H-
purin-9-yl)methoxyl]-1,3-

propanediyl bis(L-valinate) 95
2-Amino-1,3-diol(s) 145
2-Amino ethanol 37
6-Aminohexanoic acid 66
2-Amino-4-hydroxy-4-(4-methyloxyphenyl)-
3-methylbutanoic acid methyl
ester 96
Aminomutase(s) 182,271,274,
278, 280
AdmH 282-283
MIO cofactor dependent 275-276,
283
PLP and adenosylcobalamin
(coenzyme Bj,)-dependent 274
(S)-selective 285
2-Amino-N-(2-furylmethyl)
propenamide 358
2-Aminonicotinic acid(s) 100
4-Amino-1-phenylpentane-2-ol 65
3-Amino-3-phenylpropionic acid 91
3-Aminopropanamide 171-172
3-Aminopropionitrile 171
2-Aminosuberic acid 96
Amino sugar(s) 37
Amino-terminal residue 2
N-terminal 2
Aminotransferase(s) 63
Ammonia 99, 101, 169-172, 174-179,
184-186, 189-191, 223, 274-275,
279, 284, 348, 354
assimilation 353
brain 353
hyper blood 353
Ammonia lyase(s) 169, 276, 284

MIO-dependent
Ammonium carbamate 177

Index

283

Ammonium ion 350-352

Ammonium salt medium 358
Ammonium sulfate 178

Amoxicillin 242
AMP 268, 323, 325-326
binding 350
Amphetamine 30-31, 45
Amphetaminil

Amylase 1,120

45

Amyloglucosidase and glucoamylase

120

Amyloid-p-protein 145
Amylopectin  119-120
Amylose 71,119-121
235-236, 238, 410

Anabaena sp.

Anabaena variabilis
Anacystis nidulans
Anandamide 101
Anastas, Paul T.
Andrimid 282, 285-286, 450
Antheraxanthin 297-298

Anthracene

34

179, 183, 237, 285
351

15-16

Anthraquinone 124
anti-p-Hydroxy acid 322
Anticapsin  355-356
Antisense RNA(s) (asRNAs) 401
Apigenin 188
Apocarotenoid(s) 297-298
Apoenzyme 6, 360
Aprepitant (Emend®) 45
Aquifex aeolicus
Arabidopsis sp.
Arabidopsis thaliana 203, 288, 291,
326, 342, 352, 387, 392, 399, 403
Arabinopyranoside
Arabinose 127, 266
Arabinoxylan 127
Arachidonic acid 342

Arene-diols

32

364

346

9
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Index

Arene dioxygenase 33

Arginase 5

Arginine 224, 226

194, 332, 350, 358, 384-385

Arginine racemase 223-224

Aromatic acid(s) 334

Aromatic aldehyde(s) 152-153, 184

Aromatic amino acid(s) 176, 224

Aromatic amino acid ammonia-lyase(s).

see Arylalanine ammonia-lyases

Aromatic p-amino acid(s) 182
unnatural 182

Aromatic chlorohydrin(s) 195

Aromatic cyanohydrin(s) 158

Aromatic epoxide(s) 199

Aromatic ethyl ketone(s) 154

Aromatic halohydrin(s) 196

Aromatic ketone(s) 153

Aromatic methyl ketone(s) 154

Aromatic tetraketide(s) 446

Aromatization 290

residue

Aromatoleum spp. 151

Arthrobacter aurescens 238-240, 242

Aryl-CoA synthetase(s) 323, 331
Aryl glycidyl ether(s) 106
Aryl hydroperoxide(s) 43-44
2-Aryloxypropanoic acid(s) 336
2-Arylpropanoic acid(s) 99
Aryl pyranoside 9
Arylserine(s) 280
Ascorbate/GSH cycle 353
Asparaginase 354
Asparagine 352-354

residue 243, 280, 350
Asparagine aminotransferase 354
Asparagine synthetase 352-353
Aspartame 170, 178
Aspartase(s) 170-172,174, 352
Aspartase transaminase 171
Aspartate aminotransferase 354
Aspartate ammonia lyase(s). see

Aspartases

Aspartate racemase 223-226
Aspartates 72, 226, 243, 288, 354

biosynthesis 365

carboxylic anion 106

Arthrobacter crystallopoietes 118, 242 Aspartic acid(s) 172-173, 326
Arthrobacter erithii 195 B-substituted 174
Arthrobacter sp. 67,116, 200, 243 N-substituted 174

Artificial intelligence (AI) 453-454,
457, 459
Artificial neural network(s) 453
Arundo donax 128
Arylacetic acid(s) 334
Arylacrylate(s) 182
nonchiral 182
Arylacrylic acid 176
Arylalanine(s) 184, 279-280
184
Arylalanine ammonia-lyase(s) 175-176
Arylalkylamine N-acetyltransferase 76

derivatives

residue 249, 257, 326, 350
Aspergillus nidulans 395, 401
Aspergillus niger 25,110
Aspergillus oryzae 11, 84,96, 444
Aspergillus terreus 395, 401
Aspergillus versicolor 54
Astaxanthin 301
Asymmetric synthesis 455
Atorvastatin 109, 143-144
Atorvastatin calcium (Lipitor)

cholesterol-lowering drug 198
ATP 14,74-76, 104,257,268, 286,

Arylamine N-acetyltransferase 76
Arylboronic acid(s) 186
Aryl carrier protein 450

322-323, 326, 328, 330, 342, 352,
355-356, 359-360, 365, 384-385, 408
activated 383
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allosteric activator 235, 237
analogue 341

binding 326, 341-342, 350, 360, 384

bound state 357

chemical energy 6
cofactor 236, 336, 382
y-phosphorus atom 350
hydrolysis 74, 104, 328, 410
inhibition 332

phosphate donor 263

phosphoryl group transfer 14, 74, 261

pyrophosphates 332

regeneration 354, 359

ATPase 358

ATP-citrate lyase 389

ATP-dependent condensation 347

ATP:glucose phosphotransferase 14

Atropine 77

Aureobasidium pullulans 374-375

Autonomous synthesis 455

Avocado (Persea americana) 344

Azaarene(s) 34

13-Aza-13,14-dihydrocopalyl
diphosphate 288

Azide 199-200

as nucleophile 193, 201

Azide ion 202

2-Azido alcohol 199

1-Azido-2-arylpropan-2-ol(s) 199

Azidolysis 200

B-regioselective 199

3-Azido-propionaldehyde 142

Azidothymidine 267

Aziridines 156

2,2’-Azobis(2-amidinopropane)
hydrochloride 42

Azospirillum brasilense 151

b
Baccatin III 282
Bacillibactin 450

Index

Bacillus amyloliquefaciens 356
Bacillus brevis 276

Bacillus cadaveris 172

Bacillus cereus 9, 266, 379

Bacillus coagulans 126

Bacillus halodurans 256

Bacillus licheniformis 83,95, 99, 358
Bacillus macerans 71

Bacillus megaterium 27,111, 341
Bacillus pallidus  256-258, 260
Bacillus pumillis 38

Bacillus pumilus 356

Bacillus simplex 38

Bacillus sp. 87, 243, 356, 364
Bacillus sphaericus 85, 90, 269
Bacillus stearothermophilus 252
Bacillus subtilis 39, 46, 52, 102, 120,

126, 256, 258-260, 271, 273, 286,

355-359, 382, 446, 450
Bacillus thermoproteolyticus 98
Bacilysin

biosynthesis 356, 358
dipeptide antibiotic 355
synthesis 357
Bacitracin 222
Bacteroides thetaiotaomicron 238
Badamu (Prunus communis L.) 156
Baeyer-Villiger

monooxygenase(s) 39-40, 66
Baeyer-Villiger oxidation 39-41
Bagasse 123

Baker’s yeast (Saccharomyces cerevisiae)

46, 49-51, 53-54, 160, 268, 354
Bashir 9
Beauveria bassiana 109
Benz[a]anthracene 34
Benzaldehyde 21-22,49, 64-65,
147-149, 151
Benzaldehyde lyase 145, 147-151
Benzene 31-32,35
ring 334
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Index

Benzenediol lactone(s), fungal
polyketide 449

Benzenediol lactone synthase(s) 449

Benzoate 332

1,4-Benzodioxane lignan(s), 150. see also
5’-Methoxyhydnocarpin

Benzoic acid 33, 334

derivatives 334

Benzoin 24, 147-148,151

Benzoin condensation 147

Benzophenone(s) 446

Benzoyl-CoA 151

Benzoylformate 147, 233

Benzoylformate decarboxylase
147-149, 152

Benzylacetone 154

Benzylamine 65,174, 358

Benzyl chloride 22

5-Benzylhydantoin 239

halogen and methyl substituents

Benzyl methyl sulfide 39

Bergenin 438

Berthelot 1

Berzelius, Jon 1

f-Alanine 117,171-172, 379

B-Alanine-pyruvate aminotransferase
379

f-Amination 182

B-Amino acid(s) 92,117, 182, 276, 278,
280, 284

B-Amino alcohol(s) 155

B-Amylase(s). see 1,4-a-D-glucan
maltohydrolase

B-Amyrin-30-oxidase 451

B-Amyrin oxidase(s) 451

B-Amyrin synthase 451

B-Arylacrylic acid 183

p-Arylalanine(s) 182-183, 280, 284-285

182

145,

113

chiral derivatives
substituted 280
(3S)-p-Aryl-p-amino acid(s) 285

p-Azidolalcohol 202
p-Barrel, antiparallell 341
B-Branch pyrenes, long-chain 444
B-Butyrolactone 169
B-Carotene 294-295, 297-299, 301-303
hydroxylation 297
B-Carotene hydroxylase 297-301
gene 301, 302
B-Carotene ketolase 299, 301
B-Cryptoxanthin 297-298
p-Cyclodextrin 71
p-D-Allo-1,4-furanose 258
p-D-Allo-1,5-pyranose 258
B-1,4-D-Glucopyranosyl elymoclavine
17-0O-(2-acetamido-2-
deoxy-f-D-a-D-
glucopyranoside 441
B-D-Glucose 121-123
-1,4-D-Xylopyranose linkage 128
B-D-Xylopyranosyl unit(s) 127
B(1—4)-Galactosylation 69, 71
p-1,4-Galactosyltransferase 69-71
B-1,4-Glucosidase(s) 122-124,126
p-Halide alcohol(s) 196
B-Hydroxy-a-amino acid(s) 144-145
y-halogenated 145
long-chain 145
B-Hydroxy acid 322
B-Hydroxyamine(s) 155
f-Hydroxycyanate 201
3B-Hydroxy-15,16-epoxydolabrene, 293.
see also Epoxydolabranol
B-Hydroxyester(s) 47
B-Hydroxy-y-trimethylammonium
butyrate 77
B-Hydroxy isocyanate 201
B-Hydroxy nitrile(s) 196, 202
B-Hydroxy-thioester 323
B-Hydroxytriazole(s) 199, 202
B-Isorenieratene 299
B-Keto acid(s) 323



http://chemistry-chemists.com

B-Ketoacyl unit(s) 444
B-Ketoester(s) 47-48
B-Ketothiolase 168-169, 328
B-Lactam(s) 38,93,117-118, 232,
242, 359-361
bicyclic 362-363
methylated bicyclic 362
monocyclic 359
B-Lactamase(s) 360
p-Lactone 322
ring closure 322
B-Lactone cis-3-alkyl-4-
alkyloxetan-2-one 321
B-Lactone synthetase 322
B-Limit dextrin(s) 120
B-Lyase 283,285
B-Lysine 271,274
moiety 272
B-Lysine acetyltransferase 273
genes 273
p-Myrcene 162-163
B-Nitro alcohol(s) 196
B-Oxidation 77, 167, 335, 338, 340,
342-343, 385, 392, 395, 404
anaerobic pathway 333
fatty acid degradation 167
B-peptide(s) 117
p-Phenylalanine 96, 279-280,
282-283, 286
starter unit 286
substituted 285
f-Phenylpropanoid 283
B-Sheet(s) 83,169, 325, 341, 360
B-Substituted-y-acetyloxymethyl-y-
butyolactone(s) 91-92
B-(Thiophene-2-yl)alanines 284

3p,15,16-Trihydroxydolabrene, 293. see

also Trihydroxydolabrene
B-Tyrosine 276
B-Xylosidase (Xylan-1,4-p-
xylosidase) 127-128

Index

B-zaido alcohol 196

Bi-bi ping-pong mechanism 50

Bicarbonate 365,371, 384
deprotonation 385

(+)-Bicycle[3.2.0]hept-2-en-6-one 41

(-)-Bicycle[3.2.0]hept-2-en-6-one 41
Bicycle[3.2.0]hept-2-en-6-one  40-41
Bicycle[2.2.2]octane-2,6-dione 47
Bicyclic azaarene(s) 34

Bicyclic y-lactone(s) 38

Big Data 453, 459

Bilberry (Vaccinium myrtillus L.) 298

Bile acid(s) 330

Biocytin 6

Biodiesel oil 93-94

Biosynthetic pathway(s) 433

Biotin 6, 10, 363-365, 373, 380, 382,
384-385, 408

carboxylated 365

enol form 365

keto form 365

Biotin carboxylase 364, 384, 386

Biotin carboxylation,
ATP-dependent 365

Biotin carboxyl carrier protein
364-365, 386

biotin linked 384

Biotinilase 407, 410

Biotin ligase 382, 399

Biotin protein ligase 410

Biphenyl 31, 34-35

2,2’-Biphenyldicarbaldehyde 25

Bis(cis-dihydrodiol) 35

3,5-Bis(trifluoromethyl)
acetophenone 45

Bisdemethoxycurcumin 404

Botryococcus braunii 330

Botrytis cinerea 9

Bovine serum albumin (BSA) 443, 445

Bradyrhizobium japonicum 171,
290, 325

475
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Index

Bradyrhizobium sp. 299

Brassica napus (Oilseed rape) 346

Brevibacterium flavum 165

Brevibacterium ketoglutamicum 336

Brewer’s yeast 47

Briggs and Haldane 4

Bromide 202

Bromoazide 32

Bromobenzene 32

Bromofumarate 165

Bromomaleate 166

2-Bromomethyl-2-methyloxirane 202

(Bromopropyl)phthalimide 272

Biicher, Eduard 1

Bupleurum falcatum 451

Burkholderia cepacian 25, 91-93

Butane 27-28

1,4-Butanediol 17,372

Butane monooxygenase 28

Butanoate 243

Butanol 126-127

1-Butanol 168

Butan-1-ol 84

2-Butanol 23, 27-28

Butanone 23

2-Butanone 153

Butein 30-31

Butylmalonyl-CoA 337-338

1-Butyl-3-methylimidazolium
hexafluorophosphate 180

1-Butyrate 326, 331

Butyric acid 168, 274-275

Butyrivibrio fibrisolvens 245

2-Butyrophenone 31

Butyryl-CoA 168, 338, 457

Butyryl-CoA synthetase 331

Buzzini 51

c
Caffeic acid 400
Calcium-dependent antibiotic 449

Calciummetalloenzyme(s) 120

Caldicellulosiruptor obsidiansis 257, 259

Caldicellulosiruptor saccharolyticus
256, 258, 262

Calreticulin 78

Calreticulin transacetylase 78

Ca-maleate suspension 167

Camellia sinensis 354

Candida antarctica 91-93, 438, 440

Candida boidinii 38

Candida cylindracea 9

Candida glabrata 376

Candida lipolytica 341

Candida mycoderma 104

Candida parapsilosis  23-24

Candida rugose 168

Candida sp. 228

Candida tenuis 45

Candida utilis 48-49

Canthaxanthin 299, 301

Caproate 331

Capsanthin 301, 302

esters 302

Capsanthin-capsorubin synthase 302

gene 302

Capsicum annuum (Chili pepper) 302

Capsicum spp. (Pepper) 301-303

Capsorubin 301

Capsular polysaccharide 105

Captopril 168

CarA 359-362

CarB  360-362

Carbamoylase(s) 112,115, 238, 261

Carbamoyl racemase 116

Carbanion, intermediate 225

Carbapenam(s) 361-362

Carbapenam-3-carboxylate ligase 359

Carbapenam-3-carboxylate synthase,
359. see also CarA,
Carbapenam-3-carboxylate ligase;
Carbapenam synthetase (CPS)
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Carbapenam synthetase 359-360

Carbapenam synthetase (CPS) 359

Carbapenem 168, 359-360

fB-lactam antibiotics 360

Carbapenem-3-carboxylic acid 359

Carbapenem synthase 360

Carbocation 163

intermediate 288-289

Carbohydrate(s) 139-141, 440, 443

conversion reactions 249

metabolism 346

preparation 139

renewable 392

Carboligation reaction(s) 146, 148-149,
151

C-C bond formation 146

Carbon 351, 353, 390

assimilation 383

carbonyl 357

chain 394

consumption 407

distribution 382

feedstock 383

flux 374-375, 377-379, 383, 393, 395,
399, 410

349

metabolism 327

reductive source 370

resources 383

source 377-378, 381, 395, 403,
407-408

Carbon dioxide 384-385, 408, 410

fermentation product 253

fixation 378, 383, 408, 410

greenhouse effect 383

Carbonic anhydrase 5,7

Carbonium ion 249

levels

Carbon-nitrogen ratio 404
Carbon-sulfur lyase(s) 188-189
pyridoxal-5’-phosphate-dependent
188-189, 192

Index

Carboxybiotin 365, 385
Carboxydothermus hydrogenoformans
174
Carboxylase(s), biotin-dependent
Carboxylate 322, 332
Carboxylate-amine ligase(s)
ATP-dependent 355
Carboxylation 365, 374, 377, 383-384
ATP-activated 383-384
biotin-dependent 379
MgATP-dependent 363, 366
pathways 372
Carboxylic acid 437
adenylation 322
w-alkenyl straight chain
o-alkynyl straight chain
precursors 440
saturated straight chain 326
Carboxyl-terminal residue 2
C-terminal 2
Carboxyl transferase 364, 384-386
5-Carboxymethyl proline 360, 362
disubstituted 362-363
Carboxymethylproline synthase(s) 361
Carboxypeptidase A 5,7
Carboxypeptidase B 5
Carboxyphosphate 365, 385
CarC (Carbapenem synthase) 360-361
Carica papaya 91-93
Carnitine 77-78, 385
Carnitine acetyltransferase 77-78
Carnitine palmitoyltransferase 1, 77
Carotene 294, 301
Carotenoid(s) 294-302
algal 303
libraries

384

326
326

445
Carotenoid acyltransferase 302
Carotenoid 15-cis-phytoene (Phytoene)
296
Carotenoid cleavage
dioxygenase(s) 297-298

477
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Index

Carotenoid hydratase 159

Carotenoid hydroxylase(s) 297

Carotenoid isomerase 297-298

Carotenoid pathway 297

Casein kinase(s) 75

Castellaniella defragrans 162-163

Catalase 5, 22, 25,151, 187

Catalase-peroxidase 38

Catechol 33-34

Catecholamine 29

cDNA 278-279, 299, 344

Cefadroxy 242

Celastrol 292

Cellobiohydrolase(s) 122-123

Cellobiose 123

Cellulase 13,122-127, 254

Cellulose 119, 121-124, 126-128,
254,390

fibers 378

hydrolysis 13, 122, 125

membrane 234

Cephalexin 242

Cephalosporin(s) 114,222, 359

Cephalosporin-G 38

C5 epimerase 442

Cetyltrimethylammonium bromide
247

Chalcone 30, 446

Chalcone isomerase 188, 397, 399

Chalcone reductase 400

Chalcone synthase 188, 397, 399-400,

403-404

Chamoe (Cucumis melo L. var.
makuwa) 299

Chemical genetics 431

Chemical library 431

Chemoselectivity 21

Chen, Frank 454

Chirality 10

Chitosan 161

Chlamydomonas pitschmannii 330

Chlamydomonas reinhardtii 300, 330,

344,373
Chloramphenicol 47
Chloride channel(s) 336
Chloroacetone 22
2-Chloroadenine 269
2-Chloroadenine nucleoside(s) 269

7-Chloro-11-(a-galactosyl)bergenin 438

Chloroaldehyde 152
2-Chlorobenzaldehyde 158
Chlorobenzene 31
4-Chlorobenzoyl-CoA ligase 332
2-Chlorocinnamic acid 186
2-Chloro-9-(2-deoxy-2-fluoro-p-D-
arabinofuranosyl)adenine
(clofarabine) 269
2-Chloro-1-(2,4-dichlorophenyl)
ethenone 46
Chloroflexus aurantiacus 407-408,
410, 414
Chlorofumarate 165
2-Chlorofumaric acid 174
Chlorohydrin 202
Chloromaleate 166
2-Chloronicotinic acid 100
2-Chloronicotinic amide 100
1-Chloro-3-nitro-2-propanol 201
4-Chlorophenylalanine 184
1-(4-Chlorophenyl)-1,2-ethanediol
2-Chloro-phenylethanol 196

2-(4-Chlorophenyl)-3-methylbutyramide

101

Chlorophyll 303, 352

biosynthesis 353
3-Chloropropanal 143
2-Chlorostyrene oxide(s) 108
3-Chlorostyrene oxide(s) 108
4-Chlorostyrene oxide(s) 108
Chlorostyrene oxide(s) 107
Cholesterol 36, 143, 330, 340

serum 336
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Cholesterol biosynthesis 323, 330 cis-(1R,2S)-Dihydroxy-1,
Chondramide(s) 276-277 2-dihydronaphthalene 34
Chondromyces crocatus 276-277 cis-trans Isomer(s) 221
Chorismate mutase 187,403 cis-trans Isomerization 242-243
Chorismite 404 cis-9, trans-11-octadecadienoic acid
Chromatin 77, 327 244-247
Chromatium vinosum 328 cis-Vaccenate 387
Chrysanthemic acid ester(s) 86 9-cis-Violaxanthin 297
Chrysin 188 Citalopram 91
Chymotrypsin  95-97 Citobacter freundii 186
Cinnamate 283-284 Citraconate 166
Cinnamate/coumarate: CoA ligase 188, Citraconic acid dimethylester 53

397 Citral 52
Cinnamate epoxide 280 Citrate 379, 389
Cinnamicacid 181, 183-184, 186, 280, Citrate lyase, ATP-dependent 392

400 Citrate route 394
substituted 279 Citrate synthase 327, 383
cis-2,3-Biphenyl dihydrodiol 34-35 Citrate synthetase 379
cis-p-Lactone 322 Citric acid 165, 327
cis-Bromocyclohexadienediol 32 Citric acid cycle 243
cis-Cyclohexadienediol(s) 33 (+)-Citronellene 9
cis-1.2-Dihydrocatechol 32 (-)-Citronellene 9
cis-Dihydrodiol 31-32, 34 Citrulline 224
cis-1,2-Dihydrodiol(s) 31, 33 Citrus species 188
cis-Diol(s) 35 Clavam(s) 359
cis-Epoxide 106 Clavaric acid 36
9-cis-Epoxycarotenoid dioxygenase Click chemistry 199

297-298 Clopidogrel 231
cis-Hydrodiol(s) 34-35 Clostridium acetobutylicum 126-127,
cis-2-(2-Methyl-acryloyloxymethyl)- 168

cyclopropanecarboxylic ethyl Clostridium butylicum 229

ester 85 Clostridium kluyveri 379
cis-1,2-Naphthalene dihydrodiol 34 Clostridium propionicum 328
9-cis-Neoxanthin 297 Clostridium sp. 229, 271-272
cis-2-Norcaranol 29 Clostridium sporogenes 245
cis-Olefin  322-323 Clostridium stercorarium 259
(#)-cis-1-Phenyl-2-methyl-oxiane 109 Clostridium sticklandii 228, 274-275
cis-Propenylphosphonic acid 38 Clostridium subterminale 270-271
cis-p-Xylene dihydrodiol 33 Clostridium tetanomorphum 173-175
cis-Pyrrolidine-2,5-dicarboxamide Cobalamin 274

100 Cochliobolus carbonum 223
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Index

Coenzyme 5-6
Coenzyme A (CoA) 6, 78,168-169,
323, 325, 327-330, 335, 340, 342
activator 364
CoASH 336
disappearance 332
esters 342
inhibition 326, 332
recycling 328
thioester 332
Coenzyme By, 6
Cofactor 5, 7,382
Collagen 103
Collagen fibril(s) 75
Colletotrichum gloeosporioides 9
Colony bioassay 445
Combinatorial biocatalysis 433,
437-438
Combinatorial biosynthesis
449-451
enzyme-level modification 445
molecular type I 445
pathway-level recombination
445,451
precursor-directed 445-446
whole cell 445
Combinatorial chemistry 431-433, 442
Combinatorial enzymatic
synthesis 441, 444
Combinatorial library 431, 434, 440,
442, 444, 449, 458
Combinatorial pathway(s) 451
Combinatorial synthesis 433-435, 445
Commission on Enzyme Nomenclature
13
Compound library 437
Computational protein design 457
Computational protocol(s) 456
Computer-aided drug design 457
Computer-aided enzyme design 457
Computer-aided molecular design 457

433, 446,

Computer algorithm(s) 454
(=) Conduramine 32
Conjugated linoleic acid. see also cis-9,
trans-11-octadecadienoic acid
cis-9, trans-11 isomer  246-247
trans-10, cis-12 isomer  246-247
trans-9, trans-11 isomer 247
Conjugated linoleic acid hydratase 159
Conjugated linolenic acid 246
Coordination bonding 7
Cortinarius violaceus 278
Corynebacterium ammoniagenes 236
Corynebacterium glutamicum 237-238,
347, 366, 370-372, 380-382, 397
Corynebacterium sp. 196
4-Coumarate:CoA ligase 187, 399-400,
403
gene 399
Coumaric acid, derivatives 186
Coumarin(s) 397
4-Coumaroyl-CoA 404
Covalent adduct 7
Covalent modification(s) 457
Cross-linked enzyme aggregate(s)
(CLEAs) 110
Crotonase (enoyl-CoA hydratase 1)
167-168, 361
Crotonic acid 172
Crotonyl-CoA carboxylase 338
Crotonyl-CoA carboxylase
reductase 363
Crotonyl-CoA reductase 338
Cryptococcus laurentii 107
Cryptococcus podzolicus 107
Cryptosporidium parvum 341
Csypyrone B1 444
Cyanate ion
as nucleophile 201
Cyanide 153,200, 203
anionic nucleophiles
198, 201

193, 196,
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Cyanide ion 202
Cyanobacterium Cyanthece sp. 43
2-Cyano cyclopropyl-1,1-dicarboxylic
acid dimethyl ester 88-89
Cyanogenesis 152
Cyanohydrin(s) 153-157,194
Cyanolysis 198
3-(Cyanomethyl) benzoic acid
4-(Cyanomethyl) benzoic acid
2-(Cyanomethyl) benzonitrile
3-(Cyanomethyl) benzonitrile
4-(Cyanomethyl) benzonitrile
2-(Cyanophenyl) acetic acid 9

O O O o ©

3-Cyanopyridine 102

Cyclic imide 50

Cyclic lipopeptide, antibiotic 449
Cyclization 288-289, 295, 297
ATP-dependent 359
intramolecular 361
Cycloalkenone(s) 53

Cycloalkyl [b] indole(s) 48, 442
Cyclodextrin(s) 71, 442
Cyclodextrin glucanotransferase 442
Cyclodextrin glucosyltransferase 70-72
Cyclododecanol 23

Cycloheptanol 23
Cyclohexa-1,4-diene 290
Cyclohexane 27,29

Cyclohexane cis-triol 33
Cyclohexane-1,4-dione 53
Cyclohexanoic acid 334
Cyclohexanol 23, 29, 66
Cyclohexanone 40, 154-155

2-, 3-, and 4-substituted 154-155
Cyclohexanone cis-diol  33-34
Cyclohexanone monooxygenase 38, 40
Cyclohexene 33,35-36
Cyclohexene oxide 36
Cyclohexylamine 174
Cycloiridation 195

Cyclo-ligase 359

Index

Cyclooctanol 23
Cyclooxygenase(s) 41
Cyclopentane 29
Cyclopentanol 23, 29
Cyclopentene-oxide 111
Cyclopentenone(s),
cross-conjugated 440
Cyclopentenone ester 86
Cyclopropanation reaction 85
Cyclosarin 457
Cyclosporin A 223
Cystalysin  189-190
Cystathionase(s), 189. see also
Cystathionine p-lyase;
Cystathionine y-lyase
Cystathionine f-lyase 190
Cystathionine y-lyase, 189. see also
y-cystathionase, cysteine
desulthydrase, or cystalysin
Cysteine 38, 73, 96, 190, 192, 224
catalytic activity 243
containing compounds
C-Sbond 191
residue 239, 243, 332
Cysteine lyase(s) 189
Cysteine sulfinic acid 192
Cysteinyl leukotriene 190
Cystine 38
Cytochrome oxidase 5
Cytochrome P450 27, 29-31, 35,
289-290, 404, 444, 451
Cytochrome P450 monooxygenase
293,297, 397, 451
Cytochrome P450 oxidoreductase 397
Cytochrome P450 reductase 404, 451
truncated 399
Cytoxazone 150

189

187,

d
D-a-Amino acid(s) 112
Daffodil 297

481
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Index

D-Alanine 222-226
D-allo-Isoleucine 227
D-Allose 249, 257-259
D-allo-Threonine 227
D-Allulose 257, 259
D-Altrose 258, 262
D-Amino acid(s) 112-115, 180, 222,
228, 238-240, 242, 432
derivatives 180
D-Amino acid aminotransferase(s)
222
D-Amino acid oxidase 185
D-2-Aminobutyrate 223
D-Aminobutyric acid 242
Daptomycin 449
derivatives 449
D-Arabinose 261-262, 269
D-Arabinose isomerase 261, 262
D-Arginine 224
D-Arylalanine(s) 180
D-Asparagine 223
D-Aspartate 224-225
D-Aspartic acid 224, 226
Database(s) 456, 458-459
pathway 458
protein sequences 458
protein solubility 458
protein stability 458
protein structures 458
reaction 458
D-fB-Phenylalanine 282
D-Carbamoylase 242
Deacetylation reaction 77
DEAE-cellulose 110
Deamination 63,176, 178, 180-181,
183, 186-187
Deaminodicarba 96
Debranching enzyme(s) 120
Decane 28
Decanoic acid 340
Decarboxylation(s) 74, 186, 228, 365

Decarboxylative condensation 444

2-Decenoic acid 335

Decision tree(s) 458

Decode 431-432

Deep learning 454-455

Deep philosophical difference(s) 453

Dehalogenase(s) 193-194

Dehalogenation 193

halohydrins 193

ring closure 194, 198, 203

Dehydratase(s) 449

Dehydration 33, 161-163, 407

Dehydrocurvularin = 449

Dehydrogenase, (S)-specific 169

Dehydrogenation, O,-dependent 340

§-Cyclodextrin (CD9) 442

8-Hydroxy-y keto acid(s) 147

8-Lactone(s) 97

6-N-Acetylornithine 224

delta-9-Stearoy-CoA desaturase 390

De novo enzyme(s) 456

De novo synthesis 431

Dentin 74

Dentin phosphophoryn 74

5’-Deoxyadenosine 271, 274

5’-Deoxyadenosylcobalamin
(Coenzyme By;) 6

3-Deoxy-D-arabino-heptulosonate-7-
phosphate 403

3-Deoxy-D-arabino-heptulosonate-7-
phosphate synthase 187

2-Deoxy-D-ribose 165

2-Deoxy-D-ribose 5-phosphate
aldolase 142

1-Deoxy-D-xylulose 5-phosphate
synthase gene 302

6-Deoxyerythronolide B 446

analogs 449

6-Deoxyerythronolide B synthase
446, 449-450

5-Deoxyflavanone(s) 399-400
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2-Deoxy-2-fluoro-a-D-arabinofuranose-1-  Dextrorotatory 221

phosphate 269 Dextrose equivalent 120
2-Deoxy-2-fluoro-D-arabinose 269 D-Fructose 247,249, 251-252,
Deoxygenation 442 254-255, 258-259
2-Deoxyglucose 249 D-Fructose 1,6-biphosphate 140
2’-Deoxyinosine 269 D-Fructose 6-phosphate aldolase 140
Deoxy ketose(s) 262 D-Galactose 127
6-Deoxy-L-allose 261 isomerization 252
6-Deoxy- L-altrose 261 D-Galacturonic acid 127
6-Deoxy- L-galactose 261 D-Glucitol (D-Sorbitol) 254-255
6-Deoxy- L-glucose 261 D-Glucosamine 25
6-Deoxy- L-mannose 256, 261 D-Glucosaminic acid 25
6-Deoxy- L-psicose 261 D-Glucose 127, 247, 249-251, 254-255
6-Deoxy- L-psicose 1-phosphate 261 isomerization 252, 257
6-Deoxy- L-talose 261 a-optical isomer 249
3-Deoxy- L-threo-2-hexulosonic acid D-Glucose disaccharide 105

142 D-Glucose isomerase 252
Deoxyriboaldolase 268-269 D-Glucuronic acid 127, 226
2’-Deoxyribonucleoside 267-269 D-Glutamate 223, 225
formation 268 D-Glutamic acid 222-223, 228
2’-Deoxyribonucleoside triphosphate D-Glyceraldehyde 104, 142

267 D-Glyceraldehyde 3-phosphate 140,
Deoxyribose 266, 268 142, 268-269
2-Deoxyribose 1-phosphate 268 D-Gulose 259
2-Deoxyribose-5-phosphate 142, 268 D-Heteroarylalanine(s) 181
2’-Deoxyribose 5-phosphate 269 D-Histidine 180
Deoxyribose 5-phosphate(s) 266 D-Homoserine 223
2’-Deoxyribose 5-phosphate aldolase D-Hydantoin(s) 114-116

269 D-Hydantoinase 112-115,117-118,
6-Deoxy sugar(s) 261 240, 242
Deoxy sugar(s) 261, 394 D-(-)-3-Hydroxybutyric acid 328
1-Deoxyxylulose-5-phosphate synthase D-Hydroxyphenylglycine 114

290 (#)-1,2-Diacetoxy-3-bromoprpane 90
Dephosphorylation 261 (#)-1,2-Diacetoxy-3-chloropropane
Depsipeptide(s) 276 90-91
Deracemization 180, 185, 231, 336 (#)-1,2-Diacetoxyethylbenzene 90
Desaturase/acetylenase, bifunctional 7,8-Diacetoxy-4-methylcoumarin 78

340 Diacylglycerol acyltransferase 390
Desaturase, homolog 340 Diacylglycerol kinase, gene 347
Desaturation 361 Diadinoxanthin 303

Desglutamyl lentinic acid 191 Dialkyl squarate 443
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Index

Diaminobutyrate 227
2,4-Diaminobutyrate 224
2,5-Diaminohexanoic acid 274-275
3,5-Diaminohexanoic acid 274-275
Diaminopimelate dehydrogenase 381
Diaminopimelate epimerase 224, 226
2,3-Diaminopropionate 224
Diastase 1
Diastereomer(s) 65-66
Diastereospecificity 9
Diazomethane 42
Diazonium salt 88
Dibenzothiophene 38
(1,3-Dibenzyl-5-(hydeoxymethyl)-2-
oxo-4-imidazolidine carboxylic
acid) 11
2,3-Dibromo-1-propanol 194
Dicarboxylic acid(s) 365, 370, 373
pathway 379
1,3-Dichloro-2-propanol 195, 203
1,3-Dichloropropan-2-ol 198
Di-cis-C-carotene 296
Dictyoglomus turgidum 256-257
Dicyclohexyl carbodiimide 42
Diesters, straight-chain 440
Dietary lipids 89
Differential scanning calorimetry
(DSC) 49
Diflunisal 334
2,3-Difluorofumarate 165
Digital computer 453
Diglyceride(s) 89
Dihydrochalcomycin 35
Dihydrodiol dehydrogenase 31
Dihydrokaempferol (aromadendrin)
399
Dihydromonacolin L 395
Dihydropyrimidinase 112
14,15-Dihydrosecurinine 54
Dihydrouracils, 6-substituted 117
3,3’-Dihydroxy-a-carotene 297

Dihydroxyacetone phosphate 104, 140,
256, 263-265, 268

3,5-Dihydroxybenzyl alcohol 438

Dihydroxylation

arene cis-dihydroxylation 31-33

aromatic compounds 31

cis-dihydroxylation 33-34

7,8-Dihydroxy-4-methylcoumarin 78

2,4-Dihydroxy-N-(2-hydroxyethyl)
benzamide 438

1,3-Dihydroxy-N-methylacridone 446

2,3-Dihydroxybenzoate-AMP
acyl-adenylate 450

2,3-Dihydroxybenzoic acid 450

Diiron monooxygenase 28

Diisopropyl ether 110-111, 231

Diketide 404, 445

Diketone 66

Dimethoxy acetaldehyde 150

Dimethylallyl pyrophosphate 296

2,3-Dimethylbutane 28

2,3-Dimethylbutane-2-ol 28

2,5-Dimethylhydroquinone 33

Dimethyl maleate 166

Dimethyl 2-methyl-2-phenylmalonate
88

4,4-Dimethyl-9-oxabicyclo-[4.3.0]
non-2-en-8-one 38

Di-n-butyl ether 234

Dinor-OPDA Diltiazem hydrochloride 93

Dinor-12-oxo-phytodienoic acid 342

Dinucleotide 6

Diol 32,145, 186-187, 201

aliphatic 440

aromatic 440

1,2-Diol 12,23

Diol dehydrogenase 34

Dioxygenase(s) 31

2-oxoglutarate dependent 289

2,3-Dioxygenated aryl propanone 149

Dipeptide 356-359
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Dipeptide-degrading protease, genes
358
Directed evolution 450, 456-458
Disaccharide 442
D-Isocitrate dehydrogenase 379
2,2-Disubstituted oxirane 205
Disulfide linkage 3
Diterpene(s) 291
labdane-related 291
Diterpene cyclase(s)
classII 288-289, 292
Diterpene synthase(s) 290, 292-294
291-292
genes 294
Diterpenoid(s) 281, 289, 292-293
labdane-related 287-288, 290-291
Diterpenoid phytohormone(s) 289
D-2-Keto-3-deoxy-6-phosphogluconate
aldolase 142
D-Lactate dehydrogenases, gene 229
D-Lactic acid 229
DL-Benzylhydantoin 114
D,L-Diaminopimelate 381
D-Leucine 113,222, 226-227, 242
D,L-Glutamate, racemic 228
DL-Hydantoin(s) 113
DL-Hydantoinase 116
D,L-5-(3’-Indolylmethyl)-hydantoin
240
D,L-5-(2-Indolymethylhydantoin 115
DL-Lactaldehyde 264
DL-Lactaldehyde dimethyl acetal 264
DL-Lysine 272
D,L-Malic acid 165
D,L-Methionine, racemic 228
D,L-5-Monosubstituted hydantoin(s)
242
D,L-Monosubstituted hydantoin(s)
aliphatic and aromatic 242
D,L-5-Phenylhydantoin,
N-substituted 240

class I

Index

D,L-p-hydroxyphenyl hydantoin 115

D,L-5-p-Hydroxyphenyl hydantoin
114-115

N-substituted 240

D,L-Proline, mixture 228

DL-Propargylglycine 192

DL-5-(2-Thienyl)hydantoin 118

D-Lysine 224

D-Malate 166-167

D-Mandelate dehydrogenase 233

D-Mannitol 254-256

D-Mannose 127,251, 255

D-Methionine 222, 226, 242

D-5-Monosubstituted-hydantoin
racemase 238

DNA

guided 376

shuffling 444

strand 41, 299-300

DNA-encoded chemical libraries 432

D-N-Carbamoylase 114

D-Norleucine 113, 242

D-Norvaline 113, 242

Dodecane 390

1-Dodecene 36

Dolabradiene 293

Dolabralexin(s) 293

Dolastatin(s) 117

Domain(s) 3

D-4-O-Methyl-glucuronic acid 127

Double-racemase hydantoinase
process 116, 240

D-Phenylalanine 113, 181, 222, 242

nonnatural substituted 181

D-Phenylglycine 232, 240

ring-mono and disubstituted
derivatives 113

D-Phenylglycine aminotransferase 232

D-p-Hydroxyphenylglycine
114-115, 240

D-Proline 223, 225, 228
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Index
D-Psicose 104, 253-254, 258-259, 262
D-Ribose 247, 249, 269

D-Ribulose 262
D-Serine 223-224
D-Sorbitol 254
D-Sorbose 104, 257,259
D-Sphingosines 156
D-Tagatose 252
D-Tagatose 1,6-diphosphate 140
D-Tagatose 3-epimerase 253-254,
258, 260-261
recombinant 261
D-2-Thienylglycine 118
D-threo-3-Methylaspartic acid 174
144, 227
D-Threonine aldolase 145
D-(-)-Threose 140
D-Tryptophan 113, 242
D-Tyrosine 113,222,242
Duclaux 1,13
Dunaliella tertriolecta 327
D-Valine 113,227
D-Xylose 127, 247, 249-250, 252-253,
259, 269
a-optical isomer 249
D-Xylose aldose-ketose-isomerase 247
D-Xylose isomerase 247, 253, 257
recombinant gene 250
D-Xylose ketoisomerase 247
D-Xylose ketol-isomerase 247
D-Xylose 5-phosphae 267
D-Xylose 1-phosphate 267
D-Xylulose 247-249, 252-253
D-Xylulose 5-phosphate 267
Dynamic combinatorial chemistry, 442,
445. see also Dynamic covalent
chemistry
Dynamic Combinatorial Library (DCL)
442
Dynamic covalent chemistry 442,
444

D-Threonine

Dynamic kinetic resolution 195

e

Ebelactone A 323

EC code 459

(E)-Cinnamate 279-280

(E)-Cinnamic acid 284

Econazole 46

Edeine A 276

Edeine B 276

E2 elimination 283

E-Epoxysuccinate 166

(E)-2-Hexenoyl-ACP 338

(E)-2-Hexenoyl-CoA 338

(E)-5-(4-Hydroxyphenyl)-3-oxopent-4-
enoic acid 404

Eicosanoid 42

Eicosapentaenoic acid 342

Electrostatic force 7

Elizabethkingia meningoseptica
159, 161

Elymoclavine 17-O-(2-acetamido-
2-deoxy-p-D-
glucopyranoside) 70

Elymoclavine 17-O-f-D-glucopyranoside
70

Embden-Meyerhof-Parnas pathway
(EMP pathway) 346

(E)-Methyl (5R)-hydroxy-5-
phenylpent-2-enoate 97

(E)-Methyl 5-(phenyl)-5-
acryloyloxypent-2-enoate 97

Enamine, intermediate 149

Enantioselective scavenger 180

Enantiospecificity 9

Endoamylase(s) 120

Endoglucanase(s) 122-123

Endo-xylanase (Endo-1,4-p-xylanase)
127-128

Enediyne 276

Enoate reductase(s) 50-54
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Enolase 5
Enolate 385
intermediate 230
Enoyl CoA 335
Enoyl-CoA hydratase 167-169
Enoyl-CoA hydratase, (R)-specific
169, 335
Enoyl reductase 395, 449
ent-Atiserene synthase 293
ent-Cassa-12,15-diene 291
ent-Copalyl diphosphate 287-289,
292,294
labdane diterpenoid 288
ent-Copalyl diphosphate synthase
287-294
Enterobacter aerogenes 372
Enterobacteriaceae 359
Enterobacter sp. 186
Enterococcus gallinarum 223
ent-Isokaur-15-ene 291
ent-Kaurane diterpenoid(s) 294
ent-Kaurene 288-290, 294
ent-Kaur-16-ene 291
ent-Kaurene synthase 288-294
ent-Kaurene synthase A 287
ent-Kaurene synthetase A 287-288
ent-Kaurenoic acid 289
ent-Pimara-8(14),15-diene 291
ent-Sandaracopimaradiene 291
Enzymatic deprotection 435
Enzymatic protecting group
technique(s) 435
Enzymatic synthese(s) 443
Enzyme Commission number 15

Enzyme computational simulation(s)

456
Enzyme engineering 456, 458
Enzyme-level modification 445
Enzyme specificity

absolute substrate specificity 7-8

chain-length specificity 90

Index

chemoselectivity 51, 52, 456
cofactor specificity 456
diastereoselectivity 174
enantioselectivity 63, 68, 84-85,

106-109, 111, 114, 118, 147, 149,
153, 168, 184, 194-196, 198-202,

205, 231, 240, 242, 277-278,
280-281, 284, 336, 358, 456
regiospecificity 7,9, 31, 36, 38, 42,

65, 83,106, 110, 160, 163, 174,

182, 194, 200, 280, 404, 442, 456
relative group specificity 7-8
stereospecificity 7, 9-10, 12, 31, 36,

38,42-43, 50, 53, 83,111, 113,

115,119, 140, 142, 144, 148-149,
154,158, 163, 166-167, 174, 196,

266, 279, 284, 295, 362, 404, 442
substrate specificity 7, 15, 96, 99,

108, 112, 114, 147, 149, 165-167,
171, 190-191, 224, 226, 229, 242,

257, 262, 283-284, 301, 326,

332-333, 335-336, 340, 357-358,

361, 442, 446, 449-450, 456-457

(E)-2-Octenoyl-CoA 338
(E)-Pent-2-ene-4-yonate 179
Ephedrine 146

Epibromohydrin 194, 195, 199, 202
Epichlorohydrin 108, 121, 194, 198,

200, 205

Epigenetic modification(s) 457
Epihalohydrin

ring opening 199

Epimerase(s) 221-222,228

ATP-dependent 235

Epimerization 227, 237, 261, 361
Epoxidation 35, 37-38
Epoxide(s) 35, 106, 108-109, 193-194,

196, 200, 202, 293
2-alkyl-2-aryl-disubstituted 199
aromatic substituted 195
chiral 194-195

487
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Index

Epoxide(s) (contd)
2,2-disubstituted 200
enantiomer 202
hydrolysis 25, 105, 107, 111
kinetic resolution 106-109, 195
ring opening  193-194, 196-203

Epoxide epibromohydrin 194

Epoxide (R)-epichlorohydrin 108

Epoxide hydrolase(s) 105-111, 187,

203, 205
recombinant 108-109, 202

1,2-Epoxybutane 196

2,3-Epoxy-4,6-dimethyl-9-

oxabicyclo[4.3.0]nonan-
8-one 38

Epoxydolabranol 293

Epoxydolabrene 293

15,16-Epoxydolabrene, 293. see also

Epoxydolabrene

Epoxyhexanone ring 358

Epoxylactone(s) 38

1,2-Epoxyoctane 110

Epoxy oleic acid 38

2,3-Epoxy-4,4,6-trimethyl-9-

oxabicyclo[4.3.0]nonan-8-one

e-Caprolactam 66, 102

e-Caprolactone 40, 66

e-Carotene hydroxylase 300

e-Cyclodextrin (CD10) 442

e-N-Acetyllysine 224

Ergosterol 36, 46

Ergot alkaloid(s) 70

Ergothioneine 192

Eriocalyxin B 294

Eriodictyol 397, 399, 404, 407

Erwinia carotovora 269, 360

Erwinia herbicola 297

Erwinia uredovora 301

erythro-Diol(s) 106

Erythromycin 401
analogs 446

38

macrolide ring 449
Escherichia coli 12, 31-40, 45, 47, 52,
64, 67,73, 87, 98, 116, 140, 142,
151, 164-165, 168, 170-171, 182,
224,226, 228, 231, 256, 262,
269-271, 275, 300, 303, 327,
333-334, 338, 340, 344, 351,
366-367, 382-383, 385-387, 393,
397, 399-401, 407, 442, 446, 450
engineered 300, 329-330, 334, 336,
367-368, 370, 387, 393, 397,
399, 446
recombinant 108, 112-115, 118,
160-161, 164, 168-169, 175,
186-188, 195-196, 203, 227,
232-233,236-239, 242-243, 252,
256, 258, 260, 264-266, 268-269,
278, 282, 290-291, 295, 301, 322,
325-326, 335, 341, 347, 355,
358-359, 364, 367, 369-370, 386,
397, 407, 442
whole-cell 285
wild-type 369
Ester(s) 347,438, 445
formation mechanism 83
hydrolysis mechanism 83
libraries 440
Esterase(s) 39-40, 66, 83-89, 231, 435
inhibitor 323
Esterification 42, 83, 233, 244, 344, 445
Ethane 27
Ethanol 187, 376, 395, 397, 403
by-products 370, 393
crystallization 258
esterification 198, 234
fermentation production 125-128,
146, 187, 248, 253
oxidation 21
pathways 372
second-generation fuel 123-124
simple primary alcohols 22
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treated enzymes 180
water-miscible organic solvents 84
Ethanol dehydrogenase 372
Ethionine 224
(E)-3-(Thiophen-2-yl)acrylic
acid 179, 284
Ethyl acetoacetate 49
Ethylamine 354-355
Ethyl anti-(2R,3R)-2,3-dihydroxy-3-
phenyl propanoate 110-111
Ethyl benzene 90
Ethyl benzoylacetate 47-48
Ethyl 4-chloroacetoacetate 198
Ethyl (S)-4-chloro-3-

hydroxybutyrae 198, 203
Ethyl cinnamate 184
Ethyl cinnamate ester 184

Ethyl-CoA 365
Ethyl (R)-4-cyano-3-
hydroxybutyrate 198
Ethyl diazoacetate 85
Ethylenediaminetetraacetate (EDTA)
52,84

Ethylene dichloride 233
Ethyl ester(s) 84

phenylacetic acid 84

2-phenylpropionic acid 84
5-Ethylhydantoin 239
Ethyl 2-hydroxyalkanoate(s) 85
Ethyl (S)-3-hydroxybutyrate 47
Ethyl (R)-3-hydroxyglutarate 203
Ethyl 2-hydroxyhexanoate 85
Ethyl 2-hydroxypentanoate 85
Ethyl 3-hydroxy-3-phenylpropionate 47
Ethyl mandelate 85
Ethyl (R)-mandelate 234
Ethyl 3-oxobutyrate 47
Ethyl phenylacetate 84
Ethyl (2R,3S)-phenyl glycidate 111
Ethyl (2S,3R)-phenyl glycidate 110-111
Ethyl 2-phenylpropionate 84

Index

Ethyl phenyl sulfoxide 39

Ethyl syn-(+)-2,3-dihydroxy-3-phenyl
propanoate 110-111

Ethyl trans-(+)-3-phenyl glycidate

110-111
Eubacterium limosum 190
Eucalyptus globulus 123

Eucalyptus maculate 399
Evernia prunastri 25
Exiguobacterium sibiricum 233
Exoamylase(s) 120
Exoglucanases, 122-123. see also
Cellobiohydrolases

f

FA:CoA ligase (AMP-forming),
medium-chain 331
FAD 323
coenzyme 21
FAD-Dependent monooxygenase 36
FADH,
coenzyme 21
Farnesyl diphosphate synthase
290, 292
Farnesyl pyrophosphate 296, 299
Farnesyl transferase 145
Fatty acid(s) 41, 78, 89-90, 93, 160-161,
167, 325-327, 329-330, 333, 335,
341-342, 375, 376, 385, 387,
392,414
activation 332
aerobic degradation pathway 333
binding tunnel 341

biosynthesis 323, 329, 335, 338, 344,
347,401
CoA-activated 323

de novo synthesis 343
ethyl esters 343

334, 387, 389-390
hydroprocessed 347

long-chain 329, 340, 386

free

489
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Index

Fatty acid(s) (cont'd)
medium-chain 331-333, 336, 338
methyl esters 343
mono-, di-, and trienoic C18 acids
341
monosaturated 387
oxidation 385
oxygen-containing 342
polyunsaturated 387
saturated 331, 333, 338, 389-390
secretion 344
short-chain 332
straight 333
straight-chain saturated 341
straight medium-chain 334
synthesis 342, 344, 383, 385-386, 390
unsaturated 343, 389
Fatty acid amide hydrolase 101
Fatty acid-AMP ligase 446
Fatty acid desaturase 387
Fatty acid double-bond hydratase(s) 39
Fatty acid ester(s), long 445
Fatty acid ethyl ester(s) 343, 414
Fatty acid metabolism 331, 333, 346
Fatty acid methyl ester(s) 343, 414
Fatty acid synthase(s) 292, 342, 385, 387
mRNA 342
pathway 386
Fatty acyl-ACP 386
Fatty acyl-ACP thioesterase 387
Fatty acyl-AMP, intermediate 338
Fatty acyl-AMP ligase 338
Fatty acyl-CoA(s), long-chain 346
Fatty acyl-CoA ligase 3, long-chain 342
Fatty acyl-CoA ligase, medium-chain
338
Fatty acyl-CoA reductase 392
Fatty acyl-CoA synthetase
long-chain 341-342
short-chain 323
Fatty acyl diketide-N-acetylcysteine 444

Fatty alcohol(s) 330, 392
Fatty ester(s) (Biodiesels) 330
Ferment(s) 1
Fermentation 123, 125-127, 160, 168,
228, 246, 253, 285, 355, 358, 370,
374-376, 378-380, 401, 410,
413, 445
aerobic 367
alcoholic 354
anaerobic mixed-acid 372
bacterium-based 372
batch 336, 373, 376
bioreactor 390
classical 347
dual-phase 367
fed-batch 329, 375, 379, 387,
393, 403-404
fixed bed flow 445
lab-scale 399
microbial 385
shaker-flask 347, 377, 383, 387, 395,
400, 407, 410, 414, 445
stirred-tank 397
Ferredoxin 271, 290
Ferruginol 290
Ferulic acid 169
Ferulic acid decarboxylase 186
Feruloyl-CoA synthetase 169
Feussner 43
Fischer, Emil 7
Fischer indole synthesis 185
Flavanone(s) 188, 397-399
Flavanone 3p-hydroxylase 188
Flavanone-3-hydroxylase 399
Flavin adenine dinucleotide (FAD) 6,
21, 36, 152-153, 159-160
Flavin adenine dinucleotide hydrogen
(FADH,) 21
Flavin mononucleotide (FMN) 50
Flavobacterium sp. 300
Flavodoxin 271
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Flavodoxin-NADP* reductase 271

Flavone(s) 188

Flavone synthase I 187

Flavonoid(s) 187, 392, 393, 397, 399,
403-404, 438

hydroxylated 404

Flavonoid-glycoside(s) 399

Flavonoid 3’-hydroxylase, truncated
399

Flavonoid pathway 397

Flavonol 188, 403

Flavonol synthase 188, 404

Flavoprotein(s) 21, 52

Florphenicol 156

Fluoride 450

Fluorine 450

Fluoroacetate 450

5-Fluoro-p-dopa 278

3-Fluoro-p-tyrosine 278

Fluorofumarate 165

Fluoromalonyl-CoA 450

3-Fluorophenylalanine 184

Fluoxetine 47

Folate 6

Formaldehyde 22,186

Formate 52,371

Formate dehydrogenase 38, 371,
376, 383

Formylcarboxylic acid 25

Fosfomycin 38

Friedel-Crafts mechanism 178

Friedel-Crafts-type attack 176

Fructose 1,120, 247, 250, 252, 254

syrup 250, 252

Fructose 1,6-biphosphate aldolase 140

Fructose-2,6-bisphosphatase 105

Fructose 1,6-diphosphate 268-269

Fructose kinase 261

Fructose 6-phosphate 105

Fucose, derivative(s) 265

Fucoxanthin 303

Index

Fumarase 164-165, 244,376

Fumarase A, classI 164

Fumarase B, classI 164

Fumarase C, class II 164-165

Fumarate 164-166, 171, 242-243, 333,
365, 376-377

Fumarate reductase 366

Fumaric acid 165, 170-172, 174,
243-244, 370, 375

FuncLib 457

2,5-Furandicarbaldehyde 25

Furaneol 257

Furanose 257

Furanose 5-phosphate(s) 266

Furan, substituted 179

Furfural 121,124

oxidation 25

Furfurylamine 358

2-Furoic acid 25

3-(2-Furylacryloyl)-glycine 99

3-(2-Furylacryloyl)-glycyl-L-leucine
amide 98

Fusarium fujikuroi 290

Fusarium graminearum 294

Fusarium sp. 293

Fusarium verticillioides 293-294

g
Galactose 168, 443

Galactosidase 443

Galactosyltransferase 437

Galangin 188

Galectin-3  443-444

Gamma-aminobutyric acid (GABA,
y-Aminobutyric acid) 247

y-Amino acid(s) 92

y-Aminobutyric acid 228, 247

y-Amylase(s). see Amyloglucosidase and
glucoamylase

y-Carotene 295

y-Cyclodextrin 71
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Index

y-Cystathionase, cysteine desulthydrase,
or cystalysin 150
2-(y-Glutamylamino)-4,6,8,9,10-
pentaoxo-4,6,8,10-
tetrathioundecanoic acid 191
y-Glutamylethylamide 354
y-Glutamyl phosphate 350
y-Glutamyltransferase 191
y-Keto acid 336
y-Linolenic acid 39
y Phosphate 385
Ganciclovir 95
Gastric juice 1
Gdumannomyces graminis 43
Gene(s) 433
358, 360, 394, 397, 404
expression 386
multiple 401
Genera
Candida, Crptococus, Debaryomyces,
Hanseniaspora, Kazachstania,
Kluyveromyces, Lindnera,
Nakaseomyces, Vanderwaltozyma,
Wickerhamomyces 51
General Al 453-454
Geobacillus kaustophilus 240
Geobacillus stearothermophilus 240
Geobacillus thermocatenulatus 251
Geobacillus thermodenitrificans 28
(+)-Geodin 403
Geotrichum candidum 48
Geraniol 162-163
Geranylgeranyl diphosphate 287-289,
291, 296
Geranylgeranyl diphosphate
synthase 290, 292, 296, 299
Geranylgeranyl pyrophosphate synthase
296, 299
Geranyl pyrophosphate 296
Geysenetal. 433
Gibberellane 289

cluster

Gibberellic acid 290
Gibberellin 287-290, 294
Gibberellin phytohormone(s) 288
Ginkgo biloba 9

Glacier acetic acid 395
Globular protein 3

Glucokinase 366
Glucomannan 127

Gluconate dehydrogenase(s) 24
Gluconeogenesis 363
pathway 364
Gluconic acid 25
Gluconobacter oxydans
Gluconolactone 13

22,25

Glucopyranoside 70
Glucosamine-6-phosphate 77
Glucosamine 6-phosphate
synthase 356
Glucose 1,13-14,24-25, 39, 46, 48-49,
70, 72,102, 119-121, 123-127,
168, 175, 186-187, 232, 247, 249,
251, 253-254, 268-269, 335-336,
347, 351, 355, 364, 366-367,
369-374, 376, 379, 381-382, 387,
390, 392-393, 395, 400, 403-404,
407,414
feedstock 370
fermentation 187, 236, 375, 378
glycolysis 269
isomerization 250, 252
level 333
limited conditions
medium 358
metabolism 265, 365-366
residue 249
utilization 270, 383, 401
Glucose dehydrogenase(s) 24, 39,
54, 328
NADP-dependent 198
Glucose isomerase 247-252, 254-256
Glucose oxidase 13, 24

414
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Glucose-6-phosphatase 7
Glucose-1-phosphate 394
Glucose-6-phosphate 7, 39, 394
Glucose-6-phosphate
dehydrogenase 39
Glucose phosphotransferase 366
—4) B-D-Glucuronic acid (1-4)
a-D-6-O-sulfo N-sulfo glucosamine
(1- repeating unit 442
Glucuronoxylan 127
Glutamate 243, 273, 350-354, 379-380
ATP-dependent condensation 347
channeling 353
neurotransmitter
synthesis 351
Glutamate dehydrogenase 187, 232,
351-352, 380, 383
Glutamate-glutamine cycle 353
Glutamate mutase 175
Glutamate racemase 224-226, 228
Glutamate synthase 351
Glutamate synthetase 351
Glutamic acid 175, 354, 380
residue 249, 280, 325, 332, 350,
360, 384
Glutamic acid decarboxylase 353
Glutaminase 353
Glutamine 224, 326, 347, 350-353,
356-358, 449
formation 354
synthesis 358
Glutamine:2-oxoglutarate
aminotransferase 351-354
Glutamine synthetase, 347, 349-355. see
also L-Glutamate:ammonia ligase
[ADP-forming]
recombinant 355
Glutaraldehyde 47,114-115, 165, 258
Glutaric acid 361
Glutathione (GSH)
synthesis 353

353

Index

Glutathione peroxidase 44

Glycan, bacterial cell wall

Glycan epitope(s) 443

Glyceraldehyde 104

Glyceraldehyde 3-phosphate  268-269

Glyceraldehyde-3-phosphate
dehydrogenase 371

Glycerol 49, 89, 124-125, 169, 266,
335-370, 377-379, 389-390, 401

metabolism 389

pathway 343, 407

Glycerol 1-phosphate 103

Glycerol-3-phosphate 344, 389

Glycerol-3-phosphate dehydrogenase 389

gene 389

Glycidyl methacrylate 250

Glycine 99, 144-145, 221, 286, 357-358

conjugation 334

residue 283, 325-327, 332, 350, 358

Glycine conjugation pathway 333

Glycine N-acyltransferase 333

Glycoaldehyde 140-141, 152

Glycocholate 247

Glycoconjugate(s) 441

Glycogen 72

Glycogenase 120

Glycogenin 72

Glycogen synthase 72

Glycolipid(s) 73,271, 437

Glycolipid oligosaccharide(s) 73

Glycolysis 146, 256, 268, 344-346, 365,
369, 373

Glycolytic fluxe(s) 382

Glycolytic pathway 268-269, 344,
375, 395

Glycopeptide(s) 73,443

Glycopeptide library 443

Glycoprotein 235

antibiotic 224

microheterogeneity 73

oligosaccharides bound 73

105

493
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Index

Glycosaminoglycan, sulfated 442
Glycosidase(s) 73, 118, 435, 437
Glycosidation 437
Glycoside(s) 118-119
N-linked 118
O-linked 118
S-linked 118
Glycoside hydrolase(s), 118-119, 122. see
also Glycosidase(s); Glycosyl
hydrolase(s))
Glycosidic bond(s)
a-D-1,4-glycosidic bonds
a-D-1,6-glycosidic bonds
f-1,4-glycosidic bonds
1,4-glycosidic bonds
hydrolysis 118-119
Glycosidic linkage 119, 122
Glycosylation 68, 70, 72-73, 266, 394
Glycosylation epitope(s) 443
Glycosyl donor(s) 441
Glycosyl hydrolase(s)) 118-119, 122
Glycosyltransferase 68-69, 73, 437,
441, 443, 451
Glycyl tyrosine 7
Glyoxylate 368
bypass 367
cycle 364
pathway 367
Golgi apparatus 73
Gramicidin D 222
Gramicidin S 222
Green chemistry 15-17
Green chemistry metrics
Gulose 259
Gypsogenic acid 451
Gypsum 413

119-121

119-120
121-123
127

458

h

Haematommic acid 25-26
Haloacid dehalogenase(s) 193
Haloalcohol 194-195

Haloalcohol dehalogenase 193, 195
Haloalkane dehalogenase(s) 193
Haloferax volcanii 229
2-Halofumaric acid(s) 174
Halohydration 440
Halohydrin(s) 193, 195, 202
Halohydrin dehalogenase(s), 193-201,
205. see also Haloalcohol
dehalogenase; Halohydrin
exposidase; Halohydrin
hydrogen-halide-lyase
recombinant 199
R-selective 203
203
Halohydrin exposidase 193
Halohydrin hydrogen-halide-lyase
Halophenylalanine 177, 184
Hansenula polymorpha 22
Helianthate salt 272
Heme-thiolate peroxygenases 28
Hemiacetal
sugar 118
Hemicellulase(s) 127-128
Hemicellulose 119, 121, 124, 126-129,
248, 252-253
Hemiketal
sugar 118
Hemoglobin 3
Heparan sulfate 442
Heparan sulfate polysaccharide(s) 442
Heparin 442
Heptane 180
Herpetosiphon aurantiacus 403
Heterobifunctional linker 443
Hexadecanoic acid 387
392-393
Hexadecatrienoic acid 342
Hexadienyl-CoA 167
Hexane 28,49
Hexanoate 326
Hexanoic acid 168, 334, 446

S-selective

193

1-Hexadecanol
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1-Hexanol 168

Hexanoyl-CoA 168

Hexenoic acid 338

Hexokinase 5,15

Hexose 121, 248-249, 344, 346
sugars 251

Hexylmalonyl-CoA 337-338
(+)-Hexyl-oxiane 109
High-throughput screened 433
Hill 16

Histidine 140, 180, 192
derivatives 192

residue 230, 235, 249, 350
Histidine ammonia-lyase 175, 282, 284
Histone(s) 77,457

Histone acetylation 327

Histone acetyltransferase(s) 77, 327
Histone deacetylase 223, 457
Histone protein(s) 77
Hitachimycin, 286. see also Stubomycin
(HIV)-Protease inhibitor(s) 24
Hoffmann elimination 283
Holoenzyme 6

384

Homoarginine 224

Homo citrulline 224

dimer

Homoserine 227

Hormone(s) 352

Horseradish peroxidase 43

Huperzia serrata 446

Hyaluronic acid 355

Hybrid oplar 124

Hydantoic acid 111

Hydantoin(s) 111-112,114-115, 118, 242

aliphatic substituents 239

5-(dimethyl)phenylsilyl-substituted
118

D,L-5-substituted 116, 238

fumarate 165

5-(1-methyl-1-silacyclopentyl)-
substituted 118

Index

5-monosubstituted 238-240
5-(trimethylsilyl)-substituted 118
Hydantoinase (dihydropyrimidinase)
111-112, 115-118, 238-239
Hydantoinase Process 112-114,
116-118, 239-240
Hydantoin racemase, 112-114, 116,
238-240, 242. see also
5’-Monosubstituted-hydantoin
racemase, HyuA, and HyuE
Hydratase(s) 158-159, 161, 168
Hydration 158, 163-164, 168
cis-double bond 159-160
cis-9 polyunsaturated fatty acids
fumarate 164
malease-catalyzed 166
nonnatural unsaturated fatty acid 161

161

unsaturated fatty acids 160
Hydrazine 172

Hydride ion 6
Hydroamination 280
Hydrocarbon(s), higher 385

Hydrocyanic acid 152

Hydrogel(s) 103

Hydrogenase 373

Hydrogenation 44, 254-255
Hydrogen bond 7, 121-122, 194, 326
Hydrogen bonding 3, 194
Hydrogen peroxide 22,41
Hydrogen production pathway 267
Hydrolase(s) 14,89, 102, 222, 435
Hydro-lyase(s) 158

Hydrolysis 257, 356, 375, 437, 457
acid 374

irreversible 442

small pendant chemical group 321
Hydroperoxide(s) 41, 43-44
Hydroperoxylation 41
Hydrophobic interaction 3, 7
Hydropyrimidine hydrase 112
Hydroquinone 53

495
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Index

Hydroxyacetone 140
2-Hydroxyacetophenone 24
Hydroxy aldehyde 265
3-Hydroxybenzoic acid 451
1-Hydroxybenzotriazole 38
4-Hydroxybenzyl alcohol 438
4-Hydroxybenzyl benzoate 440
(-)-10-Hydroxyberbenone 9
Hydroxybutanone 140
3-Hydroxybutyrate 410
3-Hydroxybutyric acid 440
3-Hydroxybutyryl-CoA dehydrogenase
168
Hydroxycinnamic amide(s) 397
4-Hydroxycoumarin 401
4-Hydroxy cyclopentenone 86
3-Hydroxydecanoate 335
2-Hydroxydodecanoic acid 334
(62,97)-12-Hydroxydodeca-6,9-
dienoic acid 40
3-Hydroxyechinenone 301
3’-Hydroxyechinenone 301
1-(2’-Hydroxy)ethyl-3-
methylimidazolium nitrate 48
10-Hydroxy fatty acid(s) 161
(S)-10-Hydroxy fatty acid(s) 160
13-Hydroxy fatty acid 160
5-Hydroxyflavanone 400
2-Hydroxy-1-indanone 24
3-Hydroxy-1-(3-indolyl)-2-butanone
152
1,3-Hydroxy ketone 65-66
2-Hydroxyketone(s) 148
Hydroxylactone(s) 38
Hydroxylamine 172
Hydroxylase(s) 29, 83
Hydroxylation 159, 278, 290, 303, 451
28-29
amino acids 30
amphetamine 30-31
aromatic compounds

alkanes

29-30

cyclodecane 27

cyclododecane 27

cyclooctane 27

hydrocarbons 27

inert C-H bonds 26

long chain alkanes 28

Hydroxyl triazole(s) 199

Hydroxymandelate oxidase 187

5-Hydroxy-6-mercapto-7,9,11,14-
eicosatetraenoic acid 190-191

5-Hydroxymethyl-2-furancarboxylic

acid 25
5-Hydroxymethylfurfural (HMF) 125,
254
Hydroxynitrile lyase(s), 152-158. see also
Oxynitrilases

carbon-carbon bond formation 155
2-Hydroxy-(4-oxocyclohexy)
acetonitrile 157
2-Hydroxy-2-(para-nitrophenyl)-
ethylnitrite ester 200
2-Hydroxy-2-(para-nitrophenyl)-
nitroethane 200
4-Hydroxyphenethyl alcohol 438
1-(3-Hydroxyphenyl)-2-(methylamino)
ethenone 12
Hydroxypivaldehyde 156
3-Hydroxypropionate cycle 408
3-Hydroxypropionate/4-hydroxybutyrate
cycle 408-409
3-Hydroxypropionic acid 379,
407-410, 413-414
2-Hydroxypropiophenone 147,151
10-Hydroxystearic acid 159-160
11-Hydroxyundec-9-enoic acid 39
Hypercholesterolemia 36
Hypholoma sublateritium 36

i
Ibuprofen 458
Imidazopyridine 44
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Imino-deoxydigitoxose 145
Iminopropionate 189
Indolapril 185
Indole 95
Indole-3-acetic acid 151
3-Indoleacrylic acid 175
Indole-3-pyruvate 152
Indole-3-pyruvate decarboxylase 145
Indoline carboxylic acid, chiral 185
(-)-Indolmycin 93
Indomethancin 334
Induced fit mechanism 3
Induced fit model 7
Insulin 98
Insulin secretion, glucose-induced 364
Intelligence 452
International Union of Biochemistry
(IUB) 13
Internet of Thing(s) (IoT) 453
Intramolecular lyase(s) 221
Intramolecular
oxidoreductase(s) 221,247
Intramolecular transferase(s) 221
Intron(s) 302
Invertase 255

TIodofumarate 165
Tonic liquid 48, 93-94, 109-110, 125,
180

Iridacycle 195

Iridium 195

Isobutanol 160-161

Isobutene 28, 160

Isobutyl acetate 92
Isobutylmalonyl-CoA 337
Isobutyrate 331

Isobutyric acid 168

Isocitrate dehydrogenase 366, 377, 380
Isocitrate lyase 366, 380

Isoconazole 46

Isocyanate 201

Isodon ent-kaurene diterpenoid(s) 294

Index

Isodon eriocalyx 294

Isodon plant(s) (Lamiaceae) 294

Isoeugenol 25-26

Isoflavone genistein 188

(+)-7-iso-Jasmonic acid 343

Isoleucine 291, 365

residue 325

Isoleucine 2-epimerase 227

Isoliquiritigenin  30-31

Iso-menthol ((1S,2R,5R)-2-isopropyl-
5-methyl-cyclohexanol) 23

Isomer(s) 221

stereoisomers 221

structural isomers 221

Isomerase(s) 14, 221-222,247, 249, 253

active site 243

classification 221

reversible 247

Isomerization 162,201, 221, 227,
244-245,249-253, 255-257, 259,
261-263, 265, 271, 275, 278-280,
282-284, 303

Isomerization-hydration reaction 168

108, 111

Isopentane 28

Isooctane

Isopentenyl diphosphate isomerase 290
Isopentenyl pyrophosphate 296
Isophthalaldehyde 25

Isoprene 296

Isoprenoid 290

pathway 296, 385

Iso-propanol 39

Isopropyl acetate 67

Isopropyl amine 63-64, 67-68
Isopropyl ether 111
5-Isopropylhydantoin 239
Isopropyl methyl alcohol ketone 67
Isorenieratene 299

Isoserine 280

Isoxazoline 96

Isozyme, flavin-dependent 389
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J

Januvia 17
Jasmonate(s) 342
Jasmonic acid 342
(—=)-Jasmonic acid 343
Jasmonyl-CoA 343
Jaspamide 117,276

k

Kaempferol 188, 403-404

k-Carrageenan gel 165

Karplus, Andrew 1

Kaurene oxidase 289

Kenaf (Hibiscus cannabinus) 128

3-Ketoacyl-CoA 335

3-Ketoacyl-CoA thiolase 343

(+)-Keto alcohol 47

(-)-Keto alcohol 47

Ketoamide 68

Ketoconazole 46

Keto-enol tautomerization 303

Ketoisophorone 51

4-Ketoisophorone 52-53

Ketol isomerase 262

Ketone(s)

cleavage of a-cyanohydrins 152

enantioselective condensation 153

formation 24

oxidation of secondary alcohols 23

Ketoprofen 334

Ketoreductase 198, 449

Ketose(s) 247,257,261-263, 265

Ketose 1-phosphate 263

Kibdelone C 32

Kievitone hydratase 159

Kinase(s) 73-75,102, 414

Klebsiella pneumoniae 268

Kluyceromyces marxianus 168

K-nearest-neighbor classifier(s) 458

Knoevenagel-Doebner condensation
reaction 184

Koshland, Daniel 7
Kuenenia stuttgartiensis 326
Kiihne, Frederick W. 1
Kunitz, Moses 2

l
L-a-Aminosuberic acid 96-97
Laccase(s) 29,38
Lactam(s) 361
Lactate 7,126, 370, 380
pathways 372
synthesis 371
Lactate dehydrogenase (LDH) 7,
366-367, 369, 380
Lactate racemase 229
operon 229
Lactic acid 370, 372
bacteria 226, 228, 372
open fermentation 229
production pathways 347
Lacticaseibacillus casei 247
Lactobacillus acidophilus 160,
245-247
Lactobacillus brevis
Lactobacillus buchneri  227-228
Lactobacillus curvatus 229, 246
Lactobacillus otakiensis 228

228,233

Lactobacillus pentosus 249

Lactobacillus plantarum 229, 246-247,

250, 372
Lactobacillus reuteri 247, 250
Lactobacillus sakei 229, 246

Lactobacillus sp. 226
Lactococcus lactis 367, 369-370
Lactone 50

(3aS,6aR)-Lactone 10
Lactosamine 70

Lactose 70, 401, 442

L-Alanine 244, 355-356, 358, 381
pathway 407
L-Alanine-L-anticapsin ligase 355
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L-Alanyl-p-(2,3-epoxycyclohexanonyl)-L-  L-Dihydroxyphenylalanine (L-DOPA)

alanine 355
L-allo-Threonine 227
L-a-Lysine 271-272, 275
L-Amino acid(s) 114-117, 221-222,

228, 238-240, 355-356, 358
L-Amino acid deaminase 181
L-Amino-acid ligase(s) 355-359
L-Amino acid monoester(s) 76
L-Aminobutyric acid 117
Lanosterol synthase 36
Lanthionine 191
L-Anticapsin 355-358
L-a-Phenylalanine, 278. see also

(2S)-a-Phenylalanine
L-Arabinose 127, 249, 251
L-Arabinose isomerase 252
L-Arylalanine 176, 184
L-Arylalanine(s), non-natural 176
L-Aspartate 171, 224-225, 364, 381
L-Aspartate semialdehyde 381
L-Aspartic acid 170-171, 244

derivatives 175
L-a-Tyrosine 276

Lauraceae family 344
Layered neural network 455
L-Biarylalanine, N-Boc-protected

derivatives 186
L-B-Lysine 271
L-B-Phenylalanine, 278. see also

(3R)-p-Phenylalanine
L-Carbamoylase 116
L-Carnitine 77, 328
L-Cystathionine 189-190
L-Cysteine 189

a,p-elimination 190
L-Cysteine sulfoxide 189-190
L-Cystine 189-190
L-Dihalophenylalanine(s) 184
L-(1,4-Dihydrophenyl)alanine 178
L-(2,5-Dihydrophenyl)alanine 178

29-30
L-Dipeptide(s) 359
Leifsonia xyli 45
Leishmania donovani 326
Leloir-type glycosyltransferase(s) 69
Lentinic acid 191
Lentinus edodes (Shiitake) 191, 223
Leptospira species 383
L-erythro-3-Methylaspartic acid 173
Leucine 357
residue 280, 326, 333
Leucine dehydrogenase 233
Leukotriene(s) 41, 87, 190
Leukotriene E4 190-191
Levorotatory 221
Levulinic acid 336
Lewis acid 140
L-Fructose 104, 257, 260, 263-264
L-Fructose-1-phosphate
barium salt 263
sodium salt 263
L-Fucitol 262
L-Fucose (6-Deoxy-L-galactose)
261-265
analogs 264-265
L-Fucose isomerase 261-265
L-Fuculose 261-263
L-Fuculose 1-phosphate 263
L-Fuculose 1-phosphate aldolase
140, 263-264
L-Galactose 257, 261-262
L-Glucose 263-264
L-Glutamate 173, 225, 228, 232,
379, 383
L-Glutamate:ammonia ligase
[ADP-forming] 347-348
L-Glutamate decarboxylase 228
L-Glutamate dehydrogenase 379
L-Glutamine 358
L-Glyceraldehyde 104, 142, 263
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L-Heteroarylalanine(s) 184
L-Histidine 175
L-Homoalanine 64
L-Homocysteine 190
L-Homophenylalanine 117
L-Hydantoin(s) 116
L-Hydantoinase 116, 240
L-2-Hydrazinosuccinic acid 172
L-4-Hydroxythreonine 74
Lichen cell(s) 26
Licorice root 30
Ligase(s), 14, 321. see also Synthetase
Lignin 121, 123-125, 127, 397
Lignocellulose 121, 125, 127
Lignocellulosic biomas(s) 329, 336
Lignocellulosic material(s) 121,
123-124
waste 347
Limonene 163-164
Limonene epoxide 111
Limonene epoxide hydrolase 111
Limonene hydratase 159, 163-164
Linalool 163
analogues 163
derivatives 163
Linalool dehydratase-
isomerase 159, 162-163
L-Indolylmethylhydantoin 242
Linker 435,437
endo-linkers 435
exo-linkers 435
Linoleate Deltal2-cis-Deltall-
trans-isomerase 244
Linoleate isomerase, 244-246. see also
Linoleic acid isomerase
Linoleic acid, 42-43, 160, 244-247, 343.
see also cis-9, cis-12-
Octadecadienoic acid

Linoleic acid A9 hydratase, 159. see also

Conjugated linoleic acid
hydratase

Linoleic acid isomerase 245

Linum usitatissimum 153

Lipase 9-10, 42, 49, 89-94, 97, 231,
233-234, 437-438, 440

genes 347

pancreatic 323

Lipid(s) 41, 75, 78, 89, 101, 105,
327-330, 344, 389-390, 392,
394, 404

biosynthesis 346, 389

composition 347

degradation 341

edible 343

intracellular 344

membrane 385

microbial 347, 387

side chain 449

storage 385

synthesis 341

Lipid droplet 343

Lipid peroxidation 41-42

Lipoate 6

Lipogenesis 364

Lipoic acid 38

Lipolysis 89-90

Lipomyces starkeyi 389

Lipopeptide 435

antibiotics 449

Liposaccharide 105

Lipoxygenase 41-43

13-Lipoxygenase 342

Lipstatin 323

Liquid-phase synthesis 437

Liquiritigenin 400

L-Isoleucine 227

L-Lactaldehyde 256, 263

L-Lactate 256

L-Lactate dehydrogenase 370

L-Lactic acid 229

L- (+)-Lactic acid 126

L,L-2,6-Diaminopimelate 226
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L-Lysine 226, 270, 272-273, 381-382

L-Lyxose 251, 258-260, 265

L-Malate 164-165

L-Malate-diphosphopyridine nucleotide
dehydrogenase 379

L-Malate-triphosphopyridine nucleotide
oxidodecarboxylase 379

L-Malic acid 165, 244

L-Mannose 251, 257, 260

L-Methionine 116-117,189-191, 228

L-Methionine y-lyase 191

L-N-Carbamoylase 116, 118, 240

L-N-Hydroxyaspartic acid 172

L-N-Methoxyaspartic acid 172

L-N-Methylaspartic acid 172

L-Norleucine 117

L-Norvaline 117

Loblolly pine 124

Lock-and-key mode 7

Logic 453

L-o-Halophenylalanine(s) 186

Long-chain acyl-CoA synthetase 340

Long-chain alkane(s) 28

Long-chain fatty acid(s) 77

mono-alkyl esters 343

Long-chain fatty acid:CoA
(AMP-forming) 340

Long-chain-fatty-acid-CoA ligase, 321,
323, 325-327, 332, 336, 340-342,
344, 345, 386. see also Long-chain
acyl-CoA synthetase

Long-chain saturated fatty acid(s)
41-42

Long-chain triacylglycerol(s) 89

Long-chain unsaturated fatty acid(s)
41-42

Lovastatin 401, 403

Lovastatin nonaketide synthase 395

L-Phenylalanine 151,171, 175-176,
179-180, 182, 282, 285-286

derivatives 176,179, 182

Index
nonnatural 181
substituted 181
L-Phenylalanine methyl ester 178-179

L-Phenylglycine 233
L-Phosphinothricine 64
L-Proline 224-225, 228
L-1,2-Propanediol 256
L-Propargylglycine 179
L-Pyridylalanine 184
L-(Pyrimidin-2-yl)alanine 178
L-(Pyrimidin-5-yl)alanine 178
L-Rhamnose, 249, 256-257, 259, 261. see
also 6-Deoxy-L-mannose
L-Rhamnose aldose-ketose-
isomerase 256
L-Rhamnose isomerase, 256-261, 265.
see also Rhamnose isomerase,
L-Rhamnose keto-isomerase
recombinant 257-261
L-Rhamnulose, 256-257, 261-262. see
also 6-Deoxy-L-fructose
L-Rhamnulose kinase 257,263
L-Rhamnulose 1-phosphate  256-257,
263
L-Rhamnulose-1-phosphate aldolase
104, 140, 263
L-Ribose 251
L-Ribulose 259-260
L-Serine 223-224
L-Sorbose 261
L-Sphingosine(s) 156
L-Tagatose 257, 260-262
L-Talose 257, 260-261
L-tert-Leucine 64
L-threo-Chlorofumarate 165
L-threo-3-Methylaspartate 173
L-threo-3-Methylaspartic acid 173-175
L-Threonine 64,227, 382-383
L-Threonine aldolase(s) 145
L-threo-Thiocysteine 190
L-trans-2,3-Epoxysuccinate 166
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L-(4-Trifluoromethyl)phenylalanine 179
L-Tryptophan 175, 240
L-Tyrosine 175, 275-278, 399
derivatives 186
Luciferase 321, 322, 331
ANL superfamily enzymes
331-332
firefly 323,331
Lutein 295, 297-299
L-Valine 117,381
L-Xylose 260, 265
L-Xylulose 258-260, 265
Lyase(s) 14,139,182, 189-190, 276,
279, 282
MIO-dependent 283
thiamine diphosphate-dependent
145, 148-149
Lycopene 294-295, 297, 300
Lycopene p-cyclase(s) 294-295,
297-299
gene 298, 301-303
Lycopene e-cyclase 297-298
Lysine 77,140, 224, 226, 271, 274,
365, 382
enzyme-bound 189
metabolism 271
residue 223,230, 249, 271, 274,
325-326, 332, 360, 364-365, 443
Lysine 2,3-aminomutase 270-275
Lysine 5,6-aminomutase 274-275

321,

Lysinibacillus sphaericus 84

m
Machine learning (ML) 453-455,
457-458

Macrolactam antibiotic 286

Macrolide antibiotic(s) 35, 401
libraries 445

Macrolide(s), glycosylated 446

Magnesium, starvation 407-408

Maize (Zea mays) 293

Malate 165, 373, 374, 377
Malate dehydrogenase 374, 376
Malease, 166-167. see also Maleic acid
hydratase
Maleate 242-243, 365, 370
assimilating bacteria 243
gene 243
Maleate cis-trans isomerase, 242-244. see
also Maleate isomerase
Maleate isomerase 171, 242-244
Maleic acid 167, 171, 244
Z-isomer 166
Maleic acid hydratase 166-167
Maleic anhydride 167,171, 244
Malic acid(s) 370, 373-375
Malic enzyme(s) 370, 372-373,
395,410
Maloideae 153
Malolactic fermentation 169
Malonyl-ACP 386
Malonyl-CoA 187, 285, 361, 383-387,
392-395, 397, 399-401, 403-404,
407-408, 410, 414, 446
alkylated derivatives 361
cytosolic 404
pathway 407, 410, 413
Malonyl-CoA/ACP 387
Malonyl CoA-acyl carrier protein
transacylase 168, 386
Malonyl-CoA reductase 407,
410, 413-414
Malonyl-CoA synthetase 363, 401
Malt extract 1
Maltodextrin(s) 120-121
Malto-oligosaccharide 71, 442
Maltose 120
Maltotriose 120
Mandelate 151, 230, 233
aryl-substituted derivatives 231
Mandelate dehydrogenase 233
Mandelate racemase 230-235
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(+)-Mandelic acid 231

Mandelic acid amide 230

Mandelic acid, enantiomers 235

Manganese lipoxygenase 43

Manhot esculenta 153

Markovnikov rule 158

m-Bromo-f-phenylalanine 285

Mederrhodin A 451

Medicago sativa 399-400

Medicago truncatula 353, 403, 451

Medium-chain alkane(s) 27

Medium-chain fatty acid amide(s) 101

Melatonin 76-77

(+)-Menthol ((1S,2R,5S)-2-isopropyl-
5-methyl-cyclohexanol) 23

Mercaptohistidine 192

Merrifield, Bruce 432

Mesaconate 165-166

Mesaconic acid 173-175

meso-2,6-Diaminopimelate 226

meso-Epoxide 105

Mesorhizobium loti

Meso tartrate 166

Metallosphaera sedula 408

Metal-organic framework (MOF) 110

Metathesis reaction 97

Methacrylamide 250

Methane 27,410

Methane monooxygenase 9, 27

Methanoarchaea 274

Methanobacterium sp. 364

Methanocalculus chunghsingensis 273

256, 260

Methanococcus jannaschii 273
Methanococcus maripaludis 273
Methanococcus sp. 364
Methanogenic archaea 273
Methanohalophilus portucalensis 273
Methanol 22, 39, 84, 180, 259
Methanol oxidase 22
Methanosacina acetivorans 273, 332
Methanosarcina barkeri 273

Index

Methanosarcina mazei 273
Methanosarcina sp. 364
Methanothermobacter
thermautotrophicus 325
Methionine 38, 190-191, 224, 357, 365
residues 358-359
Methoxy acetaldehyde 150
4’-Methoxyacetophenone 48
4-Methoxycinnamoyl-CoA 446
4-Methoxycyclohex-3-ene
carbaldehyde 157
5’-Methoxyhydnocarpin 150
Methoxylamine 172
4-Methoxy-2’4,6’-
trihydroxychalcone 446
Methyl acetate 64
2-(2-Methyl-acryloyloxy-methyl)-
cyclopropanecarboxylic acid 86
Methylamine 172,354
3-Methylaspartase 173
3-Methylaspartate ammonia lyase,
173-175. see also
3-Methylaspartase
3-Methylaspartic acid 175
Methylation reaction 77, 192
Methyl p-phenylpropionate 95
3-Methylbutan-1-o0l 84
2-Methylbutyrate 332
2-Methylcyclohexanone 52, 155
3-Methylcyclohex-2-enone 53
2-Methyl-cyclopentanone 51
2-Methylcyclopentenone 52
Methylerythritol phosphate pathway
291
2-Methylfumaric acid, 173. see also
Mesaconic acid
(#)-2-Methylglycidyl benzyl ether 107
6-Methyl-5-heptene-2-ol 24
4-Methylideneimidazol-5-one (MIO)
176, 275, 279
Methyl 2-iodobenzoate 32-33
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Index

Methyl isocyanoacetate 441
Methylmalonyl-CoA 362, 450
Methylmalonyl-CoA carboxytransferase
379, 410
Methylmalonyl-CoA decarboxylase 379
Methyl (R)-o-chloromandelate 231-232
Methyl (R,S)-o-chloromandelate 231
Methyl (S)-o-chloromandelate 231
Methylococcus capsulatus 36
Methylosinus trichosporium 410
2-Methylpent-2-enal 52
(#)-2-Methyl-2-pentyl oxirane
3-Methylphenol 53
2-Methyl-1-phenylcyclopropane 29
(£)-2-Methyl-2-phenyl-1,2-
epoxypropane 107
1-(4-Methylphenyl)-1,2-ethanediol
12-13
2-Methyl-propan-2-ol 28
2-Methyl propene 37
2-Methylprop-2-enol 205
4-Methylsulfanyl-benzaldehyde 156
4-Methylsulfanyl-mandelonitrile 156
Methyl tert-butyl ether (MTBE) 67-68
5-(2-Methylthioethyl)hydantoin
116, 239
Methylthiol 191
Methyl trans-cinnamate 178
Methyltransferase(s) 299, 399
Methylvalerate 326
Mevalonate 296
Mevalonate pathway 291
Micacocidin 446
Michael addition 158
Michaelis constant 4

107

Michaelis-Menten equation 4
Miconazole 46

330
Microbacterium imperial 102
Microbacterium liquefaciens 238
Microbacterium sp. 87

Micractinium reisseri

Micrococcus luteus 286
Microcystin, non-ribosomal
peptide 226
Microcystis aeruginosa 226
Miltiradiene 290-292
Miltiradiene synthase 292
Miscanthus x giganteus 124
Mithramycin 393-394
Miyazawa 9
Molecular dynamics 456
MonacolinJ 395, 397
Monoamine oxidase(s) 41
Monochlorophenylalanine 179
2-Monoglyceride(s) 90
Mono glyceride(s) 89
mono-L-Valyl ester 95
Monomethylether 437
Monooxygenase 9, 27-28, 37, 278
Monosaccharide(s) 261, 437
rare sugars 257
5’-Monosubstituted-hydantoin racemase,
HyuA, and HyuE 112-114, 116,
238-240, 242
Monoterpene(s) 51,163
Moore, Stanford 2
m-Phenol(s) 33
mRNA(s) 373
mRNA-display macrocyclic peptide
libraries 432
Mucin glycopeptide(s) 443
Multifunctional protein 343
Multi-monocistronic vector(s) 401
Mutti 67
Mycobacterium M156 37
Mycobacterium marinum 27
Mpycobacterium smegmatis 64, 336
Mycobacterium sp. 364
Mycobacterium tuberculosis 272, 326
Mycobacterium vaccae 371
Mpycoplasma pneumoniae 446
Myoglobin 3
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Myrcene 163
Myristic acid 342
Myristoyl-AMP 341

n
N-Acetyl-a-aminosuberic acid

diester(s) 96
N-Acetyl-a-aminosuberic acid

monoester(s) 96-97
N-Acetylation 77
N-Acetyl-D-glucosamine 235-238
N-Acetyl-D-glucosamine 2-epimerase,

235-238. see also N-

acylglucosamine 2-epimerase
N-Acetyl-D-mannosamine 142, 235, 237
N-Acetyl-D-neuraminic acid

aldolase 238
N-Acetyl-D-neuramminic acid 235-238
N-Acetyl-D-neuramminic acid

synthetase 236
N-Acetylgalactosamine-a-threonine 73
N-Acetylglucosamine-f-serine 73
N-Acetyl-glucosamine-6-phosphate 77
N-Acetyl-5-hydroxytryptamine 77
N-Acetyllactosamine 443
N-Acetyllactosamine glycan, biotinylated

motif 444
N-Acetyl-L-tyrosine ethyl ester 94
N-Acetyl-neuraminate acid

lyase 235-238
N-Acetylneuraminic acid, 142. see also

Sialic acid
N-Acetylneuraminic acid aldolase 142
N-Acetylserotonin 76
N-Acetylserotonin

O-methyltransferase 76
N-Acetyltransferase 77
N-Acetyltyrosine benzyl ester 95
N-Acetyltyrosine methyl ester 95
N-Acylglucosamine 2-epimerase

235-238

Index

NAD" 368-369, 371
coenzyme 7,21
dependent 233, 376
regeneration 369-370
NADH 367-370, 373, 382, 395, 407
coenzyme 21, 294
dependent 37,49
recycling system 52
transient carriers of redox
equivalents 6
NADP* 377
coenzyme 21
NADPH 338, 370, 373, 382, 407,
410, 413
coenzyme 21, 294
cofactor recycling system 51
dependent 37, 44, 47, 50, 54, 408
generation 383
oxidation 323
regeneration 39-40, 52, 328-329
transient carriers of redox
equivalents 6
NAD(P) transhydrogenase, gene 410
Naphthalene 31, 34
Naphthalene cis-dihydrodiol 34
Naphthalene dioxygenase 33
Naphthylacetic acid(s) 334
1-Naphthylacetic acid(2-dansyloxy)ethyl
ester 84-85
1-Naphthylacetic acid(N-metyl-N-
dansyl-2amino)ethyl ester
84-85
Naproxen amide 99
Narcissus pseudonarcissus (Daffodil)
297
Nargenicin A1 401
Nargenicin Al acid 401
Naringenin 30, 188, 397, 399, 401,
403-404, 407-408
Narrow Al 453-454
National Institutes of Health (NIH) 35

505



506

http://chemistry-chemists.com

Index

N-Benzoyl-L-arginine ethyl ester
94-95
N-Benzoyl-L-arginine p-nitroanilide 98
N-Benzoyl-L-tyrosine thiobenzyl ester
95
N-Benzylacetamide 64-65
N-Benzyloxycarbonyl-3,4-dihydroxy-
pyrrolidine 36
n-Butyl benzoate(s) 33
N-Butyrylglucosamine 77
N-Carbamoyl-amino acid(s) 240
N-Carbamoyl amino acid
amidohydrolase 116
N-Carbamoylase 112-114, 239
N-Carbamoyl-f-amino acid(s) 118
N-Carbamoyl-p-D-amino acid(s) 118
N-Carbamoyl-p-L-amino acid(s) 118
N-Carbamoyl-p-phenylalanine 118
N-Carbamoyl-D-amino acid(s) 112-113,
115-116, 240
N-Carbamoyl-D-amino acid
amidohydrolase 112,115
N-Carbamoyl-D-
hydroxyphenylglycine 115
N-Carbamoyl-D-p-fluorophenylglycine
115
N-Carbamoyl-D-phenylalanine
N-Carbamoyl-D-p-
trifluoromethylphenylglycine
115
N-Carbamoyl-D-2-thienylglycine
118
N-Carbamoyl L-amino acid(s) 116
N-Carbamoyl-p-D-
hydroxyphenylglycine 115
N-Carbamoyl-(S)-f-amino acid(s) 117
N-Carbamyl-L-amino acid
amidohydrolase 116
NCR-reductase 53
N-Deacetylase N-sulfotransferase 442
N*-Acetyl-p-lysine 273

114

Neoglycoprotein(s) 73, 443-444

Neo-glycosylation 443

(—)-Neo-menthol((1R,2R,5S)-2-isopropyl-
5-methyl-cyclohexanol) 23

Neoxanthin 297-298, 303

Neoxanthin synthase 297

N-Ethylmaleimide reductase 52

Neuraminidase 235

Neurokinin-1 45

Neuropeptide(s) 222

Neurospora crassa 192

Neurotransmitter(s)

recyclization 353
signals 353

N,-fixation 351

n-Heptane 28,108, 178

n-Hexane 90, 109-110

N-Hydroxyaspartic acid 172

Niacin, 6, 102. see also Nicotinamide

Nicotinamide 102, 243

Nicotinamide adenine dinucleotide
(NAD) 6-7,21

Nicotinamide adenine dinucleotide
hydrogen (NADH) 21, 36

Nicotinamide adenine dinucleotide
phosphate (NADP) 21

Nicotinamide adenine dinucleotide
phosphate hydrogen
(NADPH) 21,36

Nicotinamide nucleotide
transhydrogenase 407

Nicotinate 243

Nicotinic acid 6, 102, 244

Nicotinic acid
phosphoribosyltransferase
368-369

Nitrate reductase 352

Nitrate reduction 349

Nitric oxide 353

Nitric oxide synthase 78

Nitrilase(s) 101, 171-172, 203
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Nitrilase superfamily, 99, 101. see also
Aliphatic amidase(s)
Nitrile(s) 101-102
Nitrile hydratase 101-102
Nitrite 118, 199-200
nucleophile 193
Nitrite reductase 352
Nitroalcohol 201
Nitroalkene 53
Nitrogen
assimilation 352-353
atmospheric 349
352-353
metabolism 347

donors

nutrition 352
starvation 300, 327, 395, 407-408
transport 352
1’-Nitrogen 365
Nitrogenase, inhibition 353
3-(Nitrophenoxy)propylene oxide
106-107
3-(2’-Nitrophenoxy)propylene oxide
106-107
4-Nitrophenyl butyrate 84, 87
4-Nitrophenyl caproate 84
6-(4-Nitrophenyl)dihydropyrimidine-2,4
(1H,3H)-dione 118
4-Nitrophenyl valerate 84
Nitrous acid 117
N-L-a-Aspartyl-L-phenylalanine
1-methyl ester (Aspartame) 170
N-(6-Methoxypyridin-3-yl)
decanamide 101
N-(6-Methoxypyridin-3-yl)
octanamide 101
N-Methylanthraniloyl-CoA 446
N-Methylbenzylamine 195
N’,N”-Dialkyllactosamine epitope(s) 443
N-(4-Nitrophenyl)decanamide 101
N-(4-Nitrophenyl)octanamide 101
N,N’-methylene-bis-methacrylamide 250

Index

Nocardia aurantia 159

Nocardia farcinica 243, 399

Nocardia globerula 102

Nocardia iowensis  25-26

Nocardia sp. 243, 401

n-Octane 28

N-Oleoylethanolamide 101

Non-conventional yeast(s) 51

Non-decarboxylative condensation 444

Nonessential amino acid 171

Non-Leloir glycosyltransferase(s) 70

Nonribosomal peptide synthetase 321,
323, 331, 356, 449-450

Nonsteroidal anti-inflammatory
drug(s) 99

Norcarane 29

Norditerpenoid quinone

abietane-type 289

Norephedrine 358

Norleucine 116, 227

Northrop, John 2

Novozym 36, 91-92

N-Palmitoylethanolamide 101

N-Phenyl-2-methylmaleimide 53

N-Succinyl-amino acid racemase 240

N-Sulfo heparosan 442

Nucleic acid(s) 352, 370, 440

Nucleopeptide(s) 435

Nucleoside(s) 156, 268

Nucleoside 5’-diphosphate 269

Nucleoside diphosphate(s) 69

Nucleoside phosphorylase 268-269

Nucleotide

binding site 350

Nylon-6 66
Nylon-11 39
(0]

O-Acylation 9
3-O-Benylglycerol 12
O-Benzyl-D-serine 113, 242
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Index

o-Chloroacetophenone 44-45

Octane 49

Octanoate 331

Octanoic acid 93

2-Octanol 24

Octene 35

0il(s) 390

Oilseed rape (Brassica napus) 346

1,2-O-Isopropylideneglycerol
butyrate 87

1,2-O-Isopropylideneglycerol caprylate
87

1,2-O-Isopropylideneglycerol ester(s)
87-88

0Old yellow enzyme 50, 53-54

OleA 323

OleABCD, gene cluster 323

Oleamide 101

Oleanane-type triterpene saponins

Oleate 390

Oleate hydratase 159-161

OleB 323

OleC 322,323

OleD 323

Olefin(s) 321, 323

Olefin p-lactone synthetase, 321. see
also OleC

Oleic acid 38, 159-160, 343, 345

Oligomer(s) 431

Oligopeptide(s) 2, 358, 435

Oligosaccharide(s) 71-73, 120, 123,
435,437,441-443

linear and branched 120

Oligosaccharide libraries 441

Olivanic acid 360

®-Aminocarboxylic acid(s) 160

®-Hydroxyundec-9-enoic acid 40

w-Transaminase 64, 66-67

7-O-Methyl aromadendrin 399

4-O-Methyl-D-glucuronopyranosyl
unit(s) 127-128

451

7-O-Methyltransferase 399
One-pot library synthesis 438, 444
One-pot reaction 438
One-pot reaction cascade 442
Operon 290, 299, 357, 360
0-Quinol dimmer 33-34
Organofluorine(s) 449-450
Organophosphate 457
Organophosphate hydrolase 104
Organosulfur compound(s) 38
Oridonin 294
Orlistat 323
Ornithine 224, 226
ortho-Fluoro acetophenone 48
Orthogonality 437
ortho-Halocinnamic acid(s) 185
ortho-Methyl, 2-phenylethyl methyl
ketone 48
Orthophosphate 104
Oryza sativa 278, 291
O-Sulfotransferase(s) 442
Ourococcus multisporus 330
Oviedomycin 394
OvoA methyltransferase 193
Ovothiol(s) 192
Ovothiol A 193
Oxaloacetate 165, 354, 363-365, 370,
372,374, 379, 383
Oxaloacetate decarboxylase 379
Oxaloacetic acid 327, 366, 368-369,
371, 381
2-Oxazolidinone(s) 201
5-substituted 201
(S)-5-substituted 202
Oxidoreductase(s) 14, 21, 50, 222
Oxidosqualene cyclase 451
Oxime 50
Oxirane 106
2-Oxoglutarate, reductive amination
351
2-Oxoglutaric acid 377
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3-Oxo-hexanoyl-ACP 338
12-Oxo-phytodienoic acid 342
12-Oxo-phytodienoic acid-CoA 342
Oxophytodienoic acid reductase 3 342
3-0x0-2-(2’-[Z]-pentenyl)-
cyclopentane-1-hexanoic acid
342
3-0x0-2-(2’-[Z]-pentenyl)-cyclopentane-
1-hexanoic acid-6-CoA 343
3-0x0-2-(2’-[Z]-pentenyl)-cyclopentane-
1-octanoic acid 342
3-0x0-2-(2’-[Z]-pentenyl)-cyclopentane-
1-octanoic acid-8-CoA  342-343
Oxygenase(s) 27,29
Oxygen, nucleophile 385
o-Xylene dioxygenase 33-34
Oxylipin(s) 342
Oxynitrilases 152

p

Pachysolen tannophilus 23

Paclitaxel (Taxol) 150, 182

Paenibacillus sp. 71

Palmitic acid 42

saturated 343

Palmitoleate 387

Pancratistatin = 32

Pantoea agglomerans (formerly Erwinia
herbicola) 282,286

Pantoea ananatis 301

Pantoea sp. (Pa-Ami) 100

Pantothenic acid 6

Papain 95,97

para-Chloro-DL-6-phenyl-5,6-
dihydrouracil 118

Paracoccus haeundaensis 295

Paracocus denitrificans 64

para-Fluoro acetophenone 48

para-Fluoro-phenylalanine 279

Parallel synthesis 433

2-(para-Nitrophenyl)-1,2-ethanediol 200

Index

186
198

para-Vinylphenol, derivatives
Parvibaculum lavamentivorans
Pasteur, Louis 1
Pathway-level recombination 445
Payen, Ansemme 1
p-Bromocinnamic acid 186
p-Chlorothioanisole 39
p-Coumarate 404

p-Coumaric acid 399-400, 403

PCR 267,274
p-Cymene 35

Pea (Pisum sativum L.) 352
Pectobacterium carotovorum 359-360
Pediococcus acidilactici 169
Penicillin(s) 38, 114, 359

Penicillin acylase 435

Penicillin-G 38, 222

Penicillin-V 38

Pentane 28

Pentose 121, 156, 248-249
biosynthesis and catabolism 269
sugars 251

Pentose phosphate cycle 408

Pentose phosphate pathway

glycolysis 344
Pentylmalonyl-CoA 337

Pepper (Capsicum spp.) 301-303
Pepsin  1-2,13

Peptidase 1, 94, 222-223
intracellular 356

Peptide(s) 2, 96, 276, 337, 356, 431-433,

435,443

antibiotics
arrays 433
445

nonribosomal 450

opioid 222
Peptide bond 3, 7, 94,97

amide bond 94, 96-98, 101
hydrolysis 94, 97-99

linkage of amino acid monomer 97

222

libraries
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Index

Peptide hormone(s) 96

Peptide synthesis 437

Peptidoglycan 105, 222-226

Peptidomimetic(s) 117, 431

Perfluorocarboxylic acid(s) 27

Perindopril 185

Peroxidase 5, 29, 298

Peroxidation 41-43

Peroxide(s) 41-42

scavenger 192

Peroxin, gene 390

Peroxygenase 28

Persea americana (Avocado) 344

Persoz, Jean-Francois 1

Petroselinum crispum 176,178, 187,
399-400

Petunia hybrida 399-400

Phaeodactylum tricornutum 303

Phage-displayed peptide libraries

Phanerochaete chrysosporium 30

Phaseollidin hydratase 159

Phenanthrene 35

Phenol 31, 34,186

simple substituted 186

Phenolate 437

Phenylacetate 332

Phenylacetic acid 151-152

Phenylacetone 154

Phenylacetone monooxygenase 39

4-(Phenylacetoxy)benzyloxycarbonyl
protecting group 435

Phenyl acetylcarbinol 24, 147

Phenylacrylic acid decarboxylase 186

Phenylalaninamide 101

Phenylalanine 29-30, 96, 178-179, 181,
186-188, 284, 286, 357, 397

marker group 435

residue 280, 283, 358

Phenylalanine aminomutase 182-183,
278-280, 282-286

MIO-dependent 280, 282

432

Phenylalanine-2,3-aminomutase 286
Phenylalanine ammonia-lyase
175-184, 186-188, 278-280, 282,
284, 397
Phenylalanine hydroxylase 29-30
2-Phenylenediamine 9
Phenyl 1,2-ethanediol 13
1-Phenylethanol 24
2-Phenylethanol(s) 37
1-Phenylethyl acetate 88
1-Phenylethylamine 63
Phenyl glycidyl ether 37
Phenylglycine, derivative(s) 187
5-Phenylhydantoin(s) 112
Phenylketonuria (PKU) 169
Phenylmethylsulfonyl fluoride 84
Phenyl methyl sulfoxide(s) 39
Phenylnorvaline 96
Phenyl n-propyl ketone 49
(+)-Phenyl-oxirane 109
Phenylpropanoid 281, 397, 400
pathway 397
Phenylpropanoid acid 400
1-Phenyl-2-propanone 45-46
3-Phenylpropenal, 158. see also
trans-Cinnamaldehyde
1-Phenyl propene 37
3-Phenylpropionaldehyde 158
2-Phenylpropionamide 101
Phenylpyruvate 171
Phenylpyruvate decarboxylase 145,
151-152
Phenylpyruvic acid 151
Phenyl trifluoromethane ketone 48
Phlebodium aureum 153
Phloroglucinol 393, 446
Phoenicoxanthin (Adonirubin) 301
Phosphatase 69, 102-103, 263
Phosphatidic acid phosphatase 347
Phosphite 52
Phosphodiesterase 104
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Phosphoenolpyruvate 70, 236, 364,
366, 369-370, 372, 380
Phosphoenolpyruvate
carboxykinase 372, 376, 383
Phosphoenolpyruvate carboxylase 364,
366-367, 369, 380, 408, 410
Phosphoglucomutase, gene 394
Phosphoglycerate kinase 399
4-Phosphohydroxy-L-threonine 74
Phospholipase 342
Phospholipid(s) 340, 342, 344
biosynthesis 342
metabolism 392
phosphopantetheinyl transferase 395
Phosphopentomutase(s) 265-269
Phosphorus
atom 357
starvation 407-408
transition state formation 73
Phosphorylate phosphinate L-alanyl-L-
phenylalanine 357
Phosphorylation 73-75, 261, 263, 333,
359, 384
Phosphotransferase 14, 105
Phosphotriesterase 457
Photorespiration 349, 352
Photosynthesis 352, 364
p-Hydroxyamphetamine 30-31
p-Hydroxybenzoic acid 25
p-Hydroxycinnamate 276
p-Hydroxyphenylhydantoin 115
Phylogenetic analysis 457
Physical masking technique(s) 432
Physostigmine 76
Phytase 104
Phytate 104
Phytoene 295
phytoene desaturase 299
Phytoene desaturase synthase 296,
298, 301
gene 301, 303

Index

Phytoene synthase 296, 299, 301-302
gene 302-303
Phytoene synthase-1
gene 302
Phytolacca Americana 9
Pichia kluyveri 48
Pichia pastoris 128, 395, 397
Pichia stipites 48
Pictet-Spengler reaction 186
Pig liver esterase 10, 84-86, 88, 184
Pimelic acid 382
Pimeloyl-CoA, 382. see also Pimeloyl-
Acyl Carrier Protein
Pinocembrin 397
Pinosylvin 187
Pinus contorta (Lodgepole pine) 124
Pinus radiate 123
Pinus rigida (Pitch pine) 124
Pinus strobes L. (Eastern white
pine) 125
Pinus taeda (Loblolly pine) 124
n-N-Methylation 193
Pisum sativum L. (Pea) 352
Pivalaldehyde(s) 156
B-substituted 156
Plasmid 300, 347, 366, 371, 382, 386,
397, 446
Plastic rod(s) (pin(s)) 433
Plastid(s) 295, 302, 344, 346, 352, 384
genome 297
transporters 344
Platencin 292-293
Platensimycin 292-293
PLP-aldimine 271
PLP-aminoacrylate 189
p-Methoxybenzoylacetate 48
p-Nitrobenzoylacetate 48
p-Nitro-p-phenylalanine 285
p-Nitrophenyl acetate 84-85, 87,95
p-Nitrophenyl phosphate 104
p-Nitrostyrene 199

511
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512 | Index
p-Nitrostyrene oxide 110, 200 terminal-alkyne-bearing 340
Polaromona sp. 28 Polyketide/nonribosomal peptide
Polyacrylamide, gel 250 synthetase, hybrid 446
Poly(acrylic acid-co-2-acrylamido Polyketide synthase(s) 277, 286, 338,
2-methyl propane sulfonic acid), 393, 395, 444-446
hydrogel 250 gene 340
Polyallylamine 48 iterative 449
Polyamide 6.6 99, 160 molecular type I 445-446, 449-450
Polycaprolactone 335 monensin 449
Polycistronic plasmid 237-238, 242 Poly-L-lactic acid (PLA) 229
Polycyclic arena(s) 34 Polymalic acid 374-375
Poly(epichlorohydrin) 395 Polymer array(s) 440
Poly(epichlorohydrin)-co(epoxy triacetic =~ Polymer blotting method 443
acid lactone) 395 Polymeric support(s) 435, 437
Polyester(s) 160, 335, 440 Polymerization 244, 328
Polyester library 440 Polymer-supported synthesis 434-435
Polyethylene 335 Polymyxin(s) 222
Polyethylene glycol 39, 128, 437 Polypeptide 2, 383-384
Polyethylene terephthalate (PET) 331 Polypeptide chain 364-365
Polyfluorophenylalanine 179 Polypeptide synthetase(s) 277
Polyhydroxyalkanoate(s) 169, 335 Polyphenol oxidase 440
copolymers 335-336 Polyphosphate 359
medium-chain-length 335-336 Polyphosphate kinase 359
short-chain-length  335-336 Poly(N-isopropylacrylamide)-
Polyhydroxyalkanoate synthase 169, poly(ethylenimine) 330
335 Polypropylene, nonwoven fabric
Poly(hydroxyalkanoic acid) 328, 385 membrane 128
Poly(3-hydroxybutyrate) 169, 410 Polysaccharide 119, 121, 124, 127, 442
Poly(3-hydroxybutyrate-co-3- anionic 442
hydroxyhexanoate) 169 Poly(hydroxyalkanoic acid)
Poly(3-hydroxybutyric acid) 328 synthase 328
Poly(3-hydroxydecanoate) 335 Polyunsaturated fatty acids
Polyketide 285-286, 336, 392-395, (PUFA) 42,245
404, 449 Polyvinyl alcohol 93, 151
backbone 450 Populus alba 399
biosynthesis 326 Populus deltoids 404
chain elongation 444 Porcine pancreatic lipase 89-90,
extender unit 338 93, 441
glycosylated 393 Porcine uteri (Uteroferrin) 104
production 446 Porphyromonas gingivalis 191, 271, 274

secondary metabolites 276 Position-addressable libraries 431
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353
Post-translational chemical

Post-translational

modification 432
p-Phenylenediamine 88
Precursor-directed biosynthesis 445-446
Prephenate 357
Presidential Green Chemistry Challenge

Award 17
Primer(s) 443
Proline 98, 401

residue 243, 358

Proline racemase 224-226, 228
Propanal 151

Propane 27-28

2-Propanol 27-28, 49, 52, 84
Propene 35

Propioin 151

Propionate 325-326, 331, 379
Propionibacterium acidipropionici

378-379

Propionibacterium freudenreichii 379,
410

Propionibacterium shermanii 379

Propionic acid 378-379

Propionitrile 102

Propionyl-CoA 336, 408
Propionyl-CoA carboxylase 408
Propionyl-coenzyme-A transferase 328,

378
Propiophenone 31, 154
Propranolol 111

2-Propylamine 67

Propylene degradation pathway 459

Prositagliptin ketone 67-68

Prostaglandin(s) 41, 87

Prosthetic group 6

Protease(s) 94-98, 222-223, 435,437, 440
deficient 414

Protein(s) 364, 446
amino acid side chains 41
biotin-carrying 408

Index

fusion 301, 399
metabolism 377
peroxisomal matrix 395
primary structure 2-3
quaternary structure 3
secondary structure 3
sequence alignments
solubility 458
structure 2,449, 457
synthesis 300, 353
tertiary structure 3
transcriptional repressor
translation 387
vegetable 346
Proteinase(s) 94
Protein engineering 456
Proteolysis 94, 432
Proteus mirabilis 181
Proteus sp. 243

Protex 6L 95
Provitamin A 297, 302
Prunoideae 153

449

367

Prunus amygdalus 152
Pseudoephedrine 146
(—)-(Pseudo)ephedrine 24
Pseudomonas aeruginosa 169, 230,
233,336
Pseudomonas alcaligenes 244
Pseudomonas aromatica 151
Pseudomonas butanovora 28
Pseudomonas chlororaphis 101
261
Pseudomonas fluorescens 148, 284, 393
Pseudomonas gladioli 164
Pseudomonas graveolens 224
Pseudomonas hydrophila 249
Pseudomonas oleovorans 29

Pseudomonas cichorii

Pseudomonas pseudoalcaligenes

Pseudomonas putida 31-33, 35,
114-115, 147, 169, 224, 226-227,
229-230, 233-234, 243, 280, 335-336

31, 167
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Index

Pseudomonas sp. 34, 36,116, 151, 159,
226, 231, 238-239, 243, 253, 256,

260, 335, 364
Pseudomonas striata 118
Pseudomonas stutzeri 256, 258-261

Pseudomonas taetrolens 224, 354-355

p-Trimethylamine-polystyrene 250

Purine(s) 111

Purine nucleoside 266, 269

Purine nucleoside phosphorylase(s)
266-267

p-Vinylacetophenone 49

p-Xylene 31, 33-34,90

p-Xylenol 33-34

Pycnoporus cinnabarinus 38

Pyloricidin 285

Pyranose, ring opening 257

Pyrene(s) 446

PyrethrinI 86

Pyridine 87

ring 223

Pyridine nucleotide transhydrogenase
383

Pyridoxal phosphate 6

Pyridoxal 5’-phosphate (PLP) 63,
67-68, 74, 144, 270-271, 274-275

coenzyme 223

dependent enzyme 189-190, 222,
224-226, 228

enzyme-bound 189

independent enzyme 222

Pyridoxine 6

Pyridylacrylic acid 179

2-Pyridyloxirane(s) 109-110

3-Pyridyloxirane(s) 109-110

4-Pyridyloxirane(s) 109-110

2-(4-Pyridyl)3yn-2-yl acetate 87

Pyrimidine(s) 111,269

Pyrimidine nucleoside 266

Pyrimidine nucleosides
diphosphate(s) 269

Pyroglutamic acid 98
Pyroglutamyl aminopeptidase serum
enzyme 98
Pyrophosphatase 70
hydrolysis 342
Pyrophosphate 332, 360
Pyrrolidine-2,5-dicarboxamide(s)
100
(2S,5S)-Pyrrolidine-2,5-
dicarboxamide 100
Pyrroline 5-carboxylic acid 360
Pyrroloindole alkaloid 76
Pyruvate 7,70, 141-142, 186, 189-191,
223, 235-238, 256, 291, 344,
363-366, 369-370, 372-375, 379,
381, 383
bypass pathway 394
by-product 378
pathway 377
plastid 345
production 374
Pyruvate: carbon dioxide ligase
(ADP-forming) 363
Pyruvate carboxylase 363-383
biotin-dependent 383
gene 377
Pyruvate decarboxylase 145-147, 152,
374, 380, 394
Pyruvate dehydrogenase 348, 373,
395, 399
Pyruvate dehydrogenase
complex 381,394
Pyruvate-formate lyase 366, 369
Pyruvate kinase 5, 70
Pyruvic acid 146, 236, 369-370

q

Quantic mechanics and molecular
mechanics, hybrid 456-457

Quercetin 188

Quinonoid 223
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r
rac-5-Arylhydantoin(s)
fluorinated 115
rac-Cyclopentyl chrysanthemate 86
Racemase(s) 221-222
amino acid 222
categories 222
Racemization(s) 74, 202, 222-226,
228-231, 233-234, 238, 280
amino acid 222
nonpolar amino acids 227
reversible 239
ring opening by a halide 199
rac-3-Fluorotyrosine 278
rac-4-Hydroxy-5-phenylpentane-
2-one 65
rac-Mandelic acid 232-234
Mixture 235
O-acylation 231
(R)-a-Cyanohydrin(s) 153
Radiolarian 449
(R)-a-Hydroxyketone 145
Ralstonia eutropha 168-169, 328
Ralstonia solanacearum 446
(R)-3-Aminobutyric acid 172
Random forest(s) 458
Raney-Nickle catalyst 254
Rapamycin 449
(R)-a-Phenylalanine 279
(R)-2-Aryloxypropanoic acid(s) 336
Ras-farnesyl transferase 36
(R)-(+)-a-Terpineol 163-164
Rational protein design 457
(R)-Azido alcohol 199
(R)-2-Azidoalcohol 199
(R)-p-Arylalanine(s) 183, 279-280
(R)-Benzoin 147-148
(R)-1-Benzyloxy-2-methylpropane-2,3-
diol 107
(R)-p—Hydroxyester 48
(R)-B-Hydroxy nitrile(s) 203

Index

(1R)-[3,5-Bis(trifluoromethyl)phenyl]
ethanol 45
(R)-p-Lysine (D-p-Lysine) 271
(3R)-B-Phenylalanine 278
(R)-B-Phenylalanine(s) 183,
279-280
substituted 285
(R)-B-Tyrosine 276-278
1R-Camphor 35
(2R)-5-Carbamoylpyrrolidine-2-
carboxylic acid 100
(5R)-Carbapen-2-em-3-carboxylate
359-360
(5R)-Carbapen-2-em-3-carboxylic
acid 361
(5R)-Carbapenem-3-carboxylic acid
360
(R)-Carnitine 195
(R)-2-Chloro-1-(2,4-dichlorophenyl)
ethanol 46
(R)-2-Chloromandelic acid 157
(R)-2-Chloromandelonitrile 158
(R)-2-(4-Chlorophenoxy)propanoic
acid 336
(R)-3-(3-Chlorophenyl)-1,2-
propanediol 108
(R)-Chromanemethanol 205
(R)-Cyanohydrin 154, 156
(R)-Dihydrouracil(s) 117
(R)-3,4-Dihydroxy-p-phenylalanine
((R)-p-DOPA) 278
(R)-3,3’-Dimethoxybenzoin 151
(R)-Dimethyl-a-methyl-succinate
52
(R)-Dimethyl-2-methylsuccinate 53
(R)-Diol 110
rDNA 404
Reactive oxygen species (ROS) 41
Recomparin 442
Re-designed enzyme(s) 456
Reductase 37,194
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Index

Reduction 440
aldehydes and ketones
C=Cbonds 50-54
conjugated C=C bond 51

Reduction/dehydration, -carbon 449

Regioselectively controlled library 438

Reinforcement learning 455

(R)-Epichlorohydrin 108-109, 195,

203, 205

(R)-Epoxide 35, 106-107, 196

Resin 433, 443

Resveratrol 187, 401, 403-404

Resveratrol synthase 403

(R)-5-Ethyl-oxazolidin-2-one 196

Retrosynthesis 431

Reveromycin 337

Reveromycin A 337-338

(R)-5-Fluoro-B-dopa 278

(R)-3-Fluoro-p-tyrosine 278

(1R)-(2-Furyl)-ethanol 23

(R)-y-Chloro-p-hydroxybutyronitrile

196

(R)-y-Dodecalactone 160

Rhamnopyranoside 9

Rhizobium etli 365-367

Rhizobium-legume symbiosis 353

Rhizobium sp. 364

Rhizopus oryzae 84,374,377

Rhodobacter sphaeroides 186, 290,

298, 359

Rhodococcus erythropolis

99-100, 111

Rhodococcus jostii 243

Rhodococcus opacus 347

Rhodococcus rhodochrous 9

52,87

33-35, 39, 107

108,

44-50

12, 45,

Rhodococcus ruber
Rhodococcus sp.
Rhodosporidium toruloides
183, 280-281
Rhodotorula glutinis 176,178, 181
Rhodotorula graminis 180

Rhodotorula sp. 48
(R)-3-Hydoxy isobutyric acid 168
(R)-2-Hydroperoxy acid(s) 41-42
(13R)-Hydroperoxy-(9Z,11E)-
octadecadienoic acid 43
(R)-3-Hydroxyacyl-ACP 335
(R)-3-Hydroxyacyl-CoA 335
medium-chain-length 335
(R)-Hydroxyalkanoate(s) 335
(R)-3-Hydroxyalkanoate-CoA(s) 335
(R)-3-Hydroxybutyrate-CoA 169
(R)-3-Hydroxybutyric acid 168
3(R)-Hydroxybutyryl-CoA 167
(R)-2-Hydroxy-3,3-dimethoxy-1-
arylpropan-1-one 150
(R)-Hydroxy ketone 65
(R)-2-Hydroxy-3-methoxy-1-
arylpropan-1-one 150
3-(R)-Hydroxy-1-phenyl-2-butanone
151
(R)-2-Hydroxy-4-phenyl-3-butene
nitrile 158
(R)-2-Hydroxy-4-phenylbutyric acid
158
(R)-2-Hydroxy-4-phenylbutyronitrile
158
(R)-2-Hydroxypropiophenone 148, 151
(R)-10-Hydroxystearic acid 159-160
Ribavirin 267
Ribitol 259-260
Riboflavin 6
Ribokinase 269
Ribonuclease A 2
Ribonucleotide reductase 5
Ribopyranoside 9
Ribose 266
Ribose 1,5-bisphosphate 266
Ribose 5-phosphate isomerase 267
Ribulose-1,5-bisphosphate carboxylase/
oxygenase (Rubisco), gene 410
Ricinoleic acid 39-40
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Rieske dioxygenase 33

(R)-Levodion 53

(R)-(+)-Limonene 163-164

(R)-(-)-Linalool 163

(R)-Lysine (D-Lysine) 274

(R)-Malate (D-Malate) 166-167

(R)-Mandelate 233-234

(R)-Mandelic acid 230-231, 233-234

(R)-Mandelic ethyl ester 233-234

(R)-(+)-Mandelonitrile lyase(s) 152

(R)-3-Methoxy-2’-chlorobenzoin 151

(R)-2-Methylglycidyl benzyl ether 107

(+)-(R)-2-Methyl-2-phenylmalonate 88

RNA

biosynthesis 266

interference 292

molecules 2

(R)-3-(1’-Naphthyloxy)-propane-1,2-diol
111

(R)-N-Phenyl-2-methylsuccinimide 53

Robot(s) 459

Robotics 433, 453

(R)-o-Chloromandelate 232

2-(R)-Octane 27

(R)-1,2-Octanediol 110

(R)-1,2-O-Isopropylideneglycerol
butyrate 87-88

(R)-1,2-O-Isopropylideneglycerol
caprylate 87-88

Rosaceae 153

Rosemary 9

Rosetta design calculation(s) 457

Rossmann-like domain 274

Rosuvastatin 203

(R)-Pantolactone 156

(R)-Phenylacetylcarbinol

(R)-Phenylephrine 11

(R)-1-Phenyl-1,2-ethanediol 24,
109-110

(1R)-Phenylethanol 23

(R)-1-Phenylethanol 88

146

Index

R-Phenyl hydantoic acid 112
R-Phenyl methyl sulfoxide 39
(6R)-Phenyltetrahydropyran-2-one 97
(R)-p-Nitrostyrene oxide 200-201
(R)-Propranolol 111
(2R,4R)-4-Amino-1-
phenylpentane-2-ol 65
(3R,4R)-N-Benzyloxycarbonyl-3,4-epoxy-
pyrrolidine 36
(3R,5R)-2,4,6-Trideoxyhexose 142
(2R,3S5)-2-Alkyl-3-hydroxyalkanoate
ligase 321
(2R,3S5)-2-Alkyl-3-hydroxyalkanoic
acid 321
(2R,4S)-4-Amino-1-
phenylpentane-2-ol 65
(2R,5S)-5-Carbamoylpyrrolidine-2-
carboxylic acid 100
(3R,55)-6-Chloro-2,4,6-
deoxyhexpyranoside 144
(2R,3S)-3,7-Dimethyl-6-
octene-1,2-diol 9
(R,S)-Epichlorohydrin  108-109
(-)-(1R,5S) Lactone 41
(R,S)-0-Chloromandelate, mixture
232
(R,S)-Phenylalanine 284
(R,S)-1-Phenyl-1,2-ethanediol 23-24
(-)-(1R,4S,6S)-6-Hydroxy-bicyclo[2.2.2]
octane-2-one 47
R-Sulfoxide(s) 38
(1R)-Tetrahydronapthol 23
(R)-Transaminase 65-66, 68
Rubrivivax benzoatilyticus 175
(R)-Valinol 67
(R)-w-Transaminase 67

S

(S)-a-Arylalanine(s) 182-183
Saccharification 123, 125, 252
Saccharogen amylase 120

517
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Index

Saccharomyces cerevisiae 22-23, 30,
45-47, 49, 51, 105, 123, 168, 187,
270, 292, 325, 344, 364, 372, 377
379, 384, 387, 389, 400,
403, 413-414

engineered 376

negative 374

recombinant 404

wild-type 373

Saccharomyces spp. 51, 53

(S)-a-Cyanohydrin(s) 153

(S)-Acyloin(s) 147

S-Adenosylmethionine (SAM) 270, 395

(S)-a-Halo-p-arylpropionic acid 54

Saikosaponins 451

Sakuranetin 399

Salicylate(s) 397

Salicylic acid 334

S-Alkyl-L-cysteine  189-190

conjugate 189

S-Alkyl-L-cysteine sulfoxide(s) 191

S-Alkyl-sulfonic acid(s) 191

S-Ally-L-cystine sulfoxide 191

Salmonella enterica 325

Salt bridge 3

Salvia miltiorrhiza 289-291

(S)-a-Lysine (L-a-Lysine) 271,274

(S)-2-Aminoethyl-L-cysteine 273

(S)-2-Amino-4-phenylbutanoic acid, 116.
see also L-Homophenylalanine

(S)-3-Amino-3-phenylpropionic acid
91, 93

(S)-2-Amino-3-(thiophen-2-yl) propanoic
acid 179

(S)-Antipode 336

(S)-a-Phenylalanine(s) 183, 279-280

Saponins 451

monoglycosylated 451

S-Aralkyl-L-cysteine 190

(S)-Arylalanine 283

S-Aryl-L-cystenine 190

(S)-(-)-a-Terpineol 164
(S)-15-Aza-14,15-dihydrogeranylgeranyl
thiolodiphosphate 288
(S)-1-Azido-3-bromo-2-propanol 199
(S)-1-Azido-3-halo-2-propanol 199
(S)-p-Amino acid(s), aromatic 281

(S)-Benzoin 147
(S)-p-Hydroxyester 48
(S)-p-Hydroxy nitrile(s) 203
(S)-p-Lysine 271-272, 275
(3S)-p-Phenylalanine 282
(S)-p-Phenylalanine(s) 183, 279-280,
282, 284-286
(S)-B-Phenylalanine-
aminoacyl-AMP 286
(S)-p-Tyrosine 275-278
Scenedesmus obliquus 330
Schiff base 140, 142
Schizosaccharomyces pombe 253,
374, 414
(S)-3-Chloro-4,5-dihydroxy-p-
phenylalanine 276
(S)-4-Chloro-3-hydroxybutyronitrile
198
(S)-2-Chloro-1-phenylethanol
(S)-3-Chlorostyrene oxide 108
(S)-Chromanemethanol 205
Schwann 1
S-Citalopram 92
Scopolamine 77
(S)-Cyanohydrin 154
(S)-Dapoxetine 91
(S)-1,2-Diacetoxy-3-chloroprpane 90
(S)-2,3-Dichloro-1-propanol 202
(S)-Diol(s) 106
sec-a-Hydroxyketone(s) 146
Securinine 54
Selective deprotection 434
N-deprotection 435
Selenomethionine 356
Selenosubtilisin 44

202
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(S)-Epichlorohydrin 109, 195, 198
(S)-Epoxidation 37
(S)-Epoxide 35,107,110-111, 198
Serine 94, 99, 223, 357
catabolism 224
residue 194, 243, 283, 333, 350, 414
Serine hydrolase(s) 89, 101
Serine protease(s) 95, 98
Serine racemase 223-224, 226
Serine-threonine kinase 44
Serotonin 76-77, 91
Serratia liquefaciens 25
Serratia marcescens 360
Serratia sp. 243
Sertaconazole 46
Sesquiterpenoid(s) 51
(S)-3-Fluorotyrosine 278
(1S)-(2-Furyl)-ethanol 23
Shewanella livingstonensis
Shikimate pathway 403
Short-chain fatty acid ester(s) 87
13(S)-Hydroperoxy-(9Z,11E)-
octadecadienoic acid 42
(118)-Hydroperoxy-(9Z,1227)-
octadecadienoic acid 43
(S)-3-Hydroxyacyl-CoA 335
(S)-3-Hydroxyacyl-CoA thioester(s) 167
3(S)-Hydroxybutyryl-CoA 167
(S)-10-Hydroxy fatty acid(s) 160
(S)-1,3-Hydroxy ketone 66
(S)-2-Hydroxypropiophenone 147
(S)-10-Hydroxystearic acid 159
(S)-10-hydroxyundecanoic acid 161
Sialicacid 142, 235
Sialic acid aldolase
Sialylation 443
Sialyl Lewis® glycopeptide 437
Silicibacter pomeroyi 64
Silver nitrate 257, 263
Simultaneous saccharification and
fermentation (SSF) 125

171

142

Index

(S)-2-Indolinecarboxylic acid 185-186
Sinenxan A 9
Single cell oil(s) 347
Sinorhizobium meliloti 238
Sinorhizobium morelens 115
(S)-1-Isoprpylamino-3-(1-naphthoxy)-2-
propanol 90
Sitagliptin 17, 67-68, 182
Site-specific mutagenesis
(S)-Keto reductase 66
(S)-Lactaldehyde 140
(S)-(-)-Limonene 164
(S)-(+)-Linalool 162-163
(S)-Malate (L-Malate) 164-165
(S)-Mandelate 233, 235
(S)-Mandelate dehydrogenase 232
FMN-dependent 233
(S)-Mandelic acid 230, 233-235
(S)-1-(4-Methoxyphenyl) ethanol 48
(S)-Naproxen 99-100
(2S)-Naringenin 397, 403
(S)-2-Nitro-a-phenylalanine 284
(S)-(+)-N,N-Dimethyl-o-[2-(1-
naphthalenyoxy)
ethyl|benzenemethanamine 91
Sn2 nucleophilic substitution 351
(S)-O-Acetyl mandelate 231
(S)-o-Chloromandelate 232
(S)-1-(o-Chlorophenyl)-ethanol 45
Sodium azide 199
Sodium bicarbonate 370
Sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE)
354, 356
(S)-1,2-O-Isopropylideneglycerol
Solanum tuberosum 109
433-434,437
432,434-435,

449-450

87-88

Solid-phase support
Solid phase synthesis
437,443
Soman 457
Sorghum bicolor 153
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Index

(S)-Oxazolidinone(s) 202

(35)2,3-Oxidosqualene 36

Soyasapogenol B 451

Soybean lipoxygenase 42

Soybean peroxidase 440

Spallanzani 1

S-Palmitoylated oligopeptide 435

Spandex 17

(S)-para-Nitrostyrene oxide

(S)-(-)-Perillaldehyde 51

(S)-Phenylalanine 283-284

(S)-Phenylephrine 12

(S)-1-Phenyl-1,2-ethanediol

(1S)-phenylethanol 23

(S)-phenylglycine 187

S-Phenyl methyl sulfoxide 39

(S)-1-Phenyl-2-propanol 45

Sphingobium sp. 164

Sphingomonas sp. 12, 23, 36, 108

Sphingosine 145

(2S)-Pinocembrin 397

Spiramycin 401

Spiroepoxide(s) 200

Split-mix (split and pool) synthesis
protocol 433

Spodoptera litura 9

S-Propenyl-L-cystine 191

(S)-Propranolol 111

Squalene 36

Squalene epoxidase 36

Squalene monooxygenase 36

(2S,4R)-4-Amino-1-phenylpentane-2-ol
65

(3S,5R)-Carbapenam-3-carboxylic acid
361

(2S,3R)-3,7-Dimethyl-6-
octene-1,2-diol 9

(1S,2R)-erythro-1-Phenylpropane-1,2-diol
110

(-)-(1S,5R) Lactone 41

(25,4S)-4-Amino-1-phenylpentane-2-ol 65

199, 201

23-24

(3S,5S)-Carbapenam-3-carboxylate 359
(3S,5S)-Carbapenam-3-carboxylic
acid 360-361
(2S,78)-7-(Carboxymethyl)-azepane-2-
carboxylic acid 361
(28,65)-6-Carboxymethyl-pipecolic
acid 361
(3S,55)-Diaminohexanoate 275
(4S,6S,7R)-7-Methyl-carbacepham 362
(2S,6S,7R)-7-Methyl-6-carboxymethyl-
pipecolic acid 362
(2S,5S,4R)-4-Methyl-5-carboxymethyl
proline 362
(1S,38,55)-1-Methyl-carbapenam 362
(28,6S,7S)-7-Methyl-6-carboxymethyl-
pipecolic acid 362
(28,58,4S)-4-Methyl-5-carboxymethyl
proline 362
S-Sulfo-L-cysteine 189
S-Sulfoxide 39
Staphylococcus aureus
Staphylococcus sp. 364
Starch 1, 71, 119-121, 123, 126, 344
converting enzymes 120
corn 229
Stearic acid 245
saturated 343
Stearoyl-ACP desaturase 345
Stearoylation 42
1-Stearoyl-2-[13’~(S)-hydroperoxy-
(9Z,11’E)-octadecadienoyl]-sn-
glycero-3-phosphoch-oline 42
Stein, William H. 2
Stenotrophomonas maltiphilia 160, 322
Stenotrophomonas nitritireducens 160
Steroid diol 440
Steroid hormone(s) 330
Sterol 36
(S)-1,2,3,4-Tetrahydroisoquinoline-3-
carboxylic acid 185
(1S)-Tetrahydronapthol 23

355, 364
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Stevia rebaudiana 290

Steviol 290

Steviolbioside 70

Steviol glycoside(s) 290

Stevioside 70

Stilbene 187, 446

Stilbene synthase 187

Stilbenoid resveratrol 188

(S)-Transaminase 65-66

Streptococcus faecalis 226

Streptococcus mutans 105

Streptococcus sp. 226

Streptomyces argillaceus 393-394

Streptomyces avermitilis 399

Streptomyces cattleya 450

Streptomyces coelicolor 394, 397, 401

Streptomyces globisporus 276

Streptomyces griseoplanus 355

Streptomyces griseoverticillatus var.

tuberacticus 272-273

Streptomyces griseus 97, 250, 299

Streptomyces lividans 273, 338

Streptomyces maritimus 182-183, 285

Streptomyces phaeochromogenes 250

Streptomyces platensis 292

Streptomyces roseosporus 449

Streptomyces rubiginosus 250-251, 256

Streptomyces scabrisporus 286

Streptomyces SK = 252

Streptomyces spp. 36, 250, 271-272,

288, 337, 360

Streptothricin F  271-272

Strong AI 454

Stubomycin 286

Styrene 31, 35, 37, 50

Styrene epoxidation 36

Styrene epoxide 37

Styrene monooxygenase 36, 186-187

Styrene oxide 109-110, 187, 199
derivatives 200

(S)-Styrene oxide 36, 186

Substrate inhibition 102
Subtilisin 95, 97, 435

Succinate 365-373, 376-379, 409
Succinic acid 366, 369-372, 379
Sucrose 1,123,255, 344, 352, 375
Sugar(s) 1, 355,370, 390, 401, 437

biosynthesis 446
elongation 443
moieties 443
TDP-nucleotide 441
UDP-nucleotide 441
Sugarcane

bagasse 124
molasses 375

Sugar-phosphate isomerase(s) 249

Sulconazole 46
Sulthydryl protease(s) 94
Sulfide 39

Sulfolobus metallicus 408
Sulfone 39, 50
Sulfoxidation 38-39
Sulfoxide(s) 38, 39, 50
Sulfur, starvation 407-408
Sumner 2

Suncus murinus 251
Superoxide 41

Index

Superoxide dismutase(s) 41, 298, 382

Supervised learning 455

Support vector machine(s) 458
Supramolecular chemistry 442

Sustainable chemistry 15

Suzuki-Miyaura coupling 186

(S)-valinol 67
Sweetgum 124
(S)-o-Transaminase 67
syn-p-Hydroxy acid 322

Synechococcus elongatus 410

Synechococcus sp.
Synechocystis sp.
syn-Pimara-7,15-diene 291
syn-Stemar-13-ene 291

295,410

236-237, 349, 409
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Index

syn-Stemod-13(17)-ene 291
Synthetase 321

Syringic acid 25
(-)-Syringolide 2 140

t

Tagatose 1,6-diphosphate aldolase 140

Tanshinone(s) 289-291

Taurine:a-ketoglutarase dioxygenase 29

11-Taxadiene 9

Taxifolin 404, 407

Taxol (Paclitaxel) 9,91, 111,117,
278, 281-282

Taxus baccata 282

Taxus brevifolia 278, 282

182, 279

Taxus chinensis 278-279, 282

Taxus cuspidate 278, 282

Taxus sp. 279, 281

Taxus wallichiana 182

t-Butyl benzoate(s) 33

t-Carboxyethyl proline 361

Teichoic acid 105

Teredinibacter turnerae 340

Terpene(s) 51

Terpene synthase(s) 292

classI 292

Terpenoid(s) 9, 32, 51, 281, 293

Terpenoid cyclase(s)

classI 289

classII 288

tert-Amyl alcohol 441

Tetra-cis-lycopene 296

Tetracontane 28

Tetracyclic diterpene steviol 290

Tetrahydrofolate 6

Tetrahydroisoquinoline 186

2,445 -Tetrahydroxychalcone 30

2,3,4,6-Tetra-O-acyl-D-
hexopyranoside(s) 9

TEV protease 73

Taxus canadensis

Thauera, spp. 151

Theanine 224, 354-355

Theopalauamide 117

Thermoanaerobacter ethanolicus 251

Thermoanaerobacterium
saccharolyticum 256, 258

Thermoanaerobacterium
xylanolyticum 251

Thermoanaerobacter siderophilus 251

Thermobacillus composti 259

Thermobifida fusca 39, 252

Thermococcus kodakarensis 269

Thermolysin 98

Thermotoga maritima 256, 259-260

Thermus oshimai 251

Thermus sp. 49

Thermus thermophiles 341

Thermus thermophilus 165

Thiamine 6, 377

Thiamine diphosphate 145, 148,
149, 151-152

Thiamine pyrophosphate 6

Thiamphenicol 156

Thiazoline 446

Thienamycin 360

Thin film deposition 432

Thio(s) 44

Thioanisole 39

Thioester 331

Thioesterase 343, 347, 395

gene 329

Thioesterification

(S)-enantioselective 336

Thiol(s) 190

Thiophene-benzimidazole 44

2,5-Thiophenedicarbaldehyde 25

Thiophene, substituted 176,178

Thiophen-2-yl-alanine 184

threo-Diol(s) 106

threo-Methylphenidate 96

Threonine 227,365
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residue 283, 325-326
Threonine-a-epimerase 227
Threonine aldolase(s) 144-145,227
Threonine-trisaccharide conjugate 442
Thromboxane synthetase 233
Thymidine 269
Thymidine 5’-diphosphate 269-270
Thymidine 5’-monophosphate 270
Thymidine monophosphate kinase 270
Thymine deoxypolyoxin C 145
Thymine phosphorylase 269
Thyrotropin 98
Thyrotropin-releasing hormone 98
Tobacco (Nicotiana tabacum) root
22,31,90
Tolypocladium inflatum 223
Torulopsis glabrata 374
Toxoid(s) (Taxanes) 281
Tranexamic acid 334
trans-o,f-Unsaturated carboxylic

acid(s) 175
Transacylase 338
Transaldimination 271
Transaminase(s) 63-64, 66-67,187
Transamination 63-64, 67-68, 74, 189
trans-p-Lactone 322
trans-p-Methylstyrene oxide
Transcarboxylation 365
(+)-trans-Chrysanthemic acid 86
trans-Chrysanthemic acid ester(s) 86
trans-Cinnamaldehyde 158
trans-Cinnamate epoxide

ring-substituted 280
trans-Cinnamic acid 175-176, 180,

278-279, 283
trans-Cinnamic acid decarboxylase
trans-D-erythro-Sphingosine 165
trans-Enoyl-CoA reductase 168
trans-Enoyl-CoA thioester 168
trans-2-Enoyl-CoA thioester(s) 167
trans-Epoxide 106

104
Toluene

110

186

Index

trans-Epoxylactone(s) 38
Transesterification 343
trans-Esterification 83
Transferase(s) 14, 120
Transglycosylation 442
Transhalogenation 195
trans-2-(2-Methyl-acryloyloxymethyl)-
cyclopropanecarboxylic ethyl
ester 85
trans-2-Norcaranol 29
trans-p-Coumaric acid 175
(z)-trans-1-Phenyl-2-methyl-
oxiane 109
trans-Pyrrolidine-2,5-carboxamide 100
Transsulfuration 189
trans-Urocanic acid 175
trans-Vicinal diol(s) 36
Trehalose 105
Trehalose-6-phosphate phosphatase
104-105
Treponema denticola 168, 189
Triacetic acid lactone 394-395
Triacylglycerol (TAG) 329-330, 340,
343, 345-347, 389, 392
biosynthesis 345-347
formation 342
microalgae 343
synthesis pathway 390
Triacylglycerol lipase(s) 89
Tributyrin 93
Tricarboxylic acid (TCA) cycle 164,
256, 323, 327, 364-365, 370, 372,
374-377, 379, 382, 389, 408
1,1,1-Trichloroethane 88

Trichoderma reesei 128
Trichoderma strains 123
Trichoderma viride 129

Trichosporon loubierii  106-107
Tricyclic aglycone 393
Triethanolamine lauryl sulfate 180

Trifluoroacetophenone 31
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Index

2,2,2-Trifluoroethyl ester(s) 92
Triglyceride(s) 89-90, 333
2’4, 4-Trihydroxychalcone 30-31
Trihydroxydolabrene 293-294
4,4,6-Trimethyl-9-oxabicyclo[4.3.0]
non-2-en-8-one 38
4-Trimethylsilyoxycyclohex-3-ene
carbaldehyde 157
Triolein 90
Triosephosphate isomerase 274
Tripeptide 356
(Triphenylphosphoranylidene)ethyl
acetate 184
Tripterygium wilfordii 292
Triptolide 292
Trisaccharide, deoxygenated 441
Tris(hydroxymethyl)phosphine 252
Triterpenoid(s) 292, 451
Triticum aestivum L. 297
tRNA (Transfer RNA) 73
Trypanosoma cruzi 225, 351
Trypanosoma vivax 225
Trypsin 1-2,13,95,97
Tryptophan 77,151
residue 325, 327, 358
Tryptophan ammonia-lyase 175
Tsukamurella sp. 195
Tuberactinamine A 272-273
Tuberactinomycin(s) 272-273
Tuberactinomycin A 272-273
Tuberactinomycin B (viomycin)
272-273
Turnover number(s) 4-5
acetylcholinesterase 5
B-galactosidase 5
B-lactamase 5
carbonic anhydrase 5
catalase 5
fumarase 5
phosphoglucomutase 5
recA protein (an ATPase) 5

tryptophan synthetase 5
Tyrosine 29-30, 50, 72, 187-189, 326,
397, 403
residue 194, 223, 243, 350, 358, 360
Tyrosine a,f-amino mutase 275
Tyrosine aminomutase 276-278
Tyrosine 2,3-aminomutase, 275-276,
278, 282. see also Tyrosine
o,B-amino mutase
Tyrosine ammonia-lyase 175-176,
186-187, 282, 284, 399, 403-404
Tyrosine hydroxylase 30
Tyrosine phenol lyase 186
Tyrosine residue 194, 223, 243, 350,
358, 360
Tyto alba (Barn owl) 392

u

UDP 70,72

UDP-2-deoxy-galactose 441

UDP-6-deoxy-galactose 442

UDP-galactose 69-70

UDP-galactose-4’-epimerase  70-71

UDP-glucose 70, 72

UDP-glucose-pyrophosphorylase 70

UDP-N-acetyl-glucosamine 77

Ugi condensation library 440

Ugi condensation reaction 441

Ulva pertusa 41

Undecaprenol 105

Undecaprenol kinase 105

Undecaprenyl phosphate 105

Undecaprenyl phosphate
phosphatase 105

University of Minnesota Biocatalysis/
Biodegradation Database
(UM-BBD) 458-459

Unsupervised learning 455

Urea 1,373

Urease 1,5

jackbean 1
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Uridine 69

Uridine 5’-diphosphogalactose,
deoxygenated derivative(s) 441

Urocanic acid 180

Ursane-type triterpene saponins 451

UTP 70

|4

Vaccenic acid 245

Vaccinium myrtillus L. (Bilberry) 298

Valeraldehyde 152

Valerate 331

Valganciclovir hydrochloride 95

Valine 116, 286

residue 243, 325

Valinol 67

Valproic acid 334

Vancomycin 224

Vanillic acid 25-26

Vanillin 25-26, 169

(-)-Verbenone 9

Vibrio cholerae 226

Vicinal diol(s) 12, 25, 105-106,
108-109, 140

Vigna angularis 113,115,117

Vinylacetate 49-50, 231

Vinyl ester(s) 438, 440

Vinyl glycolate (2-hydroxy-3-butenoic
acid) 230

Vinylphenol(s), substituted 186

Violaxanthin 297-298, 300, 303

Viomycin 271

Vitamin A 297

Vitamin B; 6

Vitamin B, 6

Vitamin Bs 156

Vitamin Bs 6, 63

Vitamin B;, 6

Vitamin D3 342

Vitamin E 378

Vitis vinifera 403

Index

w

Walden inversion reaction 12

Warner, John C. 15-16

Water-soluble polymer support(s) 443

Weak AI 453

Wheat straw 123

Williopsis californica 23

Williopsis saturnus 23

Wittig-type reaction 184

Wood-Werkman cycle 378-379

WRINKLED1 (WRI), a regulator of fatty
acid biosynthesis 345

X
Xanthomonas campestris 322
Xanthophyll 297, 301
esterification 302
Xanthophyll cycle 300
Xanthophyll synthesis 300
Xenobiotic(s)
benzoic acid 333
carboxylic acid 332
endogenous carboxylic acids 333
Xenobiotic/medium-chain fatty
acid:CoA ligase(s) (XM-ligase)
332
Xylan 127-128
Xylanase(s) 127-129
Xylitol 128, 253, 260, 265
Xyloglucan 127
Xylo-oligosaccharide 129, 267
Xylopyranoside 9
Xylose 125-129, 248-249, 253
Xylose isomerase, 247-251, 253, 257. see
also Glucose isomerase
Xylose reductase 45

y
Yarrowia lipolytica 377, 389-390, 392,

394-395, 404

Yeast 289, 327, 374, 397, 451
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Index

Yeast (cont'd)
auxotrophic 377
cell 440
cell surface 450
clones 451
fermentation 253, 268, 355, 364
genome 403
glycolysis 269
heterologous host 449
recombinant 451
reduction 49
Ylide 149

z
Zanamivir (Relenza’) 142
9Z-p-Carotene 298
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