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Preface

The advent of modern biotechnology nearly 50 years ago has led to transformation
of many aspects of human life, but it is the healthcare sector that continues to reap
seemingly endless benefits offered by the ability to manipulate the genetic informa-
tion within living organisms, turning them into factories producing complex yet
well-defined macromolecules with highly specific biological properties and func-
tions. The first recombinant protein drug – insulin – was approved in 1982, merely
10 years after the production of the first recombinant DNA molecule. The total num-
ber of protein therapeutics introduced in the following years into clinical practice in
the USA alone exceeds 150, with over a thousand currently at various stages of de-
velopment and testing. Moving beyond the confines of single-molecule medicines,
biotechnology now also offers opportunities to treat previously intractable patholo-
gies using objects as complex as intact viral particles and indeed re-engineered cells.
In the past several years, we have witnessed a triumphant entry of several gene thera-
pies into the ranks of approved treatments for a range of devastating genetic disor-
ders, and extensive efforts are already underway to develop the next generation of
virus-based medicines, such as oncolytic viruses. Even more complex objects generated
with the use of biotechnological tools are now actively pursued, such as genetically re-
programmed bacteria capable of blocking the immune checkpoints of drug-resistant tu-
mors and initiating durable anti-tumor immunity.

The list of the highly effective medicines designed and produced with the use of
biotechnological tools continues to expand at an ever-accelerating pace, and so are
the expectations/requirements for the analytical characterization of the biopharma-
ceutical products. Even the simplest entities within this class of medicines are highly
complex compared to their small-molecule counterparts (that are usually generated
using the organic synthesis tools) and require sophisticated and highly specialized
analytical tools for their characterization. The potential of mass spectrometry as a
means of addressing these tasks has become apparent as early as 1980s, and within a
decade this technique has become a default tool in the analytical armamentarium of
the biopharmaceutical industry. While its utility in the analysis of biopharmaceutical
products was initially limited to various aspects of covalent structure characteriza-
tion, it is now commonly used for a range of other highly demanding tasks, including
the higher order structure analysis, quantitation of biopharmaceutical products and
detection/identification of impurities, just to name a few. Many of such applications
have become routine, but the relentless pursuit of ever-more challenging targets in the
biopharmaceutical field continues to raise the bar for the analytical work, constantly
stimulating refinement of the existing techniques and development of the novel ones.

This book aims at presenting both the commonly used approaches to characteri-
zation/analysis of biopharmaceutical products that are based on mass spectrometry,
and the new technologies that are developed to address the emerging challenges in
this field. The material is presented in a systematic way, guiding the reader from the
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common tasks and applications to the more specialized ones. Chapter 1 serves as a
brief introduction by presenting the field of biopharmaceuticals and the role of the ana-
lytical work at various stages of their discovery, design, development, and testing.
Chapter 2 provides background on modern biological mass spectrometry, focusing on
those concepts and techniques that are referred to in the subsequent chapters of the
book. Chapters 3 and 4 discuss various approaches to characterization of covalent and
higher order structure of therapeutic proteins, respectively. Chapter 5 delves into the
issues of biosimilarity and comparability, and how they can be addressed using mass
spectrometry. Chapter 6 explores in great detail characterization of impurities in bio-
pharmaceutical products, including both product- and process-related ones. Quantita-
tion of protein therapeutics is the focus of Chapter 7. Chapter 8 provides an overview of
mass spectrometry-based methods for characterization of biopharmaceutical products
that do not fall into the category of protein therapeutics and their derivatives (with the
emphasis placed on the oligonucleotide-based medicines and the gene therapy prod-
ucts). Lastly, the concluding Chapter 9 briefly discusses two emerging areas of applica-
tions of mass spectrometry in biopharma: the process analytical technology and the
personalized medicine. While our intent was to provide comprehensive coverage of the
entire field, it is physically impossible to consider every approach or application that
had been reported in the literature. Furthermore, the preparation of this book lasted
over 3 years, and the field of biopharmaceutical analysis has experienced truly dra-
matic changes over this time period, mirroring the transformative changes of the entire
biopharma sector (including the first approvals of cell and gene therapies in the USA).
We made every effort to capture these changes and the new trends, but some omissions
are obviously inevitable. Lastly, a consistent effort has been made throughout the en-
tire book to avoid endorsing specific vendors and instrumentation as much as possible,
focusing instead on general principles of the presented techniques and highlighting
specific technical requirements when needed.

This book was inspired to a very significant degree by multiple collaborations and
discussions with colleagues in the biopharmaceutical sector. Our special thanks go to
Pavel Bondarenko (Amgen), Damian Houde (Relay Therapeutics), Steven Berkowitz
(Biogen), Phil Savickas (Merk Pharmaceuticals), Paul Salinas (Takeda), John Thomas
(Alexion), Olga Frieze and Justin Perry (Pfizer). The completion of this book would not
be possible without the help of the past and present colleagues and collaborators at the
University of Massachusetts-Amherst. We are particularly indebted to Yang Yang and
Cedric E. Bobst, Ian Carrick (currently at Purdue University), Rinat R. Abzalimov (CUNY
Advanced Science Research Center), Jake W. Pawlowski (Amgen), Chendi Niu (Astra-
Zeneca), and Khaja Muneeruddin (Broad Institute), who provided unpublished material
to illustrate various concepts and applications presented in this book. Finally, we really
want to have a feedback from you – our readers. Please contact any of the authors if
you have questions or comments on any concepts presented or ideas/opinions ex-
pressed in this book. We would love to hear from you and to learn from your own expe-
rience – and for that we want to thank you in advance.
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Chapter 1
Analytical chemistry in biopharma

This introductory chapter discusses the unique aspects of analytical characterization of biophar-
maceutical products, and highlights the role of analytics in various aspects of their discovery,
development, and testing. In addition, we point out the unique and increasingly important role
played by mass spectrometry (MS) in this endeavor, which is the focal point of this book.

The terms “biologics” and “biopharmaceuticals” are frequently used interchangeably
to designate a growing segment of medicines that are distinct from both natural prod-
ucts and synthetically produced therapeutics in that they are manufactured using the
tools of biotechnology [1]. The Food and Drug Administration (FDA) broadly defines
biological products as a wide range of substances such as vaccines, blood and blood
components, allergenics, somatic cells, gene therapy, tissues, and recombinant thera-
peutic proteins. They can be composed of proteins, carbohydrates, or nucleic acids,
as well as combinations of these substances, or indeed may be living entities such as
cells. The term “biopharmaceuticals” (or “biopharmaceutics”) is typically understood
in a narrower sense, i.e., as products generated by living organisms whose genetic
machinery has been altered not only to maximize the yield of the desired product,
but indeed to make the organism produce foreign entities for which the wild type spe-
cies are not programmed. This term came into use with the advent of modern biotech-
nology in 1980s, although “biopharmaceutics” was commonly used in the literature
as early as 1960s, when it was defined as “the study of the relationship between . . .
physical and chemical properties of the [small-molecule] drug and its dosage forms
and the biological effects observed following [its] administration” [2], a field which is
now known as the pharmacodynamics (PD) studies. The biotechnological route of
production makes biopharmaceuticals distinct from the natural products (obtained
from living entities that had not been genetically modified). This definition should be
further clarified by specifying the relatively large molecular weight of biologics
(upward of several kilodaltons, Figure 1.1), which typically places these entities
outside of the reach of organic synthesis. Therefore, small-molecule medicines
produced using the biotechnological means are not considered as biopharmaceut-
icals. However, it is important to note that a number of biopharmaceuticals that
are currently on the market were initially produced as natural products, and a
smaller subset can be also manufactured using the tools of organic synthesis [3].
Furthermore, the vast armamentarium of organic chemistry is frequently employed to
either enhance the pharmacokinetic properties of biopharmaceuticals (e.g., via PEGyla-
tion) or indeed endow them with therapeutic potency (e.g., antibody–drug conjugation
or haptenation of recombinant carrier proteins in vaccines), making the biotechnol-
ogy/organic synthesis dichotomy somewhat blurry. To further complicate the matter,
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small nucleic acid–based medicines are usually considered biopharmaceuticals, de-
spite being produced using the means of organic synthesis.

Proteins comprise the vast majority of biopharmaceuticals (hence, the frequent
use of the terms “protein therapeutics” or “protein drugs,” which until recently
were considered to be synonymous with the “biopharmaceuticals”), although the
share of oligonucleotide-based medicines continues to grow [4]. Furthermore, bio-
technological routes of production are now actively evaluated for a range of carbo-
hydrate-based medicines (e.g., heparin and heparin-derived products) that were
traditionally manufactured as natural products. Modern biotechnology allows the
biosynthetic machinery to be manipulated to enhance their therapeutic characteris-
tics [5], making these polysaccharides chemically and biologically distinct from their
cousins obtained from the animal sources; therefore, such entities should also be
viewed as biopharmaceuticals. Lastly, the newest generation of biotechnology prod-
ucts used in medicine comprise complex and highly organized entities that incorpo-
rate multiple biopolymer units (e.g., a large number of proteins and nucleic acids
making up viral particles in gene therapy applications [6]).

Currently, biopharmaceuticals constitute the fastest growing segment within
the pharmaceutical market (Figure 1.2), with the number of new medicines in this
class introduced each year since 2017 being consistently in the double digits. Since
the FDA statistics reflected in Figure 1.2 pertains only to new medicines approved
by the Center for Drug Evaluation and Research (CDER), it actually underestimates
the total number of biologics license applications (BLAs) approvals, since a number
of BLAs are approved by the Center for Biologics Evaluation and Research (CBER).
Among the eight BLAs approved by CBER in 2020, one is a recombinant therapeutic

Figure 1.1: Size scale of biopharmaceuticals (insulin, cyan; interferon β1a, magenta;
immunoglobulin γ, yellow; and adeno-associated virus, multi-color) in comparison with a
small-molecule (a single amino acid) medicine thyroxine (green).
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protein (SevenfactTM, a recombinant form of factor VIIa [7]), and one other is a cell
therapy (TecartusTM, a CD19-directed genetically modified autologous T-cell immu-
notherapy [8]). Furthermore, one of the two vaccines approved by CBER in 2020 –
MenQuadfiTM – is a so-called conjugate vaccine (a product of conjugation of poly-
saccharide antigens to a recombinant form of tetanus toxoid) [9], which should also
be considered a biopharmaceutical product (Figure 1.3). Likewise, the 2019 approval
numbers shown in Figure 1.2 do not include three CBER-approved BLAs for products
designed and manufactured using the recombinant DNA technology (two vaccines –
Ervebo [10] and Dengvaxia [11] – and a gene therapy product, Zolgensma [12, 13]).

The clinical success rates of biologics are typically higher compared to the small-
molecule drugs [14], a fact that is usually attributed to higher specificity of their in-
teractions with therapeutic targets leading to higher efficacy and fewer side effects.
Perhaps the best illustration for the superior effectiveness of the biopharmaceutical
products and their ability to meet not only the existing but also emerging chal-
lenges in medicine is the fact that as of this writing all novel products that have
received emergency approvals for the prevention and treatment of COVID-19 are
biopharmaceuticals. While a few synthetically produced small-molecule medicines,
such as ritonavir, and at least one natural product (heparin) have also been approved
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and are included in several treatment regiments of the novel coronavirus infection,
these are repurposed medicines. In contrast, all SARS-CoV-2 targeting medicines that
have truly become game-changers in combating the COVID-19 pandemic are novel
products manufactured with the use of biotechnological tools, such as the Gamaleya
Institute’s Sputnik V [15] and the Pfizer/BioNtech BNT162b2 [16] vaccines, as well as a
range of monoclonal antibodies targeting the novel coronavirus and effectively reduc-
ing the viral load [17].

While the diverse examples of biopharmaceutical products listed in the preced-
ing paragraphs exhibit a wide range of chemical/biological properties, an important
common feature of these entities is that all of them are biopolymers or combinations
of biopolymers. An important consequence of this is the presence of multiple non-
covalent intra- and inter-molecular bonds, which give rise to a higher order struc-
ture, or conformation. The latter is critical not only for the function (and, therefore,
therapeutic activity) of the macromolecular medicines, but also for a variety of other
interactions they may encounter post-administration, most notably with the host’s
immune system. While molecular conformation is an important characteristic of nu-
merous small-molecule medicines as well, it only pertains to the formulation and
solid dosage (where different polymorphs frequently display significant variation in
their physicochemical properties, which affect the release/absorption rates [18]); once
the drug is dissolved and absorbed, all memory of the solid-state conformation(s) is
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mAbs
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ADCs (2)

oligonucleotides (2)

conjugated vaccine (1)
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Figure 1.3: Left: the 2020 CDER and CBER approvals by modality; the sliced-out sectors represent
medicinal products that are considered biopharmaceuticals (i.e., designed and manufactured using
recombinant DNA technology, as well as synthetic oligonucleotides). Right: all biopharmaceutical
products approved by the FDA in 2020 sorted by modality.
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lost. In contrast, the intricate three-dimensional architecture of a macromolecular
drug must be maintained up until the point when its target is reached. This is
needed not only to ensure the therapeutic effect, but also to eliminate the possibil-
ity of adverse reactions (such as the immune response). Therefore, the centrality
of non-covalent intramolecular interactions vis-à-vis maintaining the proper confor-
mation may be used as one of the defining criteria for biopharmaceutical products.

Another important distinction between the small-molecule medicines produced
synthetically and the protein therapeutics manufactured using biotechnological tools
is the significant structural heterogeneity frequently displayed by the latter. For ex-
ample, the majority of therapeutic proteins are glycoproteins (i.e., they contain at
least one glycan moiety that is enzymatically attached to the polypeptide chain after
its translation has been completed); other post-translational modifications (PTMs) are
also encountered frequently within a wide range of protein drugs. Although these en-
zymatic processes are tightly controlled in the course of the protein drug manufactur-
ing, they nonetheless do not have the same fidelity as the translation off the genetic
template. Therefore, instead of having a uniquely defined covalent structure, a pro-
tein drug is usually present as an ensemble of proteoforms, whose distribution in the
final product must be controlled.

From the analytical point of view, the large size,the inherent (but nonetheless
controlled) structural heterogeneity and the presence of the higher order structure (con-
formation) defined by the non-covalent interactions are the three main factors that set
biopharmaceutical products apart from the classical small-molecule medicines and
natural products. It is these three factors that create the framework for the analytical
characterization of protein therapeutics and other biopharmaceutical products. The
analyses are largely focused on the so-called critical quality attributes (CQAs), which
are physical, chemical, biological, or microbiological properties or characteristics
that must be within a certain limit, range, or distribution (Figure 1.4) in order for
the specific product quality requirements to be met [19, 20]. MS is unique in that it
can address a wide range of CQAs related not only to the biopharmaceutical product‘s
potency and effectiveness (e.g., the amino acid sequence of a protein therapeutic and
the integrity of its higher order structure) but also to its pharmacokinetic profile (e.g.,
oxidation of monoclonal antibodies affecting their affinity for FcRn receptors and, ulti-
mately, their lifetime in circulation), safety (e.g., the presence of immunogenic PTMs
and aggregation propensity) and purity (e.g., the presence of the host cell proteins in
the final product).

A detailed discussion of CQAs and a related concept of the quality target pro-
duct profile (QTPP) within the broader framework of the quality by design (QbD)
approach to the development of biopharmaceutical products [19] is beyond the
scope of this book. However, this section would be incomplete without mention-
ing the relevant analytical concepts, such as the analytical target profile (ATP)
and analytical quality by design (AQbD), which were introduced by analogy to
the QTPP and QbD concepts, but relate specifically to the analytical work. While
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considered to be a subset of QbD, AQbD provides a mechanism to ensure that the
analytical procedures are well understood, fit for purpose, robust, and consis-
tently deliver the intended performance throughout their life cycle, and their ap-
plication minimizes possibility of the analytical method failure [21]. In general,
selection of a specific method of analysis (not necessarily limited to MS-based
analyses) is made once CQAs are identified and ATP is specified. The choice of a
specific method should be scientifically sound (e.g., take into account the required
sensitivity and selectivity), and the method should be robust. Optimization of the
method is frequently facilitated by evaluating the operating parameters within the
multifactorial design space.The specific requirements that must be met by analytical
methods evolve throughout the biopharmaceutical product‘s life cycle. For example,
methods employed during Phase I studies are mainly used to characterize the prod-
uct, support batch release, and facilitate stability testing; the emphasis is placed on
identity, potency, and purity. As the product transitions to Phase II, the analytical
procedure should be described, and the validation data should be available upon re-
quest. It is at this stage that the method qualification is expected (to confirm that it is
fit for the purpose and the measurement results are reliable and reproducible). Full
method validation is highly advisable (but not formally required) upon the product’s
transition to Phase III. According to the ICH-Q2 guidance, the validation characteris-
tics include accuracy, reproducibility, specificity, limits of detections, and limits of
quantitation. The BLA method submission should include not only the detailed de-
scription of the procedure (with sufficient detail to enable its reproduction), but
also information on standards and controls, system suitability (to ensure that the
entire system – including both the equipment and the analytical operations – will
function correctly) and calculations (including both representative calculations
and justification for correlation factors). The method is subject to re-validation at
any time it is transferred (e.g., from the R&D department to QC, or to a different
corporate entity). Although validation is not required for the so-called compendial
methods (i.e., those listed in the Pharmacopeia), the methods are considered com-
pendial only when they are applied to compendial products. An interested reader
is referred to ICH Q2(R1) for more detailed information; the new guidance is cur-
rently being developed (Q14, specifically targeting the analytical method develop-
ment), but it has not been released as of yet. In addition to the final product
characterization, in-process controls (IPCs) are frequently implemented during
the production process, but these are not subject to regulation/monitoring by the reg-
ulatory agencies.

Once developed, the analytical method must be closely monitored vis-à-vis its per-
formance throughout the life cycle. Performance of various assays is matrix-dependent,
and it can be affected by, for example, change in the raw material sources or consum-
ables (such as filters). Other sources of variation are changes of the reagents and
standards and transitioning to new analytical instrumentation. Personnel changes
(for analyses carried out on-site) or a business decision to switch to a new CRO

Chapter 1 Analytical chemistry in biopharma 7



(for outsourced analytical work) may also be a source of variation. Method valida-
tion provides representative snapshots of the analytical method performance over
time and a quantitative measure of variability. The latter can be used to determine
whether the variability is acceptable to avoid situations when the assay results are
within the specifications range, but the assay itself fails to meet the validity criteria.

In addition to playing a critical role in addressing regulatory issues, MS is also
indispensable in many other aspects of the biopharmaceutical products’ develop-
ment, including the discovery stage. The tasks supported by MS can range from
identification of therapeutic targets at the early discovery stage via implementing
large-scale proteomic and/or metabolomics screens to localizing epitopes within
the already identified therapeutic targets and optimizing paratopes within the drug
candidates, to name a few. Although MS is a mature analytical technique, it con-
stantly evolves and its capabilities continue to expand at an accelerating pace, en-
abling ever more sensitive and informative analyses that allow most intimate details
of the biopolymer structure to be determined. It is therefore not surprising that MS
not only continues to enjoy a steady growth in popularity in the biopharmaceutical
arena, but in fact is the most important analytical tool in this field [22]. The purpose
of this book is to familiarize the readers who are interested in/involved with the bio-
pharmaceutical sector with the capabilities of modern MS that are relevant for both
characterization of the finished products and the discovery/development of novel bio-
logic medicines. No prior experience with MS is expected of the readers; in fact, the
structure of the material presentation allows this book to serve as an effective intro-
duction to this field for analytical scientists and biochemists who have little familiar-
ity with the MS-based methods of analysis of biopharmaceutical products. At the
same time, the expansive range of topics and the depth of their coverage should also
make this book a valuable resource even for the most seasoned MS veterans, as they
will be able to find a wealth of valuable information outside of their area of expertise.
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Chapter 2
A brief overview of biological mass spectrometry:
concepts and definitions

This chapter provides concise background material on modern mass spectrometry (MS) instru-
mentation and techniques that will be referred to in the subsequent chapters of this book. The
chapter equips the reader with a knowledge base needed for making an informed choice of a
particular instrument or technique for a specific task. The important concepts pertaining to
biomolecular MS are briefly reviewed, with an emphasis on features that are most relevant to
biopharmaceutical analysis.

2.1 Mass measurements: stable isotopes, isotopic distributions,
ionic and molecular masses, and mass resolution

Mass spectrometers are analytical devices that transfer molecules from a gas or con-
densed phase to vacuum, ionize them and manipulate them using electromagnetic
fields to determine abundance of ionic species as a function of their mass-to-charge
ratios (m/z). While MS analyses can be performed across a wide range of atomic and
molecular objects, we will focus our discussion on biological macromolecules and
try to avoid generalizations or presenting the material that may not be directly rele-
vant to the field of biopharmaceutical analysis. A variety of excellent books cover
the general aspects of MS [1–4]; in addition, comprehensive resources are available
describing applications of this technique in the fields of synthetic small-molecule
medicines [5–7] and natural products [8].

There is a great variety of ways to perform MS measurements, all of them based
on the fact that behavior of any ion in electromagnetic fields is uniquely determined
by its m/z ratio. Therefore, even though it is the ionic mass (m) that is the primary
target of most MS measurements, the actual measured characteristic is m/z. Since
small molecules usually give rise to ions bearing a single charge, the difference be-
tween the ionic mass and the m/z ratio is largely semantic (they are numerically
equal to each other). In contrast, macromolecules are frequently represented in MS
by multiply charged ions, and the numeric value of the m/z ratio could be a small
fraction of the ionic mass. We will consider the multiple charging phenomenon
(and discuss various way to calculate the value of z based on the appearance of the
ionic signal in MS) in Section 2.2. Since all charge carriers have a physical mass of
their own, the ionic mass always differs from that of a neutral molecule even in the
case of singly charged species. The extent of this deviation varies significantly across
different charge carriers (e.g., the mass ratio of the two most common carriers – a pro-
ton and an electron – ismp/me = 1.83615 × 103).
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Up to this point, our discussion was based on an implicit assumption that each
ion (as well as the molecule it represents) can be assigned a unique mass. This as-
sumption, however, ignores the fact that the majority of elements have more than
one stable isotope, giving rise to a possibility of multiple molecules with identical
elemental composition having unequal masses. Most of the elements that are com-
monly encountered in proteins and other biopolymers have at least two stable iso-
topes, but the relative abundance of the lightest isotopes of carbon, hydrogen, oxygen,
and nitrogen dwarfs that of the heavier isotopes of the same element (e.g., 13C/12C natu-
ral abundance ratio is 0.011, while 15N/14N is less than 0.004). Nevertheless, the large
number of atoms comprising a biopolymer molecule dramatically increases the proba-
bility of at least one heavier isotope being incorporated into the molecule (Figure 2.1).
Even relatively short peptides contain multiple isotopologs (species having identical
chemical structures, but differing in their isotopic compositions). The so-called isotopic
distributions (abundance distribution of isotopologs plotted as a function of
their masses) are usually presented as histograms showing a monoisotopic spe-
cies M (containing only the lightest isotope of each element) and a series of
isotopologs M + 1, M + 2, and so on. This presentation ignores the fact that each
of the M + n species is comprised of several unique isotopologs, for example, in
addition to a 13C/12C substitution, M + 1 species also contains contributions from
a 15N/14N substitution; the number of unique isotopologs within the M + 2 spe-
cies would be even more significant (see Figure 2.1). State-of-the-art MS instru-
mentation allows these isotopologs to be distinguished from each other in some
cases, but for the most part in this book we will be using a common approach
that does not distinguish isotopologs within each M + n species. An important
consequence of this choice is that the monoisotopic species (M) is the only mo-
lecular entity that has a well-defined mass (e.g., for methionine enkephalin
having a molecular formula C27H35N5O7S it would be a sum of 27 ×m12C + 35 ×m1H +
5 ×m14N + 7 ×m16O +m34S = 573.22575 Da), which is usually referred to as the monoi-
sotopic mass.

The monoisotopic mass values are sometimes rounded to the nearest integer (a
value commonly referred to as the nominal mass), but this results in a loss of very
important information. For example, the nominal mass of methionine enkephalin
considered above (YGGFM) would be numerically equal to that of a range of other
compounds with different compositions (e.g., a peptide KAREA would have the same
nominal mass of 573, but obviously a different amino acid composition). Compounds
having identical nominal masses but a different chemical compositions are called iso-
baric species or isobars (YGGFM is isobaric to KAREA). The ability to measure the
monoisotopic mass with a high degree of precision/accuracy afforded by modern MS
allows isobars to be distinguished from each other based on their accurate masses
(which are sometimes referred to as exact masses). Such measurements typically re-
quire high mass resolution, a measure of the ability of a mass spectrometer to distin-
guish between ionic signals of two species with close (but not identical) masses. Mass
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spectra – the plots of ionic abundance as a function of m/z ratio – are continuous
graphs (unless purposefully changed to a histogram format to reduce the load on the
data processing/handling system), and each molecular species represented by a single

Y

YGGFM

YGGFMTSEKSQTPLVTLFKNAIIKNAYKKGE

MPRSCCSRSGALLLALLLQASMEVRGWCLESSQCQDLTTESNLLECIRACKPDLSAETPM
FPGNGDEQPLTENPRKYVMHFRWDRFGRRNSSSSGSSGAGQKREDVSAGEDCGPLPEGPE
PRSDGAKPGPREGKRSYSMEHFRWGKPVGKKRRPVKVYPNGAEDESAEAFPLEFKRELTG
QRLREGDGPDGPADDGAGAQADLEHSLLVAAEKKDEGPYRMEHFRWGSPPKDKRYGGFMT
SEKSQTPLVTLFKNAIIKNAYKKGE

Figure 2.1: Isotopic distributions of biological molecules of different sizes (an amino acid tyrosine,
a short peptide methionine enkephalin incorporating tyrosine, a polypeptide β-endorphin
incorporating the methionine enkephalin sequence, and a protein corticotropin incorporating the
β-endorphin sequence). In each case, the intensity of the most abundant isotopic peak is set at
100%, and the positions of the monoisotopic peaks are labeled with a star in each panel. The inset
in the methionine enkephalin panel shows isotopologs comprising the isotopic peak M + 2.
Complete sequences of all biomolecules are shown at the bottom of the figure.
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bar in histograms shown in Figure 2.1 gives rise to an ionic signal with a finite width.
Mass resolution (R) is defined as

R= M
ΔM (2:1)

where M is the m/z value of a particular ion, and ΔM is the width of its signal inten-
sity distribution on m/z scale (usually taken at 50% of the maximum intensity).
Since both the numerator and the denominator in (2.1) contain z values, a mathemati-
cally equivalent definition of mass resolution would have anm/Δm ratio; however, it is
important to remember that the mass resolution is frequently a function of m/z (this
will be examined in more detail later in this chapter). Accurate mass measurements for
any ion cannot be carried out unless the resolution is sufficient to eliminate interfer-
ences from other ions with close m/z values. This is illustrated in Figure 2.2, where
ionic signals of monoisotopic peaks of methionine enkephalin and two of its isobars
are simulated at mass resolution ranging from 2,500 to 60,000. Even if the interfer-
ences are absent, determining the accurate ionic mass is a much more challenging task
at lower resolution, since localization of a peak apex becomes increasingly difficult as
the peak top becomes “flatter,” especially in the presence of its inevitable modulation
by noise.
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Figure 2.2: Simulated signals for iso-abundant ions representing protonated forms (MH+) of three
isobaric peptides (YGGFM, GWAPGS, and KAREA) at different levels of mass resolution as indicated
on the graph. The dotted line indicates the exact mass of methionine enkephalin (574.2330); the
exact masses of its two isobars are 574.26258 (GWAPGS) and 574.3307 (KAREA). Only the m/z
region corresponding to the monoisotopic peaks is shown for clarity.
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The results of accurate mass measurements are typically reported together with
the measurement uncertainty; this allows a determination to be made vis-à-vis how
many different mass values corresponding to unique compounds fall within the
confidence interval. Should the confidence interval be sufficiently narrow to con-
tain only one unique mass value, the accurate mass measurements can be used to
establish a unique empirical formula. For example, measuring the mass of the pro-
tonated form of methionine enkephalin as 574.2330 with a 0.3 ppm precision would
allow a unique empirical formula to be identified whose mass falls within the confi-
dence interval (C27H35N6O7S1, which is the molecular formula of the [M + H]+ ion of
methionine enkephalin). Expanding the confidence interval would of course result
in a progressive increase of the number of putative compounds whose masses fall
within the interval (e.g., 2 at 1 ppm and 15 at 10 ppm for the example considered
above), although many of the candidate masses can be filtered out as mathematical
artifacts, that is, corresponding to chemically unreasonable empirical formulae. It is
important to remember that mass resolution is not the only factor defining the mass
measurement precision. A significant systematic error can be introduced by poor
calibration of the instrument. An interested reader is referred to a tutorial on this
subject [9]; a detailed technical study comparing various types of MS instrumentation
vis-à-vis their ability to provide accurate mass measurements is also available [10].

As the size of the biopolymer increases, the laws of combinatorics dictate that
the relative abundance of the isotopolog comprised of the lightest isotopes of each
element decreases precipitously (Figure 2.1). In fact, the abundance of the monoiso-
topic peak falls to extremely low values even for proteins of a relatively modest size
(as illustrated in Figure 2.1 using a 29.5 kDa precursor of β-endorphin as an example).
In practice, such low-abundance species evade MS detection, as their signal levels
fall below that of noise. Therefore, the notion of the monoisotopic mass is not particu-
larly useful for larger polypeptides and proteins, unless isotopic depletion strategies
are employed to generate recombinant proteins that are artificially enriched with 12C,
14N, 16O, and so on [11]. The ionic or molecular mass of larger biopolymers can be re-
ported using the most abundant isotopolog in the signal distribution, which is some-
times referred to as the most abundant mass. The problem with this approach is that
in many cases (particularly, for high-molecular-weight macromolecules) it may be dif-
ficult to select the most abundant isotopic peak, as the binomial distributions dictating
the appearance of the isotopic clusters are wide, and even minor modulations by
noise may change the abundance order of peaks at the apex of the distribution. Fur-
thermore, as the macromolecular mass increases, the ability to observe distinct isoto-
pic peaks requires progressively higher levels of mass resolution: as one can see from
equation (2.1), regardless of the ionic charge the level of mass separation sufficient for
resolving individual isotopic peaks is numerically equal to the ionic mass. Since the
masses of the majority of modern protein therapeutics exceed 100 kDa, the isotope-
level resolution can only be achieved when high-resolution state-of-the-art MS instru-
mentation is available (these features will be discussed in more detail later in this
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chapter). Therefore, a better (and commonly used) approach to assigning the mass of
large macromolecular species uses the notion of an average mass, which is simply an
abundance-weighted average of masses of all detectable isotopic peaks in the signal
distribution. The average mass can be readily obtained even if the ionic signal is not
isotopically resolved, in which case it can be estimated with a reasonable degree of
precision and accuracy using either a centroid or an apex of the continuum signal
(Figure 2.3).

2.2 Generation of macromolecular ions: matrix-assisted laser
desorption/ionization (MALDI) and electrospray
ionization (ESI)

The advent of matrix-assisted laser desorption/ionization (MALDI) [12, 13] and elec-
trospray ionization (ESI) [14, 15] in late 1980s paved the way toward rapid expansion
of MS-based methods of structural analysis into the realm of biological macromole-
cules. There is a variety of comprehensive resources addressing various aspects of
MALDI and ESI in great detail, including several excellent books [16, 17]. This sec-
tion provides a brief overview of those features of both MALDI and ESI that are par-
ticularly relevant for the MS analysis of recombinant proteins and other biological
macromolecules that are the primary subject matter of this book.

As the name suggests, MALDI belongs to a family of ionization techniques that
produce molecular ions off solid surfaces by combining the desorption and ioni-
zation processes. This is typically achieved by embedding the analyte molecules
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Figure 2.3: A zoomed view of the ionic signals of methylated trypsin at z = +14 obtained with
a high-resolution mass spectrometer (FT ICR MS, black trace) and a medium-resolution instrument
(TOF MS, gray trace).
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(e.g., proteins or other biopolymers) in micro-crystals made of the so-called ma-
trix molecules simply by drying the concentrated matrix solutions that incorpo-
rate small amounts of the analyte. The most common MALDI matrices are organic
acids that exhibit high extinction coefficients in the near-UV region, which allows
them to absorb irradiation of common UV lasers (such as a nitrogen laser or an
Nd:YAG laser) very effectively. Therefore, irradiation of the analyte molecules co-
crystallized with the matrix results in highly selective channeling of the photon
energy to the matrix molecules. Consequently, a short laser pulse results in a
rapid and localized heating of the surface of the matrix crystal, followed by a
near-adiabatic expansion of the material within the affected region of the crystal,
leading to the desorption of both the matrix and the analyte molecules off the
micro-crystal surface. The matrix molecules assisting this process not only serve
as an energy buffer protecting the analyte molecules from the radiation damage,
but also enable the analyte ionization by acting as proton donors (or proton ac-
ceptors in the negative ion mode). It is the matrix that makes MALDI a soft ioniza-
tion technique by allowing the analyte fragmentation to be minimized or indeed
eliminated (in contrast to the laser desorption/ionization – LDI – a method of ion
production that preceded MALDI). At the same time, the use of photons as high-
energy “projectiles” allow high-mass analytes to be readily desorbed by enabling
highly selective energy channeling to the matrix molecules (in contrast to the fast
atom bombardment – FAB – a desorption technique that uses high-velocity ions
or neutral atoms as projectiles to desorb the analyte molecules embedded in non-
volatile liquid matrices).

MALDI predominantly produces singly charged ions (Figure 2.4), usually via
protonation (MH+) and/or alkali metal ion adduct formation (e.g., MNa+). For mac-
romolecules exceeding several kilodaltons, lower abundance signals corresponding
to multiply charged species (e.g., [M + nH]n+ or [M + nH + (z – n)Na]z+ can also be
present, although the extent of multiple charging remains low compared to the ESI-
generated ions of the same biomolecule (vide infra). Both the extent of multiple
charging and the abundance of ionic species at z > 1 depend on the specific matrix
being used [18, 19]. As shown in Figure 2.4, even proteins as small as insulin can
exhibit doubly charged species in MALDI MS. Nevertheless, it is the singly charged
species that are usually most abundant in MALDI mass spectra, and because of
that, the ionic signals of larger biopolymers populate highm/z regions of mass spec-
tra (the upper limit of the m/z region must exceed the numeric value of the biopoly-
mer mass in order for the analyte signal to be detected), necessitating the use of
mass analyzers capable of making measurements at extended m/z range (e.g., time-
of-flight (TOF) MS, vide infra). Another feature frequently observed in MALDI mass
spectra of larger biopolymers is extensive adduct formation with the matrix molecules,
as well as other polar species present in solution. This phenomenon leads to asymmet-
ric broadening of the macromolecular ion peak and limits the accuracy of mass meas-
urements. Adduct formation can also involve two or more analyte molecules, giving rise
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to non-covalent dimeric and trimeric analyte ions in MALDI mass spectra; these should
not be confused with the physiologically relevant non-covalent assemblies observed in
the so-called native MS experiments (which will be discussed in detail in Chapter 4).

Although the majority of MALDI MS measurements are carried out in the positive
ion mode, generation of negative ions is also possible (usually via deprotonation or
anion adduct formation, e.g., [M-H]ˉ or [M + Cl]ˉ), which can be particularly appeal-
ing when working with acidic analytes. Furthermore, fragmentation pathways of
many biopolymers depend on the polarity of the parent ion undergoing dissocia-
tion; therefore, a judicious choice of the ionic polarity may help achieve specific objec-
tives in tandem MS (MS/MS) measurements, which will be discussed in more detail
later in this chapter. Lasers used in all commercial MALDI mass spectrometers produce
radiation in short pulses, which unfortunately makes this ionization method incompat-
ible with several types of mass analyzers, including quadrupole MS and double-sector
MS (this will be discussed in more detail later in this chapter). However, most other
analyzers commonly used in MS are compatible with the pulsed mode of ion produc-
tion and, therefore, can be readily interfaced with a MALDI ionization source.
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Figure 2.4:MALDI mass spectra of insulin acquired in the positive (blue trace) and negative (red) ion
modes. “M” in peaks labels represents the molecular (neutral) species of insulin, “SA” represents
the matrix (sinapinic acid) adducts, and “H” represents a proton. The abundance of non-specific
dimers and trimers populating the mass spectra atm/z > 6,000 can be reduced by lowering the
protein concentration in the sample. No protein ion peaks are isotopically resolved. Data courtesy of
Lingxiao Chaihu (Nanjing Normal University)
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ESI is another commonly used method of generating biomolecular ions. Unlike
MALDI, it desorbs and ionizes the analyte molecules directly from a solution, rather
than from a solid state. The analyte solution is typically supplied to the ESI source
at relatively low flow rates (ranging from tens of nL/min to hundreds of μL/min)
through a fine (usually metallic) capillary. A high electrostatic potential applied to
the tip of the capillary creates peculiar instability conditions resulting in formation
of a fine jet of charged liquid. Disintegration of this jet produces charged aerosol
particles that become unstable following evaporation of a fraction of solvent suffi-
cient to increase the droplet surface charge above the so-called Rayleigh limit (a
condition when the electrostatic repulsion overcomes the cohesive action of the sur-
face tension). Disintegration of the droplets upon their reaching the Rayleigh limit
gives rise to smaller (progeny) charged droplets, which in turn start shrinking due
to solvent evaporation, eventually becoming unstable as well. Multiple repeats of
this process on progressively smaller scales eventually liberate the analyte mole-
cules from the droplets, generating ions that may accommodate multiple charges
depending on their physical size [20]. Although the multiple charging phenomenon
is not unique to ESI (vide supra), its extent is significantly higher for the ESI-gener-
ated macromolecular ions compared to those produced by MALDI. This is illustrated
in Figure 2.5, which shows ESI mass spectra of insulin displaying the most abun-
dant ionic signal at z = 4, alongside prominent peaks at z = 5 and 3 (compare this
with the appearance of a MALDI mass spectrum of insulin shown in Figure 2.4).

Multiple charging of biopolymers is beneficial in that it results in localization of
the MS signal within a relatively narrow m/z range (500–4,000 under typical ESI
conditions even for biopolymers exceeding 100 kDa).1 This allows all types of mass
analyzers to be interfaced with ESI sources (unlike MALDI, which can only be used
with TOF MS when applied to biopolymers exceeding 10 kDa). On a flip side, the
multiple charging phenomenon may complicate the data analysis, as the analyte
ions’ masses are no longer numerically equal to their respective m/z values, and the
relationship between the latter and the mass of the analyte molecule in its electri-
cally neutral (mO) form is given by

m
z
= mO + z ·mH+

z
(2:2)

if the ions are produced by multiple protonation. Since ubiquitous alkali metal cati-
ons can also participate in multiple charging of the analyte molecules (see the bot-
tom-left panel in Figure 2.5), a more universal formula would take into account the
possibility of Na+ and K+ adduct formation:

1 The exception is the so-called native MS, where the use of non-denaturing solvents give rise to
ions with relatively low number of charges at higher m/z values (this technique will be considered
in Chapter 4).
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m
z
= mO + z − n− kð Þ ·mH+ + n ·mNa+ + k ·mK+

z
(2:3)

If the biopolymer size is sufficiently small to enable resolution of isotopic peaks, the
ionic charge can be readily calculated as an inverse of the distance between any two
adjacent peaks in the isotopic distribution (see the bottom-left panel in Figure 2.5).

If the isotope-level resolution cannot be achieved (either the protein is too large, or
the resolving power of the mass analyzer is too low), the ionic charge state in many
cases can be estimated using them/z distance between the ionic peak representing the

Figure 2.5: ESI mass spectra of insulin acquired in the positive (blue trace) and negative (red) ion
modes indicating the number of charges for each protein ion. The diagrams at the bottom of the
figure show zoomed views of the ionic signal representing the charge states +4 and −4 of insulin
(left) and +7 of the non-specific insulin dimer (right).
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fully protonated species (usually the most abundant for a given charge state) and the
next peak in the same charge state cluster (usually corresponding to the single Na+

adduct), as shown in the bottom-right panel of Figure 2.5 for the insulin dimer. A
more universal way of assigning the charge states within the distribution of multiply
charged ions of the same species takes advantage of the fact that the adjacent peaks
in such distributions are related to each other by a gain of one charge unit (Δz = 1)
and one mass unit (Δm =mH+). This allows a system of linear equations to be con-
structed based on (2.2), which have only two unknowns (mO and the lowest charge
state in the distribution), while the number of equations is typically much larger than
two (it is determined by the number of detectable charge states in the distribution).
Such redundancy is actually beneficial, as it allows the precision of the mass calcula-
tion to be improved. All modern mass spectrometers equipped with ESI sources pro-
vide an option of automatic deconvolution of the ESI data (the MS data conversion
from them/z scale to themO scale), which may be particularly useful if the mass spec-
tra contain ionic signals representing multiple analytes.

As is the case with MALDI MS, ESI is not restricted to generating ions only in the
positive ion mode. Usually, any given biopolymer can give rise to both polycations
(in the positive ion mode) and polyanions (in the negative ion mode). In most cases,
the extent of multiple charging of the polyanionic species is very similar to that of
polycations (Figure 2.5), although high-pI species tend to produce more abundant sig-
nals in the positive ion mode, while their low-pI counterparts typically fare better in
the negative ion mode. The charge state assignment in the negative ion mode is done
in the same way as discussed above for polycations; the only difference that equations
(2.2) and (2.3) would have to use negative z-values in the numerator and their absolute
values│z│in the denominator. Formation of the anionic species usually proceeds via
(multiple) deprotonation.

An important distinction of ESI from MALDI is its ability to generate ions contin-
uously, which makes it compatible with all types of mass analyzers (if necessary,
the continuously produced ions can be accumulated using various trapping devices
followed by their pulsed introduction into the mass analyzer). The continuous mode
of ion production, as well as the ability of ESI to generate ions off solutions that are
continuously infused into the ion source, makes it also compatible with a range of
front-end separation techniques, such as liquid chromatography and capillary elec-
trophoresis (many of these techniques will be discussed in more detail in Chapter
3). However, an important caveat is that ESI works well only with a rather limited
range of acids, salts and buffers, strongly preferring weak and volatile electrolytes
(such as acetic acid or formic acid). Unfortunately, this prevents the use of popular
ion pairing reagents in reversed-phase HPLC, such as trifluoroacetic acid (which is
usually substituted with formic acid), as well as NaCl salt gradients in ion exchange
chromatography. Both water and volatile organic co-solvents can be used in ESI,
while polar low-volatility co-solvents (such as dimethyl sulfoxide) are detrimental
for the ESI performance. Ionic strength can be varied within a wide range (from sub-
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mM levels to 1 M and even greater), but the choice of salts that can be used to obtain
the desired level of the ionic strength is once again limited to volatile electrolytes,
such as ammonium acetate and ammonium bicarbonate.

An important modification of ESI is the so-called nanospray (which sometimes
is also referred to as nano-electrospray ionization or nano-ESI). As the name sug-
gests, nanospray operates at low flow rates (typically ranging from tens to hundreds
of nL/min). The reduced flow rates result in generation of very small charged drop-
lets, whose large surface-to-volume ratio results in accelerated droplet evaporation
and significantly improved ionization efficiency [21, 22]. Additional advantages in-
clude lower sample consumption, higher tolerance to salts and buffers, more uni-
form response factors, and improved stability of the spray without the help of the
nebulizing gas [23, 24]. Nanospray can be used both in combination with narrow-
bore and capillary LC systems that operate at flow rates below 1 μL/min, and in the
static mode [25]. The latter uses a low-volume (1–2 μL) metal-coated glass capillary2

into which the analyte solution is loaded prior to the MS measurements and then
pulled out by electrohydrodynamic forces upon application of a high electrostatic
potential. This allows a stable signal from an extremely low sample volume to be
generated for a very long time period (from tens of minutes to several hours).

2.3 Ion fragmentation: tandem mass spectrometry

Both MALDI and ESI are soft ionization methods in that they enable damage-free de-
sorption/ionization of intact macromolecular ions. However, it is possible to choose
ionization conditions that would favor production of abundant fragment ions along-
side the intact molecular ions. For example, elevation of the laser power significantly
above the optimal level required for the molecular ion production in MALDI readily
induces dissociation of even fairly large proteins, giving rise to fragment ions in
MALDI spectra that are referred to as the products of in-source decay (ISD) [26].
Likewise, increasing the kinetic energy of ions in the ESI interface region beyond that
required for optimal ion desolvation induces fragmentation of molecular ions, a pro-
cess known as in-source collision-induced dissociation [27]. While the in-source dissoci-
ation of molecular ions provides an effective way to obtain structural information on
biomolecules in homogeneous samples using inexpensive (single-stage) mass spec-
trometers [28], the data interpretation becomes increasingly complicated when ions
representing multiple molecular species dissociate simultaneously. The interference
problem can be avoided if a specific molecular ion is selected prior to its activation, an
approach frequently referred to as tandemMS or simply MS/MS [29].

2 Use of or uncoated capillaries with a fine wire insert is also possible.
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Ions can be activated in MS/MS experiments using a variety of approaches, in-
cluding ionic collisions with neutral atoms or molecules (the so-called collision-ac-
tivated dissociation, or CAD [30]), as well as photon absorption and ionic reactions
with charged particles of opposite polarity (e.g., electron-capture dissociation, or
ECD involving polycation interactions with low-energy electrons [31]). Tandem MS
analysis of biopolymer ions frequently produces valuable structural information, as
illustrated in Figure 2.6 using a proteolytic peptide derived from a monoclonal anti-
body as an example. In the case of peptides, it is frequently possible to extract the
amino acid sequence information from the tandem mass spectra, as each ion frag-
mentation technique favors fission of specific sets of covalent bonds within the
polypeptide chain, thereby giving rise to ladders of peaks that are spaced by mass
increments that uniquely identify a particular amino acid residue (with the excep-
tion of isomeric leucine/isoleucine, which have identical masses). The tandem mass
spectrum shown in Figure 2.6 was obtained using low-energy CAD (in which typical
collision energies range from tens to hundreds of electronvolts), which strongly fa-
vors fission of amide bonds, giving rise to either b- or y-type of fragment ions (the
nomenclature is explained in Figure 2.7). In contrast, high-energy CAD (1–10 keV)
produces preferentially a- and x-type of fragment ions (fission of the C–C bonds),
while the electron-based ionization techniques (the already mentioned ECD and its
sister technique, electron transfer dissociation or ETD) lead to generation of c- and
z-ions due to fission of the amide nitrogen-Cα bonds in the peptide backbone. The
photon-induced fragmentation pathways are also energy dependent: the classical
infrared multiphoton dissociation (IRMPD) [32] typically results in fragment ion pat-
terns that are very similar to those generated by low-energy CAD (i.e., mostly b- or
y-ions), while the more recently introduced ultraviolet photodissociation (UVPD)
[33] is capable of generating fragments that are typical of high-energy CAD (a-
and x-type). Both high-energy CAD and UVPD also produce abundant fragment
ions corresponding to the side chain cleavages, such as v- and w-ions in Figure
2.7 (a feature typically absent from the fragmentation patterns obtained with
low-energy CAD, IRMPD and the electron-based dissociation techniques). This
provides an opportunity to differentiate between isomeric leucine and isoleucine
residues, which remain indistinguishable from one another if the tandem mass
spectrum is populated solely by fragment ions derived from the peptide back-
bone dissociation. Certain side chain cleavages may also facilitate characteriza-
tion of disulfide-containing and disulfide-linked polypeptides [34, 35], although
such fragments also result in spectral crowding. Another feature contributing to
the spectral crowding in tandem MS is the presence of the so-called internal frag-
ments (i.e., dissociation products that result from fission of two covalent bonds
within the peptide ion backbone – see the lower m/z range in Figure 2.6). Interpre-
tation of such crowded mass spectra is usually assisted by various automated al-
gorithms; most commercial instruments providing tandem MS capabilities have
pre-installed software to accomplish these tasks.
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A commonly used approach to protein structure elucidation using tandemMS com-
bines proteolytic fragmentation in solution followed by MS/MS analyses of peptides, as
discussed/illustrated in the preceding paragraphs. However, many modern high-resolu-
tion mass spectrometers allow the proteolytic step to be bypassed and the protein frag-
mentation to be carried out entirely in the gas phase. This approach – termed top-down
MS [36] – is rapidly gaining popularity in a variety of applications in the biopharmaceu-
tical analysis field, several of which will be discussed in detail in Chapters 3 and 4.
Lastly, all of the discussion so far was focused on the analytical utility of fragment ions
derived from positive peptide and protein ions. Since both ESI and MALDI are capable
of producing ions in both positive and negative ion modes, tandem MS can be applied
to anionic species as well [37]. However, the CAD pathways of peptide and protein
anions are usually more complex and frequently feature abundant fragments produced
by the side chain losses; while this feature is generally detrimental vis-à-vis sequencing
tasks, it may facilitate disulfide mapping work [38, 39]. Anions are obviously less suited
for structural interrogation using ECD and ETD due to the anion/electron repulsion;
nevertheless, higher energy electrons can interact with anionic species forming the
basis of an ion fragmentation technique known as electron detachment dissociation
(EDD) [40]. EDD has been shown to be capable of providing structurally diagnostic frag-
ments for both polypeptides and intact proteins [41, 42], although facile side chain frag-
mentation [43] remains a major factor limiting the utility of this technique [41].
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Figure 2.6: CAD products of a peptide ion generated by ESI of a peptic digest of a monoclonal
antibody. The intact precursor ion signal (MS1) is shown in the inset.
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Anionic species are a much more popular choice when it comes to both MS and
MS/MS analysis of other biopolymers, such as oligonucleotides and oligosacchar-
ides. Gas-phase dissociation of these two classes of macromolecules also produces
structurally diagnostic fragments (Figure 2.8), although the size of oligonucleotides
and oligosaccharides for which meaningful MS/MS data can be generated tend to
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Figure 2.7: Biemann’s nomenclature of peptide ion fragments [44]. Fragment ions shown in gray
boxes correspond to either complete or partial loss of the side chains and are usually observed
only in high-energy collision-activated dissociation.
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be significantly lower compared to polypeptides and proteins. Some examples of
using tandem MS as a means of structural interrogation of glycan chains derived
from protein therapeutics and oligonucleotide-based medicines will be considered
in Chapters 3 and 8, respectively.

2.4 Ion manipulation in electromagnetic fields: mass analyzers

The ability of mass spectrometers to sort ions according to their m/z ratios is based
on the unique way electric and magnetic fields influence the ionic motion in vac-
uum, as reflected in the mathematical expression of the Lorenz force:

m~r
..
= ze ~E + ~r

.
×~B

h i� �
(2:4)

Although this expression suggests that there are countless ways in which ions can be
manipulated with the purpose of determining the m/z ratio, the number of approaches
commonly used in modern MS is limited to several scenarios. These include the use of

Figure 2.8: Top: McLuckey’s nomenclature of oligonucleotide ion fragmentation [45]. Note that
formation of a-ions is accompanied by a loss of the base adjacent to the phosphodiester backbone
cleavage site. Bottom: The Costello-Domon nomenclature of linear oligosaccharide ion
fragmentation [46].
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static electric and magnetic fields (a classical double-sector MS), a combination of elec-
trostatic and electrodynamic fields (quadrupole filters and ion traps), electrostatic
fields (time-of-flight MS), and a static magnetic field (ion cyclotron resonance MS).
A detailed discussion of all of these types of mass analyzers can be found in many
excellent general texts on MS [1–4] and will not be repeated here. Instead, our dis-
cussion will be focused on practical issues that frequently need to be considered
when a specific instrument has to be selected for a particular analytical task.
Therefore, we will discuss several mass analyzers that are most popular in bio-
pharmaceutical applications considering relevant analytical figures of merit, their
suitability for accomplishing a set of common tasks (e.g., tandem MS measure-
ments) and their compatibility with common front-end separation techniques.

2.4.1 Quadrupole mass filters and triple-quadrupole MS

A quadrupole mass filter, or quadrupole MS [47, 48], uses a combination of static
and harmonic (radio-frequency) electric fields to manipulate ions and acquire mass
spectra. It is the most affordable mass analyzer among those that are commonly
used in the field. It is also relatively rugged and easy to operate, which makes it very
affordable in terms of maintenance costs as well. It can be readily interfaced with an
ESI source, but is incompatible with pulsed ionization techniques (such as MALDI).
Quadrupole mass filters offer a low resolution (typically a mass-unit resolution) that is
constant across the entire m/z range. The latter is usually rather narrow (most com-
mercial instruments offer an m/z range that extends only up to 2,000 m/z units for
basic models and up to 6,000 for advanced models). However, changing the frequency
of the dynamic component of the electric field allows this limit to be extended to at
least 20,000. The latter, however, requires a hardware change (a radiofrequency gen-
erator), an option that is not always provided. The data acquisition rates of modern
quadrupole mass filters are fairly high, making this instrument compatible with a
range of front-end separation techniques. Unfortunately, a single quadrupole
mass filter does not allow tandem MS measurements to be carried out. This, as well
as the low mass resolution offered by quadrupole MS are two major disadvantages
of this mass analyzer.

The lack of the tandem capabilities is addressed in a configuration combining
three quadrupoles, of which two act as mass filters, and one (located in the middle of
the assembly) serves as an ion guide and a collision cell. This configuration, frequently
referred to as a triple quadrupole MS, allows a range of elegant tandem MS measure-
ments to be carried out (including a neutral loss scan and a precursor ion scan, in addi-
tion to the common product ion scans). It also enables highly selective measurements
where a specific fragmentation reaction is monitored (a technique referred to as a
selected reaction monitoring, or SRM). In many applications, SRM provides a very
high level of selectivity, enabling very sensitive measurements of low-abundance
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compounds in complex biological matrices. Modern triple quadrupole MS instru-
ments are capable of monitoring several reactions simultaneously, a technique
known as multiple reaction monitoring, or MRM. The selectivity and sensitivity of
SRM- and MRM-based analyses make them very popular as a means of quantita-
tion; such applications are considered in more detail in Chapter 7.

2.4.2 Quadrupole (3-D) and linear ion traps

Quadrupole (3-D) ion trap MS [49] is a mass analyzer that uses physical principles
of ion manipulation that are very similar to those employed in quadrupole mass fil-
ters, but the ions are retained within the trapping device up until their ejection/de-
tection. The analytical figures of merit of the quadrupole traps are similar to those
offered by the quadrupole filters (including modest mass resolution and limited m/z
range). A significant advantage of the quadrupole ion traps is their ability to carry
out tandem MS measurements. Unlike the “tandem-in-space” scheme employed by
the triple quadrupole instruments (where precursor ion isolation, its activation/
fragmentation and the subsequent analysis of the fragment ions are all carried out
in separate physical compartments of the mass spectrometer), ion traps use the so-
called tandem-in-time approach. In this scheme, all stages of ion manipulation in MS/
MS measurements are carried out within the single physical compartment, thereby al-
lowing multi-stage tandem MS measurements to be implemented (which are frequently
referred to as MSn – with the superscript “n” indicating the number of fragmentation
stages – as opposed to MS/MS or MS2). MSn measurements can be particularly useful in
situations when the presence of a labile group within a biomolecular ion directs its
fragmentation toward a single (lowest energy) dissociation channel, thereby limiting
the number of structurally diagnostic fragment ions in MS2. In this case, the additional
activation of such fragment ions (which are already devoid of the labile functionality)
may generate more structurally informative dissociation patterns in MS3. Conversely,
the MSn functionality can also be useful when dealing with over-crowded fragment ion
mass spectra by enabling structural interrogation of individual fragment ions produced
in MS2. Although the current technology enables implementation of MSn with a high
number of fragmentation stages, most practical applications do not benefit from ex-
tending it beyond MS3.

While the ability to keep ions inside the small volume of the ion trap is the key
to successful implementation of the multi-stage “tandem-in-time” measurements, it
is also the source of one of the most significant limitations of this type of mass ana-
lyzers. Accumulating a large number of ions inside the small volume of the ion trap
gives rise to significant electrostatic interactions within this ensemble and distorts
the quadrupolar electric field configuration. This phenomenon, known as a space-
charge effect, can result in distortions of the mass spectra and appearance of multi-
ple artifacts. Most modern instruments are equipped with ion counters that allow
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the operator to adjust the data acquisition parameters such that the mass spectral
quality is not compromised by the space-charge effect.

Ion traps are pulsed mass analyzers and therefore, can be readily interfaced
with a MALDI source. Unfortunately, the limited m/z range offered by most ions
traps means that MALDI-generated protein ions of even modest size remain off lim-
its; at the same time, lower mass ions (e.g., peptides) can be effectively trapped and
analyzed both in MS1 and MSn modes. Interfacing an ion trap MS with an ESI source
relies on external ion accumulation devices that allow the continuously generated
ions to be collected externally for a certain period of time followed by their pulsed
injection into the mass analyzer. MSn analyses of the trapped ions can utilize a
range of ion activation techniques, with CAD and ETD being the two most popular
choices which are available with most commercial instruments of this type. Data ac-
quisition rates are high in both MS and MSn modes, making ion traps ideally suited
for LC-MS and LC-MS/MS applications. A more recent addition to this class of mass
analyzers are the linear ion traps, which are essentially quadrupole filters converted
to trapping devices by creating a trapping potential well to prevent the ion escape at
either end of the quadrupole assembly [4]. Compared to the classical 3-D traps, linear
ion traps are more robust and provide better sensitivity and higher mass resolution.

2.4.3 Time-of-flight MS

The time-of-flight (or simply TOF) MS is based on one of the oldest concepts in MS,
which nonetheless remains very popular and commercially successful due to con-
tinuous technological improvements [50]. Its ability to distinguish among ions with
different m/z values is based on the fact that any ion accelerated within a uniform
electrostatic field travels in the field-free region at a velocity that is uniquely deter-
mined by its m/z ratio. The m/z ratio also dictates the length of the time period re-
quired for any given ion to traverse the distance separating the ionization source
(where the ions are created and accelerated) and the detector. In order to achieve
optimal performance of TOF MS, a range of technological innovations had been in-
troduced over the past several decades, including an ion mirror (presently known
as a reflectron) [51] and delayed ion extraction from the ionization source [52]. A de-
tailed discussion of the technical aspects of modern TOF MS is beyond the scope of
this book, but an interested reader can find a wealth of information in an excellent
text by R.J. Cotter [50].

The TOF mass analyzers are ideally suited for pulsed ionization techniques,
such as MALDI, but can also be readily interfaced with ESI using external accumu-
lation of ions followed by their pulsed acceleration. TOF MS are unique among all
commercially available mass analyzers in that they offer unlimited m/z range, mak-
ing them an ideal choice for the analysis of MALDI-generated protein ions, as well
as the so-called native ESI MS applications, which also produce ions at high m/z
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values (and will be considered in detail in Chapter 4). Unlike the ion trap MS consid-
ered above, TOF MS does not suffer from the space-charge effect, which makes it
superior vis-à-vis the dynamic range that can be achieved in MS measurements.
TOF analyzers equipped with reflectrons and using delayed ion extraction to com-
pensate for the initial velocity distribution of ions feature excellent mass resolution
(which can approach 50,000 in some commercially available instruments); how-
ever, it places much more stringent requirements on the vacuum compared to the
quadrupole mass filters and ion traps considered earlier. Unfortunately, it is always
reflected in the instrument price and the maintenance costs.

Tandem MS measurement can be carried out using a single TOF mass analyzer
with a reflectron, but it requires that multiple measurements be taken in order to
acquire a single MS2 spectrum. A much more effective way to carry out tandem MS
measurements is offered by a TOF/TOF configuration, where a collision cell is placed
between the two mass analyzers, one of which is used for selecting the precursor ion
(by gating out all other ions upon their arrival at the gate), and the second analyzer is
used to determine the m/z values of the fragment ions produced upon collisional acti-
vation of the precursor ion. More options are provided by the so-called hybrid mass
spectrometers, where a single TOF analyzer works in combination with e.g., a front-
end quadrupole filter. The data acquisition rates provided by commercial TOF MS in-
struments are high, making them an excellent choice for on-line measurements in
both LC-MS and LC-MS/MS schemes.

2.4.4 Fourier transform MS: ion cyclotron resonance and Orbitrap mass analyzers

The Fourier transform ion cyclotron resonance (FT ICR) MS, which is frequently re-
ferred to simply as FTMS, is a mass analyzer that determines ionic m/z ratios by
measuring the frequencies of circular motion of ions in a uniform and static mag-
netic field [53]. This is accomplished by measuring the image current induced on
the receiver plates of the ICR cell by the ions followed by Fourier transformation of
the time-domain signal to the frequency domain; each frequency corresponds to a
unique m/z value. Since frequency is a physical parameter that can be measured
with the utmost precision/accuracy, FT ICR MS is unrivaled in its ability to provide
high-resolution, high mass accuracy data. Resolving power exceeding 100,000 can be
routinely achieved with most commercial instruments, and specially designed experi-
ments enable measurement at resolving power of several million at m/z below 1,000.
Unfortunately, the resolution is inversely proportional to m/z. The unique feature of
FTMS is the non-destructive ion detection process, which allows multiple measure-
ments to be taken on the same ionic population over a period of time, thereby enabling
MSn experiments. Collisional activation, IRMPD and ECD can be used to induce ion dis-
sociation, and this repertoire can be further expanded in hybrid instruments using a
variety of front-end analyzers/trapping devices in combination with the ICR cell. The
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pulsed nature of the FT ICR MS measurements makes it ideally suited for interfac-
ing with a MALDI source, but the m/z range of commercial instruments rarely ex-
tends beyond 10,000, keeping most proteins beyond the reach of MALDI/FT ICR
MS. Ions produced by ESI are usually accumulated in an external trapping reservoir,
followed by their pulsed introduction into the ICR cell (usually via a front-end quad-
rupole filter). Since the signal resolution in the frequency domain is determined by
the length of the signal transient in the time-domain, ultra-high-resolution measure-
ments may require fairly long data acquisition steps (up to several seconds). How-
ever, routine measurements are usually carried out using much shorter transients
(<100 ms, which is still sufficient to provide mass resolution vastly superior to
that of TOFMS), making FT ICR MS compatible with on-line LC-MS and LC-MS/
MS measurements. Since all ions are detected simultaneously, FT ICR mass ana-
lyzer has a duty cycle of 100%, but the actual duty cycle of the entire mass spec-
trometer may be lower due to the fact that some ions produced by the external
ion source may not be injected into the ICR cell in order to control the size of the
ionic population. Indeed, as an ion trapping device, FT ICR MS is susceptible to
the space-charge effect, although to a less significant extent compared to the ion
trap types considered in the preceding sections, and proper controls are usually
required in order to avoid the overpopulation of the ICR cell by ions.

The two factors that make the most significant contributions to the instrument
price and the cost of its maintenance are the high vacuum requirements (which is
needed to avoid collisional de-synchronization of the ionic precession – the so-called
collisional damping – leading to shorter transients and lower resolution) and the
strong uniform magnetic fields (7 T and higher in modern commercial instruments),
which are maintained by liquid-helium cooled superconducting magnets. The need to
have a strong magnetic field is eliminated in another mass analyzer that makes m/z
measurements based on the frequencies of periodic ionic motions, Orbitrap MS [54].
The latter also records the signal in the form of the ion-induced image current on the
receiver plates, which is then Fourier-transformed to the frequency domain and,
therefore, Orbitrap MS is sometimes also referred to as an FTMS [55]. As the m/z
values are extracted from frequency measurements, Orbitrap is also capable of
achieving very high resolving power (although not as high as FT ICR MS). Unlike
the ICR cell, Orbitrap itself is not used for ion activation/fragmentation; instead,
such tasks are accomplished using front-end analyzers, which are now an integral
part of the hybrid Orbitrap MS instruments [55].

2.4.5 Hybrid mass spectrometers

Most modern MS instruments combine two or more different mass analyzers, which
makes them truly universal by allowing the strengths of the individual units to be com-
bined and their shortcomings to be effectively addressed. For example, a quadrupole
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mass filter is frequently used as an integral part of TOF MS [56] or FT ICR MS [57],
where it can serve as both an ion guide and a front-end mass analyzer, enabling pre-
cursor ion selection and its activation outside of the higher end mass analyzer. This
eliminates the need to introduce collision gases within the instrument compartments
that must be maintained at high vacuum to achieve high-resolution measurements.
Ion traps, especially linear ones, are another popular element of the hybrid mass
spectrometers enabling effective accumulation and transmission of ions in addition
to the precursor ion selection/activation [58]. Several commercial instruments, such
as the high-end Orbitrap MS configurations, incorporate multiple analyzers, enabling
highly complicated ion manipulation workflows [55]. Lastly, many modern instru-
ments incorporate ion mobility analyzers [59] in addition to mass analyzers. Ion mo-
bility (IM) measurements provide an orthogonal dimension to biomolecular analysis
by enabling separation of ions according to their gas-phase mobility (which is dic-
tated by a combination of ionic charge z, its mass m, and collisional cross section σ).
The latter frequently allows relatively small isomeric ions to be physically separated
from one another despite their having identical masses, essentially proving a sep-
aration step that is orthogonal to the commonly used front-end separations (such
as reversed-phase LC) [60].
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Chapter 3
Characterization of covalent structure of protein
therapeutics

Mass spectrometry (MS) has been an indispensable tool for covalent structure analysis of recom-
binant proteins from the early days of biotechnology, enabling the analysis of both amino acid
sequence [1] and post-translational modifications (PTMs), including tasks as challenging as
glycan analysis [2] and disulfide mapping [3]. Extensive characterization of various aspects
of the covalent structure of biopharmaceutical products remains the primary task of MS in
the field of biotechnology, with no other bioanalytical technique capable of providing struc-
tural information at the same level of detail and sensitivity.

3.1 Amino acid sequence analysis and characterization
of sequence variant types

3.1.1 Confirmation of the amino acid sequence of protein biopharmaceuticals
by intact mass measurements

Confirmation of the primary sequence of protein biopharmaceuticals to be consis-
tent with the cDNA sequence is one of the most critical tests routinely performed
during the drug development process. In many cases, intact mass measurement pro-
vides the most straightforward way of addressing this task by verifying that the
polypeptide mass is consistent with the presumed sequence [4]. While both ESI and
MALDI are capable of producing intact polypeptide ions, the latter generates mostly
singly charged species (for which the m/z values are numerically equal to the poly-
peptide chain mass), and the ionic signal appears at high m/z values (thousands of
m/z units for smaller protein therapeutics, and over a hundred thousand m/z units
for mAbs and related protein therapeutics). While such signals can be readily de-
tected using TOF mass analyzers, the resolution afforded by such measurements is
low and the mass accuracy in most cases is inadequate vis-à-vis matching the mea-
sured mass and the one calculated based on the protein amino acid sequence. Exten-
sive adduct formation is another problem that complicates intact mass measurement
for MALDI-generated protein ions. In contrast, ESI offers a unique advantage of pro-
ducing multiply charged ions that typically fall within a low-m/z range (frequently
below m/z 2,000, as shown in Figure 3.1 for a recombinant form of human platelet
factor 4, rhPF4). A variety of mass analyzers can be employed to record ionic signals
in thism/z range with resolution that is sufficient to enable reasonably accurate mass
measurements. Another advantage of ESI is its compatibility with front-end separation
techniques (both LC and CE), which simplifies the detection of low-abundance se-
quence variants and proteoforms affected by PTMs (to be discussed in more detail in
the following sections of this chapter).
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For smaller recombinant proteins, it is possible to achieve isotope-level resolu-
tion (as shown in Figure 3.1 for an 8 kDa polypeptide) using either FT ICR MS or
Orbitrap mass analyzers (and in some cases higher end TOF analyzers). The ability
to acquire isotopically resolved ionic signal allows monoisotopic masses to be read-
ily determined, which boosts the accuracy of the intact mass measurements (accu-
racy in the low ppm levels are routinely achieved in such measurements).

Unfortunately, intact mass measurements at the isotopic resolution level are im-
practical for the majority of protein therapeutics. Even though isotopically resolved
ionic signals can be obtained for proteins as large as mAbs using FT ICR MS, the
monoisotopic peaks fall below the detection limit, allowing only the average mass
to be extracted from such mass spectra [5]. Therefore, such measurements do not
provide significant advantages over those carried out with mass spectrometers
that do not offer such an impressive resolution (as illustrated in Figure 3.2). The
average mass values can be measured with high accuracy (within 10 ppm) for pro-
teins exceeding 100 kDa given proper calibration of the instrument. A notable fea-
ture of the mass spectrum presented in Figure 3.2 (shared by the majority of
biopharmaceutical products) is the presence of multiple proteoforms (e.g., mAb
glycoforms), which obviously complicates the efforts to determine the cumulative
mass of polypeptides that comprise a single immunoglobulin molecule. This problem
can often be circumvented by carrying out intact mass measurements following
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Figure 3.1: Intact mass measurement of recombinant human platelet factor 4. Data courtesy
of Dr. Cedric E. Bobst (UMass-Amherst) and Prof. Ishac Nazy (McMaster Univ.).
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protein deglycosylation [6] (to be discussed in more detail in Section 3.2), al-
though it is not always a trivial task to achieve complete deglycosylation, particu-
larly for proteins containing O-linked glycans.

Since a significant fraction of large protein therapeutics (such as mAbs) consists of
multiple polypeptide chains interconnected by disulfide bonds, confidence of the
intact mass analysis can be boosted by measuring the masses of individual polypep-
tides following the disulfide bond reduction. Mass measurements can also be fa-
cilitated by using limited proteolysis, an approach commonly termed “middle-up
analysis” (which is distinct from the peptide mapping to be discussed in the subse-
quent section of this chapter). In the specific case of mAbs, several proteolytic en-
zymes can be used to dissect the IgG molecules to a small number of fragments
whose masses are sufficiently low to afford higher accuracy measurements (e.g., di-
gestion of IgG1 or IgG4 with IdeS to generate a glycan-free F(ab’)2 fragment at ca.
100 kDa and two identical Fc/2 fragments at ca. 25 kDa each carrying a single glycan
chain [7]). Despite some limitations, intact mass analysis is becoming increasingly
popular due to its simplicity and the modest requirement for time/resources that
are needed for its completion. This makes intact mass measurements particularly
well suited for applications that rely on rapid analyses, such as supporting the up-
stream process development [8].
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Figure 3.2: Intact mass measurement of a recombinant antibody (IgG1 subtype). The inset shows a
zoomed view of protein ions at charge state +54 (the black arrow indicates the protein species
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3.1.2 Confirmation of the amino acid sequence of protein therapeutics
by peptide mapping analysis

The intact mass analysis discussed in the previous section is a convenient way to ver-
ify that the recombinant protein mass is consistent with the cDNA sequence. How-
ever, in many cases (particularly for larger proteins), the mass accuracy afforded by
such measurements is insufficient for confident verification. More definitive sequence
confirmation is frequently achieved by peptide mapping analysis, with a protein mol-
ecule being enzymatically hydrolyzed into small peptide fragments followed by their
mass measurements using LC-MS. The proteolytic step usually employs a protease
with known specificity (although non-specific proteases can also be used). The masses
of proteolytic fragments can be determined with high accuracy using LC-MS, and this
set of numbers can be matched with the predicted peptide masses that are based on
the cDNA sequence and the specificity of the protease. The low masses of proteolytic
fragments (compared to the intact protein mass) allow isotopically resolved data to be
obtained even when relatively inexpensive MS instrumentation is used; utilization of
higher resolution mass spectrometers enables mass accuracy in the sub-ppm range.
This is illustrated in Figure 3.3 for a tryptic digest of β-thyroglobulin analyzed with a
high-resolution LC-MS (an Orbitrap-type mass analyzer). If needed, the amino acid se-
quence of each peptide fragment can also be determined by means of LC-MS/MS, since
most modern mass spectrometers used for such work have tandem capabilities.

Trypsin (a serine protease that specifically cleaves the amide bond at the car-
boxylic side of lysine and arginine residues) remains the most popular choice for
peptide mapping analysis due to its excellent specificity and the high rate of occur-
rence of Lys and Arg residues in proteins. The majority of tryptic peptides produce
abundant ions in ESI, since they have at least two basic sites (the N-terminal pri-
mary amine and the C-terminal Lys or Arg residue), which readily accommodate
protons during the ionization process. Many commercially available trypsin reagents
are chemically modified by reductive methylation at Lys residues, a treatment that
greatly reduces the autolysis, thus leading to cleaner and simpler tryptic maps of the
target protein. The disadvantages of using trypsin in the peptide mapping work in-
clude generation of very short peptide fragments off Lys- and Arg-rich polypeptides
(or polypeptide segments). Such peptides typically are not retained by reversed-phase
LC and, therefore, escape detection by LC-MS. In addition, large and hydrophobic
tryptic peptides can also cause problems, as they normally exhibit poor recovery both
during tryptic digestion and during LC separation. Furthermore, the slightly basic
conditions commonly applied in tryptic digestion can also lead to undesired arti-
facts, including asparagine deamidation and disulfide bond scrambling (to be dis-
cussed in more detail in Section 3.3.1). Lastly, some low-pI proteins may not be
amenable to peptide mapping using trypsin due to the paucity of basic amino acid
residues.
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Trypsin digestion alone allows extensive sequence coverage of most recombi-
nant proteins to be achieved, although some sequence gaps are to be expected. This
can be particularly problematic in the case of peptide mapping of mAbs if the missed
sequence segments belong to the critical complementarity-determining regions (CDRs).
Achieving full sequence coverage of protein drug molecules is highly desirable and
might be expected from the regulatory agencies. In scenarios where trypsin diges-
tion alone cannot provide sufficient sequence coverage, a common strategy to achieve
higher (or indeed complete) coverage is to perform a secondary enzymatic digestion
using a protease with different specificity [9, 10]. There is a variety of commercially
available proteases with specificities orthogonal to that of trypsin, some of which are
listed in Table 3.1. Producing two peptide maps using proteases with different specif-
icities not only allows the sequence gaps to be filled, but also provides a means of
establishing the correct order of the peptide fragments within the polypeptide chain.
Although such a capability is rarely needed when working with recombinant proteins
whose sequences are (largely) known, this feature is extremely useful in applications
related to de novo sequencing [11].

Table 3.1: Commonly used proteases in peptide mapping analysis of protein therapeutics.

Protease Family Specificity Optimal pH Characteristics to consider

Asp-N Metalloprotease N-Terminal
of Asp and
Glu
(slower)

 The specificity is orthogonal to trypsin
Generates longer peptides with more
missed cleavages
Most frequently used in combination
with trypsin to achieve %
sequence coverage

Arg-C Cysteine
protease

C-Terminal
side of Arg
and Lys
(slower)

 Useful to cover Lys-rich segment that
might produce short/hydrophilic
peptides by trypsin that are difficult to
detect

Chymotrypsin Serine protease C-Terminal
side of Phe,
Tyr, Trp,
Leu and
Met

 The specificity is highly orthogonal to
trypsin
Often generates a large number of
peptides due to varying efficiency
toward different residues
Frequently used in combination with
trypsin to achieve % sequence
coverage
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One protease that became very popular in the peptide mapping applications in
recent years is Lys-C, which (as the name suggests) catalyzes the cleavage of the
amide bond at the carboxyl side of lysine residues. It is particularly well-suited for
proteins that are either proteolytically resistant or exhibiting poor solubility in com-
mon digestion buffers, owing to its retained activity under strongly denaturing con-
ditions such as 8 M urea. The resilience of Lys-C vis-à-vis acid denaturation can also
be used in applications that require peptide mapping to be carried out below the
neutral pH to eliminate deamidation artifacts [12]. An important point to consider
when using Lys-C for peptide mapping is that the proteases originating from differ-
ent bacterial hosts (e.g., Pseudomonas or Lysobacter) exhibit some variation in their
cleavage preferences. While this feature might be exploited to improve the sequence
coverage in proteomics studies, it also emphasizes the importance of using the pro-
tease from the same source to achieve reproducible peptide maps.

While the majority of peptide mapping work in the biopharmaceutical arena re-
lies on reversed-phase LC-MS, CE coupled with online MS detection (CE-MS) is an-
other attractive option that steadily gains popularity. Unlike LC-MS, CE-MS frequently
allows a complete sequence coverage of recombinant proteins to be achieved with a
single enzymatic digestion [13]. This is due to the nature of CE separation being solely
based on the charge-to-size ratios of the analytes, which allows both small/hydro-
philic peptides and large/hydrophobic peptides to be efficiently recovered and sepa-
rated for subsequent MS analysis. Importantly, recent studies have shown that CE-MS
is sufficiently robust to allow method transfer across multiple sites [14], making it

Table 3.1 (continued)

Protease Family Specificity Optimal pH Characteristics to consider

Glu-C Serine protease C-Terminal
of Glu at
pH 

C-Terminal
of Glu and
Asp at pH 

 or  The specificity is orthogonal to trypsin
Generates longer peptides with more
missed cleavages
Exhibited specificity is sensitive to
digestion conditions

Lys-C Serine protease C-Terminal
of Lys

 The specificity is not orthogonal to
trypsin
Retains activity under harsh
denaturation conditions (such as M
urea)
Ideal for proteins that are resistant to
trypsin digestion or exhibit poor
solubility

Lys-N Metalloprotease N-Terminal
of Lys

 More resistant to denaturants than
trypsin
Useful for de novo sequencing
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well suited for demanding applications in biopharmaceutical analysis. Several al-
ternative avenues to maximize the sequence coverage in peptide mapping of ther-
apeutic proteins are actively explored, including a tandem use of reversed-phase
LC and CE with MS detection [15], as well as coupling two columns with different
stationary phases. For instance, a porous graphitic carbon (PGC) column can be
coupled with a C18 column and used for LC-MS-based peptide mapping analysis,
allowing full sequence coverage of therapeutic mAbs to be readily achieved using
trypsin digestion alone in a single integrated LC-MS run. Taking advantage of the
unique retention characteristic of PGC column (e.g., charge-induced dipole and π–
π interactions), small and hydrophilic tryptic peptides that elute from the C18 col-
umn with the solvent front can be effectively retained on the PGC column during
the loading step (Figure 3.4a). Subsequently, application of two tandem switching
valves enables the sequential elution of tryptic peptides from the C18 column and
the PGC column for MS detection (Figure 3.4b and c). As a result, short tryptic pep-
tides (e.g., consisting of two to four amino acid residues) could be successfully re-
tained, eluted, and confirmed by both MS and MS/MS analyses.

De novo protein sequencing is rarely required in the analysis of therapeutic proteins;
instead, peptide mapping analysis is frequently used to reveal low levels of unin-
tended amino acid substitutions, also known as sequence variants [16, 17]. The occur-
rence of sequence variants in proteins produced by living organisms is inevitable due
to the intrinsic error rates associated with each biosynthesis step, including DNA rep-
lication (10−11 to 10−8 per base pair), RNA transcription (10−6 to 10−4 per base pair),
and protein translation (10−5 to 10−4 per codon). Because the biosynthesis process
operates with such high fidelity, the naturally occurring sequence variants in proteins
are normally present at very low levels at any given amino acid sites (<0.1%) [18].
In contrast, during recombinant protein production, the occurrence of high-level
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sequence variants is more frequently observed and can be attributed to different
causes, including high levels of genetic variations in subclones from a selected
parent cell line [19], the usage of a non-optimal codon [20] and the starvation of
certain amino acids during cell culture [21]. As high levels of sequence variants
often indicate a non-optimized process, it is essential to identify and quantitate
potential sequence variants early on during upstream development to support the
clone selection and cell culture process optimization.

Currently, LC-MS/MS based peptide mapping analysis is the method of choice
for sequence variant analysis. The main challenges associated with the sequence
variant analysis are the need to detect low-level variant peptides on the background
of very abundant peptides having “correct” sequences and the subsequent data analy-
sis. To improve the LC-MS detection of low-level sequence variants, various strategies
can be used. For example, application of ultra-performance LC (UPLC) separation as
well as a longer gradient during LC-MS analysis might lead to improved detection of
variant peptides, as it reduces the possibility of the variant peptides co-eluting with
the unmodified peptides. Co-elution not only leads to ionization suppression of the
low-abundance ions during the ESI process, but also reduces the likelihood of having
them selected for MS2 fragmentation in a typical data-dependent acquisition (DDA)
method. Therefore, the MS acquisition methods should also be optimized to favor the
detection of low-abundance variant peptides. For example, the dynamic exclusion
function in a DDA method can be employed with a relatively long interval setting so
that the instrument will avoid repeatedly fragmenting the same ions representing the
abundant unmodified peptides and instead focus on the low-abundance variant pep-
tides. In addition, some intelligent data acquisition strategies developed for proteo-
mics studies might also allow the sequence variant analysis to be improved [22]. For
example, an iterative MS/MS sampling strategy may help improve the number of
identified sequence variants from consecutive LC-MS/MS analysis of the same digest.
During the analysis, the identified precursor ions from the previous run are automati-
cally added to the exclusion list for the next run so that the instrument can be di-
rected to focus on ions that were previously not selected for MS/MS fragmentation
due to their low abundance [23].

Once the data acquisition has been completed, identification of sequence variants
can be achieved using various data-mining algorithms, such as Byonic [24], Biophar-
maFinder [25], and Mascot Error Tolerance Search [26]. Although the identification can
be performed automatically, database search for sequence variants often generates
high levels of false positives. The reason for this is that during the search, a large num-
ber of potential amino acid substitutions, resulting from a single-base change between
two codons (substitutions from multiple-base mutation can also be searched, but their
occurrences are much lower), will all be treated as dynamic modifications, thus lead-
ing to a very large search space. Moreover, the MS/MS data quality for a variant pep-
tide is typically suboptimal due to its low abundance, which can sometimes lead
to ambiguity in data interpretation. Finally, the presence of various endogenous
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or sample processing-induced PTMs can also lead to misinterpretation of sequence
variants if they happen to exhibit the same mass changes [17]. For instance, oxi-
dation of Met residue (addition of an oxygen atom) is isobaric to the Phe/Tyr sub-
stitution, while the Cys persulfide modification (addition of a sulfur atom) is isobaric
to the Val/Met substitution. Differentiation between a PTM and an amino acid substitu-
tion is usually enabled by MS/MS measurements. However, the differentiation becomes
impossible if the modification occurs at the same residue as amino acid substitution.
For example, the Cys/Ala substitution is frequently observed during reduced peptide
mapping analysis of protein samples if TCEP is used as the reductant. However, this
particular amino acid substitution is most likely a result of TCEP-induced chemical deg-
radation, which is well documented in the literature [27]. For these reasons, manual
verification of the data processing software-reported sequence variants is almost always
required, which of course limits the throughput of this analysis. Several different strate-
gies can be employed for results verification. For example, a retention time change of a
peptide, as a result of amino acid substitution, can be confidently predicted using an
established model [28], which can then be compared to the observed retention time
change. This strategy is particularly useful to remove false positives that result from in-
source modifications (e.g., oxidation, adduct formation, and neutral losses of H2O
and NH3) during the ESI process, as such artifacts will exhibit the identical retention
time as the unmodified peptides. Moreover, an alternative strategy takes advantage of
the highly specific enzymatic digestion to facilitate the confirmation of amino acid
substitutions [17]. For instance, confirmation of Gly to Asp substitution can be facili-
tated by Asp-N digestion, which specifically cleaves at the N-terminal side of the
newly formed Asp residue. Furthermore, for amino acid substitution of Cys residues
that are participating in disulfide bond formation, verification can be readily achieved
by performing the peptide mapping analysis under non-reducing conditions. In this
case, a real substitution of Cys should lead to the formation of a novel peptide free of
the disulfide bond linkage. Finally, for sequence variant peptides that cannot be con-
firmed by MS/MS data, the suspected peptide sequence can be synthesized and ana-
lyzed in parallel with the protein digests, and the obtained retention times can be
compared for highly confident confirmation. Sequence variant analysis remains still
a low-throughput assay that is time-consuming and requires significant experience
from the analysts to ensure accurate data interpretation. Further developments in
this area are highly desirable to make this analysis more automated and less error-
prone.

One notable disadvantage of the peptide mapping analysis as a means of assess-
ing the amino acid sequence of protein molecules is the loss of the peptide connectiv-
ity information following the enzymatic digestion. Therefore, the primary sequence
of a protein cannot be truly confirmed, even if full sequence coverage is achieved.
To establish full peptide connectivity, a second protease with orthogonal specificity
should be employed to generate another set of peptides that hopefully contain all
cleavage sites from the first enzymatic digestion (see Section 3.1.2). To achieve this,
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the combination of proteases should be carefully selected using in silico digestion
tools. For example, if a Lys-Asp motif is present in a protein sequence, the combina-
tion of trypsin and Asp-N digestions will not reveal how peptides are connected at
this site, as both proteases lead to the same cleavage site. Furthermore, peptide
mapping method requires rather involved sample preparation, lengthy data acquisi-
tion and complicated data analysis. Although the advances in data processing soft-
ware have significantly reduced the time and efforts required in data analysis,
peptide mapping is still considered a low-throughput assay. Even though other
protein quality attributes in addition to primary sequence can be simultaneously
analyzed by peptide mapping, faster and simpler approaches are still highly de-
sirable for tasks demanding high-throughput and fast turnaround.

3.1.3 Confirmation of the primary sequence of protein therapeutics
by top-down MS analysis

One elegant way to circumvent the problems associated with the peptide mapping
work relies on fragmentation of protein ions in the gas phase without using proteo-
lytic degradation in solution. At least in some cases, this can be accomplished by
using the so-called top-down or middle-down analyses, in which the ESI-generated
intact protein ions (or those representing large protein fragments) undergo dissociation
in the gas phase, and the resulting fragment ions are subjected to MS analysis [29].
Similar to the peptide mapping analysis, the amino acid sequence information can be
directly extracted from the top-down analysis. However, unlike the peptide mapping
analysis, where a platform method might work for many different molecules, sig-
nificant efforts might be required to develop a molecule-specific top-down method in
order to achieve adequate sequence coverage. In general, obstacles that prevent exten-
sive sequence coverage in top-down measurements include large protein size, the pres-
ence of disulfide bonds and the presence of glycosylation. Fortunately, those obstacles
can be effectively tackled by various strategies. For instance, mAb molecules are nor-
mally considered difficult targets for top-down analysis, because they are large (ca.
150 kDa) and contain multiple disulfide bonds. Simple reduction of disulfide bonds in
a mAb molecule liberates light (~25 kDa) and heavy chains (~50 kDa), and extensive
(but almost never complete) sequence coverage can be readily achieved by the subse-
quent top-down analysis [30–33]. This approach, frequently referred to as the “middle-
down analysis”, is steadily gaining popularity in mAb characterization. In addition to
reducing the size of the precursor ion, the reduction step also eliminates the internal
disulfide linkages, which would otherwise result in sequence gaps (no structurally di-
agnostic fragment ions are generated by fission of an amide bond within the polypep-
tide segment flanked by two cysteine residues that are connected via a disulfide bond).

Introduction of the disulfide reduction/cysteine protection steps in the top-
down MS workflow results in a notable increase of the time required to complete the
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experiment. Furthermore, a significant number of proteins exhibit poor solubility
characteristics following reduction of their disulfide bonds. A solution to these prob-
lems is offered by a recently introduced technique which combines in-line protein
processing using the so-called cross-path reactive chromatography (XP-RC) platform
with online top-down MS [34]. The XP-RC platform (depicted schematically in Figure
3.5) takes advantage of vastly different elution rates of small-molecule reagents used
for disulfide reduction and large proteins, such as mAbs in SEC. If the protein is in-
jected onto the column (point 1 in Figure 3.5) with some delay with respect to the re-
agent plug injection (point 0), then at some instance their trajectories inside the
column will intersect (point 2), resulting in reduction of the disulfide bonds within
the protein. Following the disulfide reduction, the protein subunits will be separated
based on their physical size, and elute separately (points 3 through 5). The mobile
phase does not contain any components of the reagent plug up until the time point
corresponding to the total permeation limit (which occurs only after all polypeptides
have been eluted off the column). Therefore, all small-molecule reagents and dena-
turants placed in the reagent plug to facilitate the disulfide bond reduction do not
interfere with the online MS detection and characterization of the reduced compo-
nents of the protein [34]. This allows the sequence information to be determined
by fragmenting ions representing intact polypeptides, as illustrated in Figure 3.5
for a light chain of a mAb molecule.

Middle-down analysis of the primary structure of protein therapeutics can also
be carried out using enzymes that generate a small number of large-size polypep-
tides. In addition to IdeS (already mentioned in Section 3.1.1) which digests all
subclasses of human IgG to generate a single glycan-free F(ab’)2 fragment at ca.
100 kDa and two identical Fc/2 fragments at ca. 25 kDa each [7] and related endo-
peptidases IdeE, IdeE2, IdeZ, and IdeZ2 [35], several other proteases are actively ex-
plored (Figure 3.6). One particularly promising enzyme is gingipain K (also known
as Lys-gingipain or PrtP proteinase, EC 3.4.22.47), a cysteine protease from P. gingi-
valis, which is now commercially available in the recombinant form. The recombi-
nant form of gingipain K is reported to hydrolyze human immunoglobulins of the
IgG1 subclass at a single digestion site above the hinge region (KSCDK/THTCPPCP)
generating a homogenous pool of intact Fab and dimeric Fc fragments [36]. Al-
though the fragment ion sets obtained in middle-down analyses relying on IdeS and
gingipain K digestions are partially redundant, the parallel use of the two proteases
allows the extent of mAb sequence coverage to be significantly extended, pushing
the light chain coverage to 65% and the heavy chain to 50% [37]. Lys-C, a serine
protease already discussed in the preceding section in the context of the peptide
mapping work, can also be employed in the middle-down workflow. Under near-na-
tive conditions, it preferentially cleaves the IgG1 molecules after a Lys residue right
above the hinge region disulfide bonds (the gingipain K cleavage site), leading to
the formation of two identical Fab fragments (ca. 50 kDa each) and a dimeric Fc
fragment (ca. 50 kDa). This reaction can be completed on a very short timescale, as
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long as a sufficiently high enzyme-to-substrate ratio is used (e.g., 5 min for the E/S
ratio of 1/400) [38].

In addition to expanding the repertoire of endopeptidases that can be used in the
middle-down analysis of protein therapeutics, there has been a revived interest
in chemical cleavage agents that can be employed for selective fission of poly-
peptide chains. In addition to the now-classic cyanogen bromide (CNBr) that hy-
drolyses a peptide bond on the C-terminal side of methionine residues, several
other selective agents targeting amino acids that have low frequency of occur-
rence (e.g., 3-bromo-3-methyl-2-(2-nitrophenyl) sulfanylindole, and 2-nitro-5-thioben-
zoic acid, targeting Trp and Cys, respectively) show a particular promise [39].

In parallel to continuous improvements/innovations in the upfront sample
preparation/manipulation, recent progress in the gas-phase protein/polypeptide
ion manipulation techniques has also greatly facilitated the top-down MS analysis
of protein therapeutics. While such measurements traditionally relied on collision-
activated dissociation (CAD), introduction and development of other gas-phase frag-
mentation techniques, such as higher energy collisional dissociation (HCD) [40],
electron transfer dissociation (ETD) [41], electron capture dissociation (ECD) [42],
and ultraviolet photodissociation (UVPD) [43] all contributed to the progress in the
top-down protein analysis. It is important to note that the combination of alternative
fragmentation techniques often provides the most comprehensive sequence cover-
age of the protein [44].

Figure 3.5 (continued)
to XP-RC MS/MS measurements carried out without using guanidinium chloride in the reagent plug;
and black lines correspond to fragments generated in XP-RC MS using in-source collisional activation).
The inset shows selected XICs for several ionic species in XP-RC chromatogram (reference XICs
obtained in the absence of the reducing agent in the reagent plug are shown as color-filled curves).
Adapted with permission from Pawlowski et al. [34] Copyright 2018 American Chemical Society.
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Figure 3.6: Schematic representation of dissecting an IgG1 molecule into specific fragments.
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Due to the complexity and structural heterogeneity of most biopharmaceuticals,
the top-down MS analysis is usually implemented using online separation (most com-
monly, reversed-phase LC, although other separation modalities such as ion exchange
[32, 45] or CE [46] are also frequently used). Recent experimentation with ion mobility
as an orthogonal means of proteoform separation prior to MS analysis led to a conclu-
sion that it can replace liquid-based separations and reduce both the analysis time and
the cost [47]. The top-down MS analysis of the protein amino acid sequence remains a
dynamic and rapidly evolving field, poised to claim a steadily increasing share of the
analytical work in the biopharmaceutical sector (with its contributions extending to
tasks beyond those covered in this chapter – other applications of top-down MS will be
considered in Chapter 4). For more in-depth information on top-down MS, the readers
are referred to a comprehensive review published in Nature Methods (and the antici-
pated follow-up papers) discussing best practices in this field [48].

3.2 Characterization of enzymatic post-translational
modifications

Compared to small-molecule drugs, protein biopharmaceuticals are inherently hetero-
geneous due to their complex chemical structure and the propensity to accommodate
multiple enzymatic and chemical post-translational modifications (PTMs). The presence
of PTMs, no matter if they arise due to peculiarities of the production process, are intro-
duced by design (the so-called designer PTMs) or induced under stress conditions,
might have an important impact on drug safety and efficacy, which need to be closely
monitored during the drug development. For example, protein PEGylation, a frequently
used designer PTM, has enjoyed a tremendous success in extending the half-lives of
protein biopharmaceutical in circulation [49–51]. In contrast, when occurring at the
CDR regions of therapeutic mAbs, unexpected PTMs might cause a loss of their function
[52]. From the quality control perspective, many PTMs might not be of direct concern to
drug safety and efficacy, however, they can significantly contribute to the charge het-
erogeneity profile of the drug molecule, which is monitored by various assays in QC
release to ensure product and process consistency. As a result, those PTMs are still con-
sidered important quality attributes that might prevent the drug batches release. In
addition, PTMs also contribute significantly to the overall heterogeneity of protein bi-
opharmaceuticals. To date, there are nearly 1,500 entries of protein modifications on
UNIMOD (www.unimod.org/, a comprehensive protein modification database), within
which a large percentage are unique PTMs affecting specific amino acid side chains. A
biopharmaceutical product as complex as mAb contains dozens of sites at which PTMs
commonly occur (Figure 3.7).
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Because the presence of most PTMs can lead to a measurable mass change, MS
has been the analytical tool of choice for both their identification and quantitation.
In a typical bottom-up approach (e.g., peptide mapping), the PTM-containing pepti-
des, generated from the enzymatic digestion of protein samples, can often be effec-
tively separated from their unmodified counterparts by reversed-phase LC prior to
MS detection. Preliminary identification of a particular PTM is often achieved by the
combination of accurate MS1 measurement and the pre-existing knowledge of com-
mon PTMs. Subsequently, confirmation and localization of the PTM to a specific
amino acid residue can be achieved by MS/MS analysis. Finally, the relative abun-
dance of the PTM can be estimated based on the MS1 responses of both the modified
and unmodified peptides. This section is focused on enzymatic PTMs and MS-based
methods to characterize them; non-enzymatic and designer PTMs will be considered
in Sections 3.3 and 3.4, respectively.

Figure 3.7: Common PTM targets within a mAb molecule shown in a space-fill format:
N-glycosylation (green), methionine oxidation (red), tryptophan oxidation in the CDR region (pink),
asparagine deamidation (blue), cysteine reduction/conjugation/disulfide scrambling/trisulfide
formation (orange), N-terminal glutamine and glutamic acid cyclization to pyroglutamine (brick and
salmon), backbone cleavage (wheat), and C-terminal lysine removal (magenta). The PTM sites are
shown only within a single pair of light and heavy chains to avoid the clatter.
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3.2.1 N-Glycosylation

With a very few exceptions, most therapeutic proteins are glycoproteins, i.e., they
have at least one N- or O-glycan chain attached to a specific amino acid side chain.
Protein glycosylation is an enzymatic process, which is often considered the most
complex PTM due to the involvement of a large number of enzymes and mecha-
nisms, and a variety of structures that are produced (Figure 3.8). Properly formed
glycosylation is often critical for the biopharmaceutical product’s efficacy, stability
and safety profiles. For example, therapeutic mAbs contain a conserved N-linked
glycosylation site in the Fc region, which is known to impact the antibody effector
functions. Antibodies with lower fucosylation exhibit enhanced antibody-dependent
cell-mediated cytotoxicity (ADCC) as a result of binding to Fc-γ receptors; antibodies
with higher terminal galactose have enhanced complement-dependent cytotoxicity
(CDC) as a result of binding to complement protein C1q [53, 54]. The N-linked glycosyl-
ation in the Fc region can also impact the pharmacokinetics of antibody-related mole-
cules. For instance, Fc fusion proteins with terminal N-acetylglucosamine (GlcNAc) or
high mannose glycans were shown to exhibit significantly shortened half-lives com-
paring to other glycoforms in both Cynomolgus monkeys and humans [55, 56]. In
addition, the N-glycans in IgG molecules also contribute to the stability of the CH2 do-
main, which is frequently the least thermally stable domain within the molecule [57].
Finally, the presence of nonhuman monosaccharide units in glycosylated protein bio-
pharmaceuticals, as a result of producing recombinant glycoproteins in nonhuman
mammalian cells, can elicit unwanted anti-drug antibody (ADA) responses in patients
and also promote drug clearance [58, 59]. In addition to considerations related to drug
safety and efficacy, the batch-to-batch consistency in glycosylation profile can demon-
strate a well-controlled process, while inconsistent glycosylation profile might indicate
changes in the process. Finally, development of the so-called biosimilars requires even
more efforts from the copycat to mimic the glycosylation profile of the originator, in
order to establish the analytical similarity between the two (see Chapter 5 for more de-
tail). Therefore, it is becoming increasingly important to achieve in-depth and compre-
hensive characterization of glycosylation profiles in protein biopharmaceuticals.

Protein glycosylation most frequently occurs on asparagine residues (N-glycans)
within the Asn-X-Thr/Ser (where X could be any amino acid with the exception of
proline) consensus motifs, and on serine and threonine residues (O-glycans). In gen-
eral, two levels of information can be obtained from protein glycosylation analysis:
the glycosylation site and occupancy (macro-heterogeneity) and the glycan’s struc-
ture at each site (micro-heterogeneity). Depending on the purpose of the analysis,
protein glycosylation can be characterized using a variety of techniques to achieve
either high speed or high sensitivity. In the following paragraphs, a range of strate-
gies used for N-glycosylation analysis will be reviewed in detail.
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Both macro- and micro-heterogeneity of protein glycosylation can lead to increased
mass heterogeneity of protein biopharmaceuticals, which often can be directly charac-
terized by intact mass-based approaches. For therapeutic mAbs, each of the two identi-
cal N-glycosylation sites in the Fc region can be either vacant or occupied, resulting in
mAb molecules with 0–2 N-glycans (macro-heterogeneity). At each site, the glycan’s
structure can also vary in monosaccharide composition, branching pattern and
length (micro-heterogeneity). Fortunately, such mass heterogeneity introduced by
N-glycans in a mAb molecule can be readily solved by modern mass spectrometers
at the intact protein level (Figure 3.9). The mass differences of 146, 162, and 291 Da
observed between the major glycoforms correspond to the masses of fucose, galac-
tose and sialic acid residues, respectively. However, analysis of the intact mAb
molecule, particularly without front-end separation, often fails to detect minor
glycoforms due to the limited dynamic range in direct MS analysis. In addition,
glycoforms with similar molecular weight, such as G0F and G1 (ΔM = 16 Da), can
be difficult to resolve if other PTMs are also present (particularly oxidation, which
results in the same mass shift). In order to improve the method resolution and
sensitivity, the mAb molecule can be dissected into smaller subunits using the
strategies discussed in Section 3.1, and then the intact mass analysis can be per-
formed on the Fc/2 fragment (25 kDa). This approach not only reduces the size of
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the polypeptide chain, but also limits the number of the glycan chains to not more
than one per each polypeptide. Furthermore, analysis of protein glycosylation at in-
tact levels can also be facilitated by front-end separation techniques. The recently
demonstrated capabilities of both HILIC [60, 61] and ion exchange (IEX) LC [45] to
be interfaced with ESI MS provide exciting opportunities for intact mass analysis
of chromatographically resolved glycoforms of glycosylated protein therapeutics.

Many applications require a detailed characterization of the N-glycan structures that
goes beyond establishing the composition or even the connectivity order of individual
monosaccharide residues within the chain. For example, there is a difference in sialic
acid linkages between endogenous human proteins and those recombinantly expressed
in Chinese hamster ovary cell (CHO) cells ([2,6] vs. [2,3]), and confirmation of the correct
linkage type is sometimes required in order to address concerns related to a potential
immunogenicity of therapeutic proteins. To achieve such an in-depth characteriza-
tion of N-glycans in protein biopharmaceuticals, released N-glycan analysis is fre-
quently performed, where the glycoprotein is first treated with PNGase F to release the
intact oligosaccharides that are subsequently isolated and derivatized for detection.
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Figure 3.9: Deconvoluted mass spectra of intact (blue), fully deglycosylated (black),
hypergalactosylated (yellow), and hypersialylated (magenta) forms of IgG1. The inset shows the
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Historically, capillary electrophoresis coupled with laser-induced fluorescence
detection (CE-LIF) was the technique commonly used for carbohydrate analysis
due to its high resolving power, short analysis time and exceptional sensitivity.
However, this method is highly dependent on using standards to confirm N-glycan
identities. As a result, its utility is limited when less common or abnormal N-glycans
are present in a biopharmaceutical product. In contrast, MS-based detection methods,
particularly the application of tandem MS, have dramatically alleviated the depen-
dence on using standards to elucidate the N-glycan structure. MS-based glycan se-
quencing is now a mature analytical technology, which is routinely used not only for
determining the order of monosaccharide units within linear segments of the glycan
chain, but also for deciphering the branching patterns (which is made possible by the
so-called cross-ring cleavages within single saccharide residues) [64–66]. One disad-
vantage of using tandem MS for glycan sequencing is its reliance on chemical derivati-
zation, although the latter can be avoided if the MS analyses are carried out in the
negative ion mode [67].

The multiplicity of fragment ions that are usually generated in the course of tan-
dem MS measurements of glycan chains leads to crowded mass spectra, which may
be difficult to interpret without specialized data processing algorithms [68]. Further-
more, complete sequence/branching information on complex glycans is almost never
achieved using tandem MS alone. Instead, most current protocols rely on availability
of a battery of highly specific exoglycosidases that can be used to distinguish posi-
tional and/or linkage isomers (Table 3.2), with MS serving as a tool to report a success
(or failure) of a specific exoglycosidase (or a cocktail of exoglycosidases) to remove
terminal saccharide residues. Recent advances in both hyphenated CE-MS and LC-MS
methods have further expanded the role played by MS in released N-glycan analysis
[69, 70]. Notably, the excellent resolving power of CE and HILIC methods often allows

Table 3.2: Common analytical exoglycosidases [71] (an up-to-date web-based version is available at
the manufacturer’s site www.neb.com/tools-and-resources/feature-articles/redesigning-glycosi
dase-manufacturing-quality–for-pharmaceutical-and-clinical-applications).

Common
abbreviation

Enzyme name Specificity Origin

NAN α- Neuraminidase S α- NeuAc Streptococcus
pneumoniae

ABS α-,,, Neuraminidase A α-,,, NeuAc/NeuGc Arthrobacter
ureafaciens

SPG β- Galactosidase S β- galactose Streptococcus
pneumoniae
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structural isomers to be separated from each other, while the structure elucidation
can be greatly facilitated by the subsequent tandemMS analysis.

Identification of the N-glycosylation sites is another task that is usually solved
using various MS-based approaches. While intact mass measurements are usually
sufficient for characterization of protein biopharmaceuticals containing a single gly-
cosylation site, it is less useful for proteins with multiple glycosylation sites, as it
cannot reveal site-specific glycosylation information. Additionally, the overall mass
heterogeneity of the protein molecule increases dramatically along with the extent
of glycosylation, resulting in a wide (and frequently poorly resolved) distribution of
ionic masses, making intact mass analysis nearly useless. Although the capabilities of
intact mass analysis to handle highly heterogeneous systems continue to expand [72],
its applicability remains limited in the realm of extensively glycosylated protein thera-
peutics. On the other hand, a significant reduction in heterogeneity can be achieved by
using bottom-up strategies, where the glycoprotein is first digested into proteolytic pep-
tides. Ideally, a selective protease is used so that each glycopeptide contains a single
glycosylation site. LC-MS analysis of the digests can be used to determine the level of
glycan occupancy at each site by comparing signals from the glycosylated peptides and
from the non-glycosylated peptide. Alternatively, the digests can be further treated
with PNGase F, which removes the N-glycans and converts the asparagine at the glyco-
sylation site to aspartic acid. In this case, the glycan occupancy can be quantitated by
comparing signals from the native peptide (i.e., containing unmodified asparagine resi-
due) and from the deamidated peptide, although one should be mindful of a likely
change in the peptide ionization efficiency due to incorporation of an acidic residue

Table 3.2 (continued)

Common
abbreviation

Enzyme name Specificity Origin

BTG β-, Galactosidase β-, galactose Bovine (testes)

GUH β-N-Acetylglucosaminidase S β-N-Acetylglucosamine Streptococcus
pneumoniae

JBM α-,,Mannosidase α-,, mannose Jackbeans

BKF α-,,, Fucosidase α-,,, fucose Bovine (kidney)

AMF α-, Fucosidase α-, fucose Almondmeal

CBG α-,, Galactosidase α-,, galactose Coffeebeans

OTF α-,, Fucosidase O α-,, fucose Omnitrophica
bacterium

NAN α- Neuraminidase S α- NeuAc Streptococcus
pneumoniae
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into its sequence. This strategy can be further enhanced by performing the PNGase F
treatment in 18O-enriched water so that each N-glycosylation site will incorporate an
18O atom after conversion, greatly improving the confidence of identification [73].

In addition to overall glycan occupancy, distribution of glycoforms at each indi-
vidual site can also be evaluated by the bottom-up-based methods. The separation
of glycopeptides prior to MS analysis is most frequently achieved by reversed-phase
chromatography. Because the hydrophobicity of a glycopeptide is mostly determined
by its peptide portion, glycopeptides with different amino acid sequences (e.g., con-
taining different glycosylation sites) can often be effectively separated on a C18
column. However, glycopeptides with the same amino acid sequence but different
glycoforms often co-elute on a C18 column. This feature is useful for quick detec-
tion and identification of all major glycoforms from the same peptide, but it might
also cause less sensitive MS detection of minor glycoforms due to the ionization
suppression. Alternatively, the glycopeptides can also be separated by HILIC, where
the retention is mostly determined by the glycan portion. As a result, different glyco-
forms for a given peptide can be readily separated [74]. More recently, the combina-
tion of reversed-phase column and porous graphitic carbon column has also been
used to retain extremely hydrophilic glycopeptides in order to improve the coverage
of the glycosylation sites [75].

Besides the advancements in the upstream separation methods, various MS-
based tools are also available for glycopeptide characterization. For purified protein
drug samples, highly accurate mass measurement of the glycopeptides from the
protein digests might already provide some degree of confidence for identification,
which can be further enhanced using the glycopeptide ion fragmentation data from
tandem MS analysis. Historically, CAD has been commonly used for glycopeptide
ions fragmentation. During the CAD analysis, the glycosidic bonds are preferentially
cleaved as they are more labile than amide bonds, leading to sequential losses of
monosaccharide units from the termini of the glycan structure (Figure 3.10). This
information is frequently useful for elucidating both the composition and the con-
nectivity order of individual monosaccharide units within the glycan chains. For
known glycosylation sites, CAD analysis alone is frequently sufficient to identify the
glycopeptides and even elucidate the glycan structure (Figure 3.10). However, as
CAD analysis of glycopeptides cannot reveal amino acid sequence information, it’s
less useful to identify unknown glycosylation sites.

For protein biopharmaceuticals, the amino acid sequence information is always
known so that one can easily predict the N-glycosylation sites based on the well-
known motifs (e.g., NXT/S, vide supra). However, it is worth noting that N-glycosyl-
ation could also occur on non-consensus sites (including N-glycosylation at NSG,
NQV and NEN observed in recombinant antibodies [77]), although typically at much
lower levels. Detection of the occurrence of atypical N-glycosylation in protein bio-
pharmaceuticals by routine methods can be challenging due to their low abundance
and unpredictability. Fortunately, the recently reported native ion exchange LC-MS
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method has shown the potential for this task due to its excellent LC resolution and
MS sensitivity. For example, application of an online strong cation exchange chroma-
tography-native MS method has successfully detected an atypical glycosylation site
in the Fab region (NSG motif) of NISTmAb reference material (Figure 3.11), which is
present at extremely low-abundance (< 0.1%). As this N-glycosylated species contains
a sialic acid (G3FS), it can be readily separated from the main species by strong cation
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Figure 3.10: Fragment ion (CAD) mass spectrum of a proteolytic peptide fragment of mAb reveals
the presence of a carbohydrate chain (whose facile fragmentation gives rise to a series of abundant
fragment ions at m/z above 1,300), but is not informative vis-à-vis the amino acid sequence (the
sequence information can be obtained by using electron-based ion fragmentation techniques, such
as ECD or ETD). Data courtesy of Dr. Rinat R. Abzalimov (CUNY Advanced Science Research Center).
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exchange (SCX) LC due to the increased acidity, and therefore be readily detected
by subsequent native MS analysis.

3.2.2 O-Glycosylation

In addition to N-glycans decorating the asparagine residues, carbohydrate chains
can also be attached to the hydroxyl groups of serine and threonine side chains via
an O-glycosidic bond to N-acetylgalactosamine residue (the so-called O-glycans, see
Figure 3.8, bottom). Analysis of O-glycans has not been as straightforward as the
analysis of N-glycans, largely due to the unavailability of enzymes capable of effec-
tively releasing O-glycans. The existing chemical approaches to release O-glycans
often involve complicated sample preparation and suffer from insufficient sensitiv-
ity, and thus are not ideally suited for routine characterization of protein biophar-
maceuticals. By contrast, analysis of O-glycans at glycopeptide levels is more routinely
adopted and the methodology is practically identical to the analysis of N-glycopeptides.
O-glycopeptide analysis has benefited tremendously from recent advances in both
chromatographic separation techniques and tandem MS fragmentation techniques.
Just like N-glycans, O-glycans also contribute to the mass heterogeneity of protein
biopharmaceuticals, and thus can significantly hinder the MS analysis at the intact
protein level. To tackle the increased mass heterogeneity introduced by O-glycans,
charge reduction is sometimes an effective technique to reduce spectral crowding
due to the overlapping ionic signals at different charge states by shifting the entire
charge state envelopes to a higher m/z region. A simple and elegant approach to
achieve charge reduction in intact mass analysis is to modify the desolvation gas
with the vapor from triethylamine, a commonly used charge stripping reagent [79]
(Figure 3.12a). The effectiveness of this approach was demonstrated in a case study
where a heavily O-glycosylated protein was successfully characterized. It is evident
that, after charge reduction, the previously convoluted mass spectrum can be greatly
simplified and readily deconvoluted, revealing both the number and the composition
of the attached O-glycans (Figure 3.12b and c).

Overall, MS-based analysis of protein biopharmaceuticals containing high lev-
els of glycans remains an area of active research efforts, as these molecules con-
tinue to present significant challenges to analytical scientists, requiring continuous
innovation in order to meet the ever – increasing demands in this field.

3.2.3 Disulfide bonds and disulfide scrambling

To achieve desired therapeutic function and safety profile, the protein molecule
should not only possess the designed amino acid sequence but also be correctly
folded. Disulfide bonds, which are formed by oxidation of a pair of cysteine residues,
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play a critical role in maintaining the protein higher order structure, and thus are crit-
ical not only for maintaining the protein drug biological functions, but also for its sta-
bility and safety. Indeed, aberrant formation of disulfide bonds has a negative impact
on the protein conformational integrity (including both tertiary and quaternary
structures), and can promote protein aggregation both directly (via formation of
non-native external disulfides) and indirectly (by locking the protein in a non-native
conformation). For protein biopharmaceuticals containing disulfide bonds, free cyste-
ine residues, or both disulfides and free cysteines, it is necessary to confirm the redox
status of each cysteine residue and the connectivity of each disulfide bond. Various
MS-based approaches are now available to decipher the disulfide bond connectivity,
most of which involve performing the peptide mapping analysis under non-reducing
conditions, and comparing the results of its LC-MS/MS analysis with that for the re-
duced digests. Ionic species that disappear after the reduction most likely represent the

Figure 3.12: Application of the charge reduction strategy to facilitate intact mass analysis of a
heavily O-glycosylated protein: (a) representation of modifying desolvation gas with TEA vapor in
ESI source; (b) raw mass spectra comparison with and without charge reduction; and (c)
deconvoluted mass spectrum under charge reduction condition. Adapted with permission from
Wang et al. [79] Copyright 2019 American Chemical Society.
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Figure 3.13: Top: A schematic diagram of a disulfide-linked peptide dimer dissociation in the
negative ion mode. Bottom: A mass spectrum of fragment anions generated by CAD of a disulfide-
linked peptide dimer [8 − 18]/[43 − 50] derived from a tryptic digest of a 37 kDa recombinant
protein (N-lobe of human serum transferrin) obtained with a hybrid quadrupole/TOF mass
spectrometer (CAD carried out in the RF-only quadrupole). Open squares and circles indicate ions
corresponding to the intact peptide monomers produced by dissociation of the disulfide bond in
the peptide dimer ion without any backbone cleavages (zoomed views are shown in the insets).
Reproduced with permission from Zhang and Kaltashov [80] Copyright 2006 American Chemical
Society.

3.2 Characterization of enzymatic post-translational modifications 63



disulfide bond-containing peptides, while the newly formed ions can be assigned to
cysteine-containing peptides that are involved in disulfide bonds. Subsequently, the di-
sulfide bond connectivity can be confirmed by correlating the two cysteine-containing
peptides with the disulfide bond-containing peptide via a simple relationship:

Mass DSBð Þ=Mass* Cys1ð Þ+Mass* Cys2ð Þ− 2.01565

where the masses of the two Cys-containing peptides (*) should be adjusted for the
presence of the cysteine-capping reagents if applied. Although effective, this approach
can be time-consuming, especially if the protein contains many disulfide bonds, as
the number of possible combinations of two cysteine-containing peptides can grow
quite significantly. An elegant solution to this problem is to perform online reduction
of disulfide bond-containing peptides during the LC-MS analysis, as the correlation be-
tween disulfide bond-containing peptide and two Cys-containing peptides can be
readily established by the identical retention time. For example, online partial reduc-
tion of disulfide bonds during reversed-phase LC-MS analysis can be easily achieved
by post-column addition of TCEP, a highly effective reducing agent even at low pH
[81, 82]. However, the ionic nature of TCEP will inevitably contribute to the ionization
suppression of the peptide analytes during the electrospray process and can also con-
taminate the mass spectrometer. A promising alternative to the chemical reduction is
application of the electrochemical reduction, which can be implemented using ESI-
compatible flow cells equipped with electrodes that act as electron donors [83, 84].

As protein biopharmaceuticals are subjected to extensive purification pro-
cesses, they typically consist of a single protein of high purity. Therefore, identi-
fication of disulfide bond-containing peptides can often be achieved using MS1
data alone, particularly when a high-resolution MS instrument is utilized. In ad-
dition, many data processing software packages greatly facilitate such work and
increase the analysis throughput. To improve the identification, tandemMSmethods
utilizing various gas-phase fragmentation techniques could also be used. For example,
in addition to accurate mass measurement at MS1 level, several matching b- and y-ions
produced by collisional activation of the disulfide bond-containing peptide ions can
significantly increase the identification confidence. This is particularly useful for de-
tection and identification of scrambled disulfide bonds that are paired incorrectly and
typically present at low levels.

Unlike conventional (positive ion) CAD, which mostly leads to the backbone
amide bond fission in the gas phase, collisional activation of negative ions frequently
results in facile cleavage of amino acid side chains, including those of cysteine resi-
dues without affecting the integrity of the peptide backbone [85].When applied to di-
sulfide-linked peptide dimer ions, negative ion CAD results in separation of the two
monomeric peptides by generating highly specific cleavages affecting all three bonds
in the linkage segment between the β-carbon atoms of the two cysteine residues (Fig-
ure 3.13, top). This leads to appearance of easy-to-recognize signature fragment ions in
the negative ion CAD mass spectra, which not only allows the disulfide-linked peptide
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dimers (as well as higher oligomers) to be readily distinguished from monomeric pre-
cursor ions, but also enables identification of the disulfide-linked dimers based on the
masses of their constituent peptide monomers (Figure 3.13, bottom). Since the nega-
tive ion CAD results mostly in side chain cleavages, scouting for disulfide-linked
peptide dimers can be carried out in a broad-band mode, with wide m/z windows
being used for selecting ionic populations for subsequent negative ion CAD (most of
the fragment ions remain within the confines of the precursor ion windows, while the
disulfide fission products fall outside of such windows) [80]. Other ion fragmentation
techniques, such as those relying both on electron-based (ECD and ETD) and UV-
photon based (UVPD) ion activation methods, can also be used for disulfide bond
characterization, as they enable fission of disulfide bonds in the gas phase [86–88].

The strategies mentioned in the preceding paragraphs may not work very well in
the case of proteins (or protein segments) with high density of cysteine residues. Close
spacing of cysteine residues in the protein sequence makes it difficult (and in some
cases impossible) to select a proteolytic enzyme that produces peptide fragments con-
taining not more than a single cysteine residue. This is illustrated in Figure 3.14, which
shows an amino acid sequence of recombinant β-glucocerebrosidase with four cysteine
residues located within the 23 residue-long N-terminal segment of the protein (and two
of which are separated by a single valine residue). No definitive conclusions vis-à-vis
disulfide connectivity patterns can be reached when a single protease is used for pep-
tide mapping of this protein. In fact, the complete separation of all cysteine residues by
proteolysis is impossible even when multiple proteases are used (e.g., Lys-C to produce
a (1–7)/(8–74) disulfide-linked dimer followed by its deglycosylation and digestion
with Asp-N to produce a smaller dimer (1–7)/(8–23) and a trimer (1–7)/(8–18)/(19–23)).
However, supplementing the proteolysis with tandem MS measurements provides the
data sufficient to establish the disulfide pattern: the presence of distinct fragments pro-
duced by the amide bond cleavages within the Cys16Val17Cys18 segment in the CAD
spectrum of the peptide dimer confirms the presence of Cys4–Cys16 and Cys18–Cys23 di-
sulfides. Lastly, it should be mentioned that identification of a particular pattern of
disulfide connectivity within a therapeutic protein does not necessarily rule out the
presence of scrambled disulfide species in the sample. Detection and identification of
disulfide-scrambled species in stressed biopharmaceuticals (particularly if they are pres-
ent at low abundance) presents an elevated challenge. Very frequently disulfide scram-
bling leads to significant conformational changes, allowing the scrambled species to be
separated from the protein with the native disulfide connectivity using SEC. However,
scrambling within cysteine-rich segments (similar to that shown in Figure 3.14) may
lead to small-scale changes that cannot be resolved by SEC. Detection and identification
of the disulfide-scrambled species in such cases is a challenging and demanding task
that usually combines peptide mapping and MS/MS analysis, and frequently relies on
multiple orthogonal-action proteases and several complementary ion fragmentation
techniques.
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Besides forming disulfide bonds, cysteine residues can also be present in a reduced
form, i.e. containing free thiol groups. Unintended free thiols, which are normally in-
volved in disulfide bond formation, can be problematic for protein biopharmaceuticals,
as they might lead to compromised structural integrity and biological function. Al-
though the total free thiol levels in protein samples can be readily assessed by some
colorimetric assays [89], site-specific quantitation of free thiol frequently relies on
MS-based approaches. In particular, a differential alkylation workflow utilizing sta-
ble-isotope-labeled alkylation reagent is frequently applied [89]. Briefly, the protein
sample is first alkylated using an unlabeled reagent under denaturing conditions so
that all free thiols become solvent-accessible and be quantitatively labeled. Subse-
quently, after complete reduction of disulfide bonds, the newly formed free thiols can
be further alkylated with a stable isotope-labeled reagent. Following trypsin digestion
and LC-MS analysis, the free thiol level of each Cys residue can be readily calculated
based on the isotope profile of the Cys-containing peptide. In addition to several com-
mercially available, isotope-labeled alkylation reagents, preparation of 18O-labeled io-
doacetic acid is an easy and affordable option [90].

During the production of protein biopharmaceuticals, the cysteine residues are
also susceptible to other post-translational modifications. For example, cysteine side
chains can often be modified by cysteinylation and glutathionylation via a thiol-
disulfide exchange mechanism, due to the presence of free cysteine and glutathione
(GSH) in cell media [91]. Furthermore, free cysteine residues and disulfide bonds are

Figure 3.14: Top: the amino acid sequence of β-glucocerebrosidase with the Lys-C and Asp-N
cleavage sites in the N-terminal segment of the protein identified with blue and red arrows,
respectively. The proteolytic peptide dimer L1L2 (linked by a disulfide bond) is highlighted in bold.
The “D” symbols placed above the L1L2 sequence identify the sites of Asn-to-Asp conversion as a
result of its deglycosylation with PNGase F. Bottom: the primary structure of the proteolytic peptide
fragment produced by digestion of the enzymatically de-glycosylated L1L2 peptide dimer with Asp-
N and its CAD fragmentation pattern.
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also prone to conversion to dehydroalanine via the β-elimination mechanism, par-
ticularly under elevated temperatures [92]. Such modifications on their own may
not be considered critical quality attributes, but they can significantly impact other
attributes of protein biopharmaceuticals. For example, those modifications, when
occurring within the disulfide bond connecting the light and heavy chains of a
therapeutic mAb, can lead to the dissociation of a free light chain from the rest of
the mAb molecule (leaving behind a complementary H2L trimer) during purity assess-
ment under denaturing conditions (e.g., SDS-PAGE or CE-SDS), and thus resulting in
the elevated levels of lower molecular weight (LMW) impurities. A trisulfide bond,
which is formed by insertion of an extra sulfur atom into a disulfide bond, is another
peculiar PTM first observed in therapeutic mAbs [93]. The trisulfide bond is not con-
sidered one of the critical quality attributes, as it rarely has a negative impact on the
drug safety and efficacy. Several studies have shown that trisulfide bonds can be
quickly converted back to disulfide bonds during in vivo circulation, and thus have a
negligible effect on the PK and PD properties of the protein therapeutic [93]. However,
the presence of trisulfide bonds inevitably increases the heterogeneity of already
highly complex protein drugs, and thus they are still closely monitored during the
drug production. Lastly, the sulfhydryl group of a free cysteine residue present in a
therapeutic protein can become a target of oxidation [94], a non-enzymatic PTM that
will be considered in detail in Section 3.3.

Some analytical methods developed for mapping disulfide bonds in proteins,
such as differential alkylation [95], can also be utilized for probing the higher order
structure of proteins (the subject matter of Chapter 4) by evaluating solvent accessi-
bility of individual disulfide bonds. For example, partial reduction followed by dif-
ferential alkylation can be used to rank the reduction susceptibility of disulfide
bonds residing in different domains of an IgG1 molecule [96]. A buried disulfide
bond has increased susceptibility to reduction when it becomes more solvent accessi-
ble as a result of a local unfolding event. This feature could be utilized to investigate
the structural changes of protein biopharmaceuticals under certain stress conditions
(e.g., high temperature, agitation and exposure to UV light).

3.2.4 Other enzymatic PTMs

Besides glycosylation and disulfide formation, other enzymatic PTMs are also found in
protein biopharmaceuticals. For example, during the production of therapeutic mAbs,
certain carboxypeptidases (which are also expressed and secreted into the cell culture
media) remove the C-terminal lysine residue from mAb heavy chains [98]. Incomplete
processing of a mAb molecule by carboxypeptidases gives rise to sequence heterogeneity
within the C-termini of the heavy chains (up to one “extra” lysine residue per chain or up
to two “extra” residues per a mAb molecule). Although unprocessed C-terminal lysine is
typically not considered a critical quality attribute (it is unlikely to affect the drug safety
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and efficacy), it does significantly impact the charge heterogeneity profile of the drug,
which is indicative of the process and product consistency. Moreover, recent reports
support the notion of the charge properties of therapeutic mAbs affecting their bind-
ing to Fc receptors as well as the tissue distribution and pharmacokinetics, highlight-
ing the importance of well-characterized and controlled charge heterogeneity of mAb
products [99–101]. The levels of C-terminal lysine residues in mAb products are fre-
quently quantitated by LC-MS based peptide mapping analysis following tryptic
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Figure 3.15:MS1 spectra of (a) IgG4 C-terminal peptide without Lys, (b) Lys-containing C-terminal
peptide treated with CpB in 18O-enriched buffer, and (c) a 0.9:1.1 mixture of C-terminal peptides
with and without Lys treated with CpB in 18O-enriched buffer. Adapted with permission from Wang
et al. [97] Copyright 2020 American Chemical Society.
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digestion, as the C-terminal peptides with and without lysine residue have different
masses and can often be effectively separated by reversed-phase chromatography. It
is generally accepted that the relative abundance of PTMs can be calculated based on
the MS responses of both modified and unmodified peptides, assuming their ioniza-
tion efficiencies are comparable. However, if a PTM significantly changes the peptide
ionization efficiency, either directly by changing its charging characteristics or indi-
rectly due to the changes in the solvent condition or co-eluting species as a result of a
dramatically altered retention time, MS-based quantitation will be less reliable. In
this case, the lysine-containing C-terminal peptide often exhibits significantly higher
ionization efficiency compared to the C-terminal peptide without a lysine residue,
leading to overestimation of the C-terminal lysine levels. To overcome this problem,
one can use an 18O-labeling based strategy [97]. Prior to the LC-MS analysis, the tryp-
tic digests are first treated with carboxypeptidase B in 18O-enriched water to quantita-
tively convert the lysine-containing C-terminal peptide to C-terminal peptide without
Lys and simultaneously label it with one 18O atom (Figure 3.15b). Subsequently, the
change in isotope distribution of the resulting C-terminal peptide can be utilized to
back-calculate the percentage of the C-terminal lysine (Figure 3.15c).

Hydroxylysine (Hyl) is another example of enzymatic PTM that is less commonly
observed in protein biopharmaceuticals. It features a hydroxyl residue attached to the
δ-carbon of a lysine residue side chain by an enzyme lysyl hydroxylase that appar-
ently recognizes a Xaa-Lys-Gly consensus sequence [102]. This modification has been
identified in several therapeutic proteins, including Activase® (rtPA), a soluble form
of CD4 receptor (rCD4), and in therapeutic mAbs [103], presumably due to the pres-
ence of endogenous lysyl hydroxylase in cell culture media. Lysine hydroxylation
leads to an increase of the monoisotopic mass by 15.9949 Da, which is identical to the
mass increase resulting from oxidation of many other amino acid residues (e.g., Met,
His, and Trp) or sequence substitutions (e.g., Ala to Ser, and Phe to Tyr). As a result,
confirmation of Lys hydroxylation usually requires tandem MS analysis to localize
the modification to a specific Lys residue [103].

3.3 Characterization of non-enzymatic PTMs

Above and beyond modifications introduced into biopharmaceutical products by
enzymatic processing, PTMs can also arise due to chemical degradation during the
lengthy production process (which includes protein expression, purification and
formulation), and storage. Unlike the enzymatic PTMs, which require the presence
of active enzymes, non-enzymatic PTMs can be introduced into a protein therapeu-
tic by chemical reactions with a variety of molecules that it comes in contact with,
including water, air, inorganic and organic salts, nutrients (such as glucose), transi-
tion metal ions, sanitizing agents (such as hydrogen peroxide), excipients, and dis-
solved components of containers. Some of these chemical reactions are spontaneous,
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while others can be catalyzed by a range of physical stimuli, such as UV or visible
irradiation, mechanical shaking, and temperature spikes. The presence of such PTMs
often increases the heterogeneity of a protein therapeutic, and in some cases may af-
fect its safety and efficacy profiles. Therefore, it is important to identify and quantitate
non-enzymatic PTMs that are present in a biopharmaceutical product and assess
their impact on the drug safety and efficacy. For the past two decades, MS has be-
come an indispensable tool in PTM characterization of protein biopharmaceuticals,
with various MS-based strategies and workflows developed to detect and identify a
wide range of non-enzymatic PTMs.

3.3.1 Asparagine deamidation and aspartic acid isomerization

Deamidation of asparagine and isomerization of aspartic acid residues are two of
the most commonly occurring non-enzymatic PTMs in protein therapeutics. Under
typical production and storage conditions (near-neutral pH), both deamidation and
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isomerization proceed through formation of a succinimide intermediate and subse-
quently result in a mixture of Asp- and isoAsp-containing products (Figure 3.16). As-
paragine deamidation usually increases the abundance of acidic variants of the
drug molecule, as it introduces an additional negative charge. Formation of the iso-
Asp residue elongates the protein backbone by inserting an extra methylene group,
resulting in the β-peptide linkage. In some cases, when occurring at critical loca-
tions, asparagine deamidation and aspartic acid isomerization can compromise the
efficacy and stability of the drug molecule [104–106], and even trigger undesired
immunogenic responses [107].

Asparagine deamidation results in a rather small mass change (a 0.98403 Da
increase of the monoisotopic mass), which makes it difficult to detect deamidation
products via mass measurements alone even within short peptides (Figure 3.17). No
mass change is associated with the aspartic acid isomerization. Therefore, detection
and quantitation of these PTMs must necessarily include a chromatographic step,
which is usually coupled with online MS or MS/MS detection. The deamidation
products within small to mid-size biopharmaceuticals can be detected in many
cases using a top-down approach, as illustrated in Figure 3.18 for a stressed form of
interferon-β1a. In this example, an online ion exchange LC-MS analysis of the pro-
tein sample reveals the presence of two (nearly) isobaric species for each glycoform
of the protein, consistent with deamidation of the protein (which is expected to re-
sult in a significant change of the elution time, while the m/z shift magnitude would
be too small to allow the presence of the deamidated forms of the protein to be
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Figure 3.18: Top-down detection and localization of deamidation within stressed interferon-β. Top
right: ion exchange LC-MS analysis of stressed protein sample: TIC chromatogram and extracted
ion chromatograms of seven different glycoforms identified in the mass spectrum of the protein
sample not subjected to separation (shown in inset). Top left: identification and localization of a
stress-induced deamidation within the BiNA2 species of interferon-β by ion exchange LC-MS/MS.
TIC for all fragment ions produced by ETD and collisional activation of precursor ions corresponding
to the + 9 charge state of the BiNA2 species (black trace) and extracted ion chromatograms
corresponding to two different isotopic peaks within the c30

2+ fragment ion (blue,m/z 1,826.9; red,
m/z 1,825.4). The insets on the left show isotopic distributions of fragment ions that are observed
in both chromatographic peaks (c30

2+ and y17
2+) and unique to the earlier-eluting species (b25

2+).
The inset on the right shows overall fragmentation patterns for the two chromatographic peaks. Bottom:
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detected by MS alone). Online ion exchange LC-MS/MS analysis of the two nearly
isobaric species in each glycoform produces nearly identical fragmentation pat-
terns, although some important differences are apparent (Figure 3.18). For example,
in the entire series of b-ions derived from the thirty amino acid long N-terminal seg-
ment of the protein, only fragments produced by cleavage of the backbone amide
bonds following Asn-25 show a clear difference in their isotopic distributions indica-
tive of the Asn/Asp conversion (a shift by one mass unit). No differences were de-
tected between the two sets of y-ions derived from the protein C-terminal segment.
This allows the deamidation site to be confidently identified as Asn-25.

A significant advantage offered by the top-down analysis as a means of identify-
ing deamidation sites within protein therapeutics is the minimal sample workup,
which eliminates the possibility of introducing this PTM during the analysis (which
remains a distinct possibility when the bottom-up approaches are used, vide infra).
However, both the increased mass and the presence of multiple disulfide bonds in
larger protein therapeutics (e.g., mAbs) make the top-down approach impractical;
therefore, detection, localization, and quantitation of both asparagine deamidation
and aspartic acid isomerization are usually achieved by a variety of bottom-up based
approaches (e.g., peptide mapping). Trypsin is often used in these studies, although
care must be taken to minimize the digestion-induced deamidation or isomerization
[108], which obviously alters the protein PTM profile. It is because the conditions
(e.g., basic pH and elevated temperature) used for a typical tryptic digestion also fa-
cilitate the formation of those two PTMs via the succinimide pathway (the most sus-
ceptible degradation sites are Asn and Asp residues followed by Gly or Ser residues).
Sample preparation-induced artifacts not only lead to overestimation of those PTMs,
but also make quantitative comparison between samples difficult due to a high-level
baseline. To reduce the artifact formation, protein digestion should be carried out by
trypsin at slightly lower pH (e.g., pH 6.0) [109] or using endoprotease Glu-C at pH 4.5
[110]. Alternatively, strategies have also been developed to distinguish the inherent
deamidation from artifacts by performing sample preparation in 18O-enriched water
[111]. During such experiments, inherent deamidation only results in a mass increase
of 1 Da, while the deamidation artifacts (Asp and isoAsp) from sample preparation
give rise to a mass increase of 3 Da due to the incorporation of one 18O atom during
the hydrolysis of succinimide. Although the 2 Da molecular weight difference is suffi-
cient to differentiate the two deamidated species (the “real” PTM and the artifact),
quantitative analysis using this approach can be challenging due to the complication
from trypsin-catalyzed 18O-labeling at peptide C-terminal carboxyl groups, resulting

Figure 3.18 (continued)
Amino acid sequence of interferon-β showing all fragment ions detected in the online top-down analysis
of the two chromatographically separated BiNA2 species. Adapted with permission fromMuneeruddin
et al. [45] Copyright 2015 American Chemical Society.
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in convoluted isotopic distributions of Asp- and isoAsp-containing peptides. One pos-
sible solution involves the use of b-ions from the MS/MS spectra, as b-ions do not
contain the 18O-labeled C-terminus, thus greatly simplifying the mass spectra [112].
Besides leading to overestimation of overall deamidation or isomerization levels, sam-
ple preparation can also alter the distribution of different degradation products. In
particular, succinimide intermediate is often stable within the intact protein, but can
be readily hydrolyzed to aspartic or iso-aspartic acid during its trypsin digestion. It has
been shown that the succinimide modification within a mAb molecule (originating
from Asp isomerization) can be preserved using a high-fidelity trypsin digestion proto-
col, which involves a low pH (pH 5) denaturation step and a short digestion time (1 h)
[113]. However, it is likely that the stability of the succinimide intermediate might vary
depending on the higher order structure and the peptide sequences, and therefore opti-
mization of the sample preparation conditions might be required on a case-by-case
basis.

Finally, for in-depth characterization of protein deamidation, the Asp/isoAsp
differentiation in degraded peptides is often required. Historically, this task was ap-
proached by both Edman degradation method [115] and some HPLC methods that
relied on different retention times of Asp- and isoAsp-containing peptides [116].
However, those traditional approaches often suffer from relatively low throughput
and less reliable assignment and have gradually been replaced by MS-based ap-
proaches. For example, the electron-based fragmentation techniques (electron cap-
ture dissociation, ECD, and electron transfer dissociation, ETD) have been widely
adopted for differentiation between Asp- and isoAsp-containing peptides, where a
pair of reporter ions (c• +57 and z −57) that are unique to isoAsp-containing peptides
and another pair of reporter ions (z −44 and (M + nH)(n−1)+ −60) that are unique to
Asp-containing peptides can be generated [117–119]. However, this approach re-
quires access to MS instrumentation with ECD or ETD capability and significant
efforts might still be required to achieve the extent of fragmentation in MS/MS
measurements sufficient for isomeric differentiation. An elegant alternative is to
apply an 18O-labeling based strategy to produce deamidated peptide standards fol-
lowed by LC-MS analysis [114]. Taking advantages of the different deamidation
mechanisms, forced deamidation of peptides can be carried out in 18O-enriched
solution under both acidic and basic conditions, where isomer-specific mass tags
are introduced to 18O-labeled Asp- and isoAsp-containing peptides (Figure 3.19).
Subsequently, the differentiation can be readily made based on the isotope-labeled
mass tags at MS1 level, as well as the retention time profiles.
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3.3.2 Oxidation

Oxidation of protein biopharmaceuticals is another commonly observed non-enzy-
matic PTM that in some cases may have significant structural and biological conse-
quences. Due to the high reactivity of sulfur atoms and aromatic rings with respect
to various oxidants, the side chains of methionine (Met), free cysteine (Cys), and, to
a lesser extent, histidine (His), phenylalanine (Phe), tryptophan (Trp), and tyrosine
(Tyr) residues are susceptible to oxidation (Figure 3.20). During the drug production
and storage, the presence of reactive impurities, such as peroxides and transition
metal ions, as well as certain stress conditions can all contribute to accelerated pro-
tein oxidation. It is also possible that oxidation of protein therapeutics occurs in
vivo (post-administration), as both H2O2 and HOCl are produced by the immune sys-
tem (e.g., upon bacterial infection neutrophils produce H2O2 and chloride ions, and
an enzyme myeloperoxidase catalyzes the generation of the hypochlorous acid) [120].

Methionine is the most common target of oxidation in protein therapeutics, and the
occurrence of this PTM can result in both conformational changes [121] (affecting stabil-
ity) and alteration of the functional properties. For example, the methionine residues in
the Fc regions of mAbs are located in close proximity to the Fc receptor binding sites,
and their oxidation has a detrimental effect on the FcRn binding, adversely affecting
the lifetime of the antibody in circulation. To better understand the oxidation pathways
and the hotspots, protein drugs are often purposely exposed to different stress condi-
tions for extended periods of time (e.g., light, high temperature, hydrogen peroxide,
and extreme pH), and then analyzed to identify and quantitate site-specific oxidation.
Characterization of oxidized peptides by LC-MS is relatively straightforward, as oxi-
dized peptides typically elute earlier than the native peptides in reversed-phase LC due
to the increased hydrophilicity and exhibit readily detectable mass shifts (Figure 3.20).

Quantitation of the extent of oxidation can be carried out by comparing the ionic signal
abundance for the proteolytic peptides containing unmodified methionine residues
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Figure 3.20:Methionine can be oxidized to methionine sulfoxide by reactive oxygen species (ROS)
and reactive chlorine species (RCS). High concentrations of these oxidants can further (and
irreversibly) oxidize methionine sulfoxide to methionine sulfone. Adapted from Drazik and Winter
[120] with permission from Elsevier.
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and methionine sulfoxide in LC-MS, although both the hydrophobicity change
and the difference in the mobile-phase composition (due to the different elution
times for the two forms of the peptide) might contribute to the discrepancy in ioniza-
tion efficiency. Furthermore, similar to the analysis of deamidation, caution should
be taken in order to reduce (or indeed completely eliminate) the sample preparation-
induced oxidation artifacts. For instance, it has been reported that such artificial me-
thionine oxidation can be minimized by use of antioxidants (e.g., L-methionine) and
chelating agents (e.g., EDTA) during the sample preparation and LC-MS analysis [122].
Alternatively, reliable determination of methionine oxidation can also be achieved
using an 18O-labeling assisted strategy, where the protein samples are first fully
oxidized using 18O-enriched hydrogen peroxide before tryptic digestion and LC-
MS analysis [123]. Complete oxidation of methionine by 18O-enriched hydrogen
peroxide prevents further oxidation during sample preparation, thus allowing the
quantitation of pre-existing methionine oxidation.

Methionine (and, to a lesser extent, free cysteine) side chains are considered
the primary targets for the oxidative damage in protein therapeutics. However, sev-
eral other amino acid residues can be affected by this PTM type, including trypto-
phan, tyrosine, phenylalanine [124]; tryptophan oxidation within the CDR regions
of mAbs in particular has been attracting significant attention due to its negative
impact on the antigen affinity [125]. Methods of detection and localization of these
PTMs are very similar to those commonly employed for detecting methionine oxidation
and typically include both intact mass measurements and peptide mapping with

m/z

+ O16

Figure 3.21: Extracted ion chromatograms of a methionine-containing Lys-C peptide fragment derived
from the Fc region of a mAb (blue) and its oxidized form (red). The inset shows the mass spectra
averaged across each chromatographic peak. Data courtesy of Dr. Jake W. Pawlowski (Amgen, Inc.).
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LC-MS/MS [126]. In addition to modifying the amino acid side chains, oxidation can
also lead to covalent cross-linking of two residues, giving rise to covalent dimer spe-
cies if the cross-linked residues reside in two different molecules. For example, it is
well known that both the oxidative stress in vitro and the peroxidase-catalyzed mech-
anism in vivo can promote the covalent cross-linking between two tyrosine (Tyr) resi-
dues resulting in the formation of a dityrosine modification [127, 128]. More recently,
studies have shown that histidine oxidation can also initiate novel cross-links to
other histidine, lysine or cysteine residues via a nucleophilic addition mechanism
[129]. Characterization of such cross-links frequently requires a combination of appro-
priate proteolysis to produce cross-linked peptides and the application of various tan-
dem MS techniques to localize the cross-linking sites [130].

3.3.3 Lysine and N-terminal amine glycation

Biopharmaceutical products are also susceptible to a process known as non-enzy-
matic glycation, where the reducing sugars present in cell media react with the pri-
mary amine groups (e.g., lysine side chains and the N-terminus) of the protein to
form Schiff bases and subsequently convert to more stable ketoamine products via
Amadori rearrangement (Figure 3.22). Just as other PTMs, when occurring at critical
sites, glycation could impact the efficacy, stability and safety profiles of the drug
molecule. Moreover, because glycation predominantly modifies the lysine side chains
of the protein, it can significantly impact the protein charge heterogeneity as deter-
mined by a cation exchange chromatography (CEX) method. Although lysine glyca-
tion only leads to a minimal change in the pKa of a lysine side chain (pKa of 10.6 for
primary amine vs. pKa of 10.8 for secondary amine), it often significantly reduces the
retention of a cationic protein on a CEX column due to the impaired ability of the af-
fected lysine residue to bind to the ligand.
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Figure 3.22: A schematic diagram of the primary amine glycation.
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Detection, localization, and quantitation of protein glycation present several
unique challenges when compared to other non-enzymatic PTMs. First, the mass in-
crease associated with glycation is identical to that caused by extending an N- or O-
glycan chain with a single hexose residue (see Sections 3.2.1 and 3.2.2). Therefore,
attempts to detect the presence of glycation in glycoproteins – which constitute the
majority of biopharmaceutical products – using intact mass measurements are bound
to fail, unless enzymatic deglycosylation is used to remove the N-glycans prior to
glycation analysis [132] or middle-up approaches are employed to separate glycan-
free protein segments from those containing N- and O-glycosylation sites [131], as
illustrated in Figure 3.23 for the assessment of a mAb glycation. In general, confi-
dent detection of glycation is possible only at the peptide level (i.e., detection and
localization steps must be combined). Second, glycation is often distributed among
many lysine residues throughout the entire sequence. As a result, the modification
level at any individual site is typically low and may be difficult to detect by conven-
tional peptide mapping methods. Enrichment of glycated proteins and/or peptides
with boronate affinity chromatography prior to MS analysis is a common strategy to
improve the detectability of low levels of glycation present in protein drugs [133]. The
affinity enrichment is made possible by the highly specific and reversible bonding be-
tween the tetrahedral anions of boronic acid at alkaline pH and cis-1,2-diol groups
from the sugar structures in glycated protein and/or peptides.

Glycation is a labile modification under CAD conditions: the conventional meth-
ods of collisional activation typically give rise to tandem mass spectra that are dom-
inated by fragment ions produced by neutral losses from the carbohydrate moiety
and containing little peptide backbone fragmentation information [134]. This prob-
lem can be readily overcome by using electron-based ion fragmentation techniques
(ETD or ECD), as illustrated in Figure 3.24 for glycated peptides subjected to ECD.
Collisional activation methods can also be used to localize glycation sites within
peptide ions following chemical derivatization to enhance the gas-phase stability of
the saccharide unit. For example, sodium borohydride (NaBH4) can be used to re-
duce the double bond present in the Amadori moiety to a single bond, thus greatly
stabilizing the carbohydrate structure during the gas-phase fragmentation [134]. De-
rivatization can be combined with stable isotope labeling to assist in identification
of glycated peptides: reduction of glycated peptides with borodeuteride (BD4

¯) re-
sults in placing a deuterium atom within the reduced peptide [135]. Comparing the
LC-MS datasets for the NaBD4 and NaBH4-treated samples, the 1 Da mass difference
can be utilized to identify glycated peptides (Figure 3.25).

Facile identification of potential glycation hotspots within a protein primary se-
quence can be achieved by forced glycation studies, where the protein drugs are
incubated with relatively high concentrations of glucose for an extended period of
time followed by LC-MS/MS analysis. This type of study can also be facilitated by using
a mixture of regular glucose and 13C6-labeled glucose for the incubation [137]. In this
case, identification of the glycated peptides is carried out by searching the mass spectra
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Figure 3.23:Middle-up analysis of mAb glycation using an online IdeS-digestion with an enzyme-
immobilized column, followed by reversed-phase LC-MS analysis of the mAb subunits: total ion
current chromatogram (the blue trace) and deconvoluted mass spectra of Fc/2 (a), half-mAb (b),
Fab’ (c), mAb with a missing Fc/2 subunit (d), and F(ab’)2 (e). The MS peaks are labeled with the
corresponding N-glycan structures; glycation modifications are represented by (+Hex). Reproduced
from Camperi et al. [131] with permission from Elsevier.
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Figure 3.24:Mass spectrum of the peptide 1–14 (A) and ECD MS/MS spectra of the glycated
peptide 1–14 withm/z of 583.99103+ (B) and 638.00823+ (C) from the glycated β-lactoglobulin after
ultrasound pretreatment at 400 W. Them/z differences are indicated with numbers and arrows. The
sequence of the peptide is shown on the top of figure. The determined glycation site (blue bold) is
shown by an arrow with a “mannose” label. Reproduced with permission from Yang et al. [136].
Copyright 2017 American Chemical Society.
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for pairs of ions whose monoisotopic masses differ by 6.018 Da. Finally, it is worth
noting that protein glycation can also proceed to form a cohort of heterogeneous
advanced glycation end products (AGEs) [138]. For example, carboxymethylated ly-
sine (CML) is a well-studied AGE that is mainly formed by the oxidative degradation
of glycated lysine residues [139]. The formation of CML introduces an additional car-
boxylic acid group, thus increasing the levels of acidic variants of the drug mole-
cule. The complexity associated with protein glycation as well as the possibility of
AGEs being present has made MS the method of choice for detection and quantita-
tion of those PTMs due to its capability to multiplex the measurements with mini-
mal inter-analyte interference [140].
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Figure 3.25:Mass spectra of a glycated peptide VSNKALPAPIEK reduced with NaBH4 (A), NaBD4

(B), and a 1:1 mixture of the samples reduced either with NaBH4 or NaBD4 (C). Reproduced from Liu
et al. [135] with permission from Elsevier.
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3.3.4 N-Terminal glutamate to pyroglutamate conversion

Pyroglutamate (pGlu) is a non-enzymatic PTM that arises due to the spontaneous con-
version of an N-terminal glutamine or glutamic acid residue to a pyrrolidinone ring
(Figure 3.26). Since the glutamine and/or glutamic acid residues frequently occupy the
first position in amino acid sequences of both light and heavy chains of IgG molecules,
this PTM is common in mAbs [141], and in some instances near-complete conversion of
the N-terminal residues to pyroglutamate may occur [142]. Glutamate conversion to py-
roglutamate is slower compared to the glutamine to pyroglutamate conversion, but
nevertheless has been observed under near-physiological conditions [143]. Pyrogluta-
mate formation is known to occur endogenously, and therefore usually is not consid-
ered to be a critical quality attribute [144]. However, the glutamine-to-pyroglutamate
conversion affects the distribution of charge variants, as it reduces the total positive
charge of the protein by transforming the primary amine at the protein N-termi-
nus to a γ-lactam nitrogen (the glutamic acid-to-pyroglutamate conversion does
not change the charge balance at neutral pH), and is typically included in the list of
PTMs that are closely monitored during the production of protein therapeutics. The
presence of pyro-glutamate residues within the protein molecules can be revealed by
intact mass measurements (by observing a characteristic loss of 17 or 18 Da, depend-
ing on the residue being converted to pyroglutamate) [145, 146]. The definitive detec-
tion and quantitation of pyroglutamate residues is usually carried out by peptide
mapping and LC-MS/MS analysis of the N-terminal peptide [145, 146]. One must be
mindful, however, of possible artifacts (including pyroglutamate formation both in-
source during MS analysis and in solution just prior to it [147]), which obviously result
in overestimating the occurrence of this PTM.
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Figure 3.26: Conversion of N-terminal glutamine and glutamic acid residues to pyroglutamate.
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3.3.5 Protein backbone cleavage

The majority of PTMs considered so far concerned chemical modifications of the amino
acid side chains; however, the amide bonds of the protein backbone can also be tar-
geted by chemical reactions. Absent proteolytic enzymes, the protein backbone amide
linkages remain stable under physiological conditions, but certain sites may become
prone to hydrolysis, which can be facilitated by the presence of specific side chains,
flexibility of the local structure, action of transition metals and radicals, as well as solu-
tion pH and temperature variations [148]. The hinge region of mAbs is known to be par-
ticularly labile with respect to the non-enzymatic backbone cleavage [149]. It is also
noteworthy that the backbone integrity of recombinant proteins can be compromised
by host cell proteases throughout the production process [150]. Backbone fragmenta-
tion is a critical quality attribute that must be closely monitored to assess both the pu-
rity and the integrity of the protein therapeutic [148]. The occurrence of a backbone
cleavage can be readily detected by intact mass measurements [151]; the only caveat is
that fission of a backbone amide bond in disulfide-containing proteins does not neces-
sarily result in the physical separation of the two complementary fragments. Indeed, if
the products of the backbone cleavage remain connected to each other via thiol–thiol
linkage(s), the fission product’s monoisotopic mass will exceed that of the intact poly-
peptide by 18.0106 Da (an equivalent of incorporation of an H2O molecule upon hydro-
lysis of the amide bond) and can be easily mistaken for an oxidation event. Therefore,
intact mass measurements should always be preceded by disulfide reduction in order
to minimize errors in detecting the backbone fragmentation events.

3.4 “Designer” PTMs (chemical conjugation products)
and methods of their characterization

As the name implies, designer PTMs are a class of modifications introduced into
protein therapeutics at the drug design stage with the purpose of either enhancing
their pharmacokinetic profiles (e.g., protein drug PEGylation) or endowing them
with novel therapeutic properties (e.g., a cytotoxin conjugation to a carrier protein).
Although production of the majority of modern biopharmaceuticals incorporating
designer PTMs relies on high-fidelity conjugation protocols, the complexity of the
protein covalent structure (and in particular the presence of multiple sites that can
be targeted by the conjugation reactions) may result in significant structural het-
erogeneity exhibited by the final products. This includes not only the presence of
dead-ended products (resulting from the hydrolysis of the cross-linking groups) and
variations in the total number of the successful conjugations per protein molecule,
but also multiple positional isomers that differ from each other by the location of the
conjugation sites within the protein sequence. The latter is particularly important to
consider when evaluating the ability of the carrier protein to deliver its payload to the
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intended site of action, as chemical modifications within the receptor binding inter-
face are likely to be detrimental vis-à-vis receptor recognition by the protein drug.

3.4.1 Protein PEGylation and other protein–polymer conjugates

Conjugation of small-size protein therapeutics with polyethylene glycol chains (PEGy-
lation) is usually done in order to achieve lower rates of renal clearance resulting
in increased circulation lifetimes, and at least in some cases to lower incidence of
immunogenic response leading to better safety profiles and enhanced resistance
to proteolytic degradation [51]. Rapid proliferation of PEGylated biopharmaceuticals
poses significant challenges vis-à-vis analytical characterization, as these products are
highly complex molecules that exhibit structural heterogeneity at different levels (vari-
ous protein isoforms may differ from each other by the number of PEG chains attached
to a single polypeptide chain and location of the conjugation sites; the PEG chain poly-
dispersity also contributes to the overall product heterogeneity) [152]. SEC allows the
isoforms of the first type to be readily resolved in most cases due to the significant dif-
ferences in their physical size in solution. The extent of heterogeneity associated with
the PEG chain polydispersity can be visualized and evaluated by MALDI MS and at
least in some cases by ESI MS (vide infra). It is the heterogeneity of the second type
(protein–polymer conjugates differing in position of PEGylation sites within the
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polypeptide sequence) that is usually most demanding in terms of the analytical ef-
forts required for its evaluation. Over the past two decades, a range of MS-based
methods of analysis/characterization of PEGylated proteins have been gaining popu-
larity [153], and at present MS is a major tool supporting all stages of development
and testing of PEGylated biopharmaceuticals [153].

PEGylation stands apart from other PTMs due to the high degree of polydispersity
exhibited by the polymer chains, which gives rise to multiple ionic species with rela-
tively close mass spacing (monoisotopic mass increments 44.0262 Da corresponding
to CH2CH2O repeat units). Multiple charging in ESI MS results in significantly smaller
m/z increments (44/z), and the mass spectra are further complicated by the overlap
of ionic signals representing different charge states of PEGylated proteins [152]. This
problem can be limited by using MALDI MS, which produces mostly singly charged
ions [156], but the resolution of TOF analyzers in the high m/z region results in rela-
tively modest mass accuracy. The signal overlap issue in ESI mass spectra can be ad-
dressed by adding strong bases (such as trimethylamine, TEA) to the protein solution,
which results in charge stripping off the protein ions, pushing their signal to higher
m/z and spreading the ionic species further apart from each other [157] (an ap-
proach also used in the glycoprotein analysis, as discussed in Section 3.2.2). Com-
plementing ESI MS with ion mobility measurements allows further improvements
to be achieved vis-à-vis resolving ionic species that have different masses/compo-
sitions but nearly identical m/z values [158]. Application of limited charge reduc-
tion to ionic populations within narrow m/z selection windows is another effective
way to obtain mass and conjugation stoichiometry information on highly heteroge-
neous PEGylated biopharmaceutical products [154], as illustrated in Figure 3.27 for
PEGylated interferon-β.

Localization of the PEGylation sites within the polypeptide sequence can be
achieved using modified peptide mapping approaches, which combine chemical
treatment of the polymer chain and proteolysis. The chemical treatment step is in-
troduced into the workflow as a means of removing the PEG chain, and leaving in
its place a chemical group that serves as a marker of the PEGylation site, which can
be readily localized by examining the proteolytic fragments [159, 160]. In some cases,
peptide mapping alone may provide information on the PEGylation sites within pro-
tein–polymer conjugates [161, 162], but incorporation of peptide ion fragmentation
into the analytical workflow [163] or selective enrichment of PEGylated peptides prior
to MS analysis [164] have been shown to be advantageous.

Top-down MS provides an alternative approach that can be used to identify the
conjugation sites within PEGylated proteins. Effective schemes utilize a two-stage
fragmentation workflow, with the first stage (that can be carried out in-source on
the entire ionic population) aiming at eliminating the polymer chain while leaving a
small “placeholder tag” at the conjugation site, which is identified/localized during
the second fragmentation step (CAD or ECD applied to mass-selected precursor ions
with truncated polymer chains) [152, 165]. This procedure is illustrated in Figure 3.28
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Figure 3.28: Localization of the PEGylation site using top-down MS. (A) An ESI mass spectrum (MS1)
of the mono-PEGylated ubiquitin fraction. (B) Mass spectrum of fragment ions produced by
collisional activation of PEGylated ubiquitin ions in the ESI interface region of a hybrid quadrupole/
FT ICR MS. Clusters of fragment ions with truncated PEG chains are shaded and their charge states
are indicated. The inset shows a zoomed view of one such cluster (charge state +9). (C) Fragment
ions (second generation) produced by ECD of B39+, B49+, and B59+ ions (shown in panel B) in the
ICR cell. (D) A schematic diagram explaining the designations of fragment ions in panels B and C
(based on nomenclature introduced by Lattimer et al.[155]). Adapted from Abzalimov et al. [152]
with permission from Elsevier.
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where the top-down approach is used to identify the N-terminal primary amine as the
conjugation site of mono-PEGylated ubiquitin. A combination of online ion exchange
LC-MS with the methods of gas-phase chemistry (limited charge reduction and ion
fragmentation) allows meaningful analyses to be carried out on complex protein ther-
apeutics that incorporate enzymatic (glycosylation) and non-enzymatic (deamidation)
PTMs in addition to PEGylation [154].

Figure 3.28 (continued)
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3.4.2 Protein–small-molecule drug conjugates

Chemical conjugation of small-molecule drugs to carrier proteins to enable targeted
delivery had been considered for a variety of protein vectors, including hemoglobin,
haptoglobin, and transferrin, although at present monoclonal antibodies are the
only vector used in all approved therapeutics of this type. These biopharmaceutical
products, commonly termed antibody–drug conjugates (ADCs), consist of a humanized
or fully human mAb conjugated with highly cytotoxic small molecules (payloads) via
chemical linkers. The ADC platform allows a potent cytotoxic payload to be delivered
selectively to the target (usually neoplastic) cells, thereby improving efficacy and reduc-
ing systemic toxicity [166].

A large number of product quality attributes of ADCs relate to the mAb por-
tion of the macromolecule (e.g., antigen binding, Fc function, aggregation, frag-
mentation, PTMs, higher order structure), while several unique ones describe
the distribution of the payload. These include the drug/antibody ratio (DAR), the
mass distribution profile (MDP) and the specific conjugation sites. While the first
two attributes in this list may seem somewhat redundant (both DAR and MDP
determine the cytotoxicity of the ADC product), MDP provides more detailed in-
formation by specifying the relative abundances of conjugates with specific stoi-
chiometries, including the cytotoxin-free antibodies. MDP can be readily obtained
from intact mass measurements of an ADC product, although the presence of vari-
ous PTMs (e.g., N-glycosylation in particular) may complicate this task. Therefore,
enzymatic deglycosylation is frequently performed prior to the MS analysis in order
to simplify the MDP measurement (Figure 3.29). In addition to obtaining the distribu-
tion of mAb molecules with different number of payload groups attached, intact mass
measurements of ADC provide other important information, such as the extent of an-
tibody modifications with dead-ended linkers (with no payload attached) and the pres-
ence of cross-linked species.

Localization of the small-molecule drug conjugation site(s) within ADCs is typi-
cally achieved by peptide mapping [167]. While the workflow is very similar to that
employed for peptide mapping of mAbs, certain modifications may be required, e.g.,
to improve the solubility of hydrophobic drug-conjugated peptides in solution, as
well as to streamline identification of conjugated peptides by using payload frag-
ments as “signature” ions in LC-MS/MS [168]. In some cases extensive peptide map-
ping with MS/MS analysis of peptide fragments can be substituted with faster and
less labor-intensive middle-down approaches as a means of identifying the conjuga-
tion sites within ADCs [169].

Lastly, it should be mentioned that certain conjugation chemistries warrant close
investigation of other PTM types considered earlier in this chapter. For example, utiliz-
ing thiol chemistry as a means of attaching the payload to the antibody (be it via par-
tial reduction of the native disulfide bonds or engineering-in novel cysteine residues)
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Figure 3.29: Raw (left) and deconvoluted (right) mass spectra obtained under native conditions by
direct infusion of trastuzumab emtansine (A) before and (B) after deglycosylation. The asterisks
indicate +220 Da linker adducts. Adapted with permission from Marcoux et al. [174]
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raises the specter of disulfide scrambling (both internal and external), necessitating the
additional scrutiny in the disulfide characterization work.

3.4.3 Protein–protein conjugates

An extension of the protein–small-molecule drug conjugates class includes carrier
proteins conjugated to proteins with specific therapeutic properties. Although chemi-
cal conjugation is still considered a viable strategy in designing delivery vector/
macromolecular payloads systems, the success record in this field remains mod-
est: only a single biopharmaceutical of this class (TransMID, a transferrin/diph-
theria toxin conjugate [170]) had progressed as far as stage III clinical trials (but
was subsequently withdrawn). All approved and the vast majority of “in-the-pipe-
line” systems that combine a carrier protein and a payload protein are fusion pro-
teins [171, 172]. Characterization of such biopharmaceutical products should follow the
steps outlined in Sections 3.1–3.3.
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Chapter 4
Characterization of higher order structure
and protein interactions

Higher order structure is an important quality attribute of protein therapeutics, which dictates
their potency and safety. Indeed, protein conformation is an important determinant of its func-
tion, and the loss of native conformation even within a small subset of the protein drug mole-
cules has a negative impact on the potency. Even more important is the safety aspect associated
with the integrity of the higher order structure, as even a relatively small-scale loss of structure
may expose neo-epitopes that can potentially trigger an immune response to the protein drug.
Mass spectrometry has been a relatively recent addition to the analytical/biophysical armamen-
tarium used to study the higher order structure of protein therapeutics. Nevertheless, it is now
routinely used to probe conformation of macromolecular medicines as complex as monoclonal
antibodies at a level of detail that is not unattainable by the traditional techniques. At present,
mass spectrometry is an integral part of the analytical toolbox across the industry, which is criti-
cal not only for the quality control work, but also in the discovery and development stages.

4.1 Mass spectrometry and its place in the analytical toolbox
used for higher order structure characterization of protein
therapeutics

The integrity of the higher order structure of a protein therapeutic may be compro-
mised at any stage during its life cycle from production to formulation to storage to
administration, highlighting the need to have robust, sensitive, and highly reliable
methods to monitor conformational integrity of biopharmaceutical products. Modern
biophysics offers an impressive arsenal of state-of-the-art tools for elucidating most
intimate details of protein higher order structure [1]; however, many of them are
poorly suited for the characterization of biopharmaceutical products. For example,
high-resolution NMR still suffers from molecular weight limitations which place de-
tailed structural analysis of most protein therapeutics with natural isotopic abun-
dance outside of its reach. This limits the scope of NMR in biopharmaceutical
analysis to fingerprinting [2, 3]. These rather unforgiving molecular weight limita-
tions are frequently lifted when X-ray crystallography is employed as a means of
structural analysis of proteins and their assemblies, making this technique an in-
valuable tool for characterizing higher order structure not only of protein therapeutics
but also their complexes with physiological partners and therapeutic targets [4, 5].
While the role of X-ray crystallography in the development of biologics is indisputable
[6], this technique also has significant limitations that make it less suited for routine
analysis of the higher order structure of biopharmaceutical products. The two most
important limitations within the context of our discussion are (i) the inability of X-ray
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crystallography to observe dynamic events directly and (ii) the need to employ crys-
tallization conditions which are frequently very different from those that are relevant
to the production or storage conditions of most protein therapeutics. As a result, until
very recently the field of biophysical characterization of protein therapeutics was
dominated by classical techniques, such as optical spectroscopy, light scattering, ana-
lytical ultracentrifugation, calorimetry, and size-exclusion chromatography (SEC) [7].
While being robust and free of molecular weight limitations, these techniques do not
reveal structural information at high resolution. Instead, they provide cumulative or av-
erage characteristics, such as the overall degree of aromatic residues solvent exposure
(fluorescence), total percentages of helical, β-sheet or random coil structures within a
protein molecule (circular dichroism), or molecular weight of a multi-unit protein as-
sembly from which the association stoichiometry can be deduced (light scattering and
analytical ultracentrifugation).

Above and beyond being an excellent tool for characterization of covalent struc-
ture of recombinant proteins and related biopharmaceutical products at a variety of
levels (as outlined in Chapter 3), mass spectrometry has the capability to provide
information on their higher order structure as well [8, 9]. In fact, it was not long
after the introduction of ESI MS as a bioanalytical tool [10, 11] that its potential to
probe various aspects of protein higher order structure became evident. This in-
cluded the ability to monitor changes in the protein tertiary structure by analyzing
ionic charge state distributions in ESI mass spectra [12, 13], as well as to observe
non-covalent protein–protein and protein–small ligand complexes that were pre-
served during the ESI process [14–16] (Section 4.2). Availability of commercial ESI
MS (and, to a lesser extent, MALDI MS) instruments also provided further impetus
to the development of experimental strategies that rely on hydrogen/deuterium ex-
change as a means of studying protein dynamics in solution [17, 18] (Section 4.3).
Above and beyond proteins, higher order structures of nucleic acids were also
shown to be amenable to interrogation by ESI MS [19] (these methods will be re-
viewed in Chapter 8). Therefore, it is not surprising that both academic laborato-
ries and the key stakeholders in industry were keen on evaluating the capabilities
of mass spectrometry vis-à-vis characterization of the higher order structure of
biopharmaceutical products as early as mid-1990s [20], with the first reports of
successful use of mass spectrometry for these tasks published in the following de-
cade [21, 22]. In the years passed since the publication of these initial reports,
mass spectrometry was demonstrated to be a robust and reliable tool capable of
characterizing various aspects of the higher order structure of protein therapeutics
and related products at an unprecedented level of detail. It is an integral part of
the analytical toolbox across the industry, playing critical roles not only in the
quality control but also at the discovery and development stages. In fact, a brief
survey of recent publications and conference presentations has shown that the
majority of biopharma laboratories are now applying MS-based characterization
of the higher order structure at certain stages during drug development, covering

102 Chapter 4 Characterization of higher order structure and protein interactions



applications ranging from epitope mapping, structural comparability assessment,
and aggregation interface analysis to name just a few.

4.2 Native electrospray ionization MS

Following the advent of ESI MS [23, 24], the explosive growth of this technique’s
popularity in the field of bioanalysis was fueled primarily by its ability to measure
masses of intact biopolymers (polypeptides in particular). However, it was soon re-
alized that the gentle nature of this ionization technique also allows the higher
order structure of proteins in many cases to be preserved, as long as the solution
conditions used for sample preparation do not cause protein denaturation [13, 14].
This eventually led to the introduction of a technique which is now known as “na-
tive MS” and widely used in a variety of applications ranging from assessing the
conformational integrity of biopharmaceutical products to elucidation of their qua-
ternary structure to monitoring their interactions with physiological partners and
therapeutic targets (Figure 4.1).

4.2.1 Protein ion charge state distributions: conformational integrity
of monomeric proteins

One of the unique features of ESI-generated macromolecular ions is that they carry
multiple charges. Although once thought to be a reflection of solution-phase acid–base
equilibria [25–27], it is now firmly established that the extent of multiple charging is
dictated primarily by the physical dimensions of the macromolecule in solution [28]
(with its solvent-accessible surface area showing a particularly strong correlation
with the average ionic charge in ESI MS [29]), and attenuated by a range of gas-phase
processes in the ESI interface [30–34]. As far as proteins are concerned, even partial
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Figure 4.1: Schematic representation of major processes and measurements in native MS analysis.
Adapted from Tong et al. [154] with permission from Elsevier.
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unfolding in solution results in a significant increase of their hydrodynamic radii,
and the loss of conformational integrity is reflected in the changes of the protein
charge state distributions [35]. This phenomenon is shown in Figure 4.2, where a
mass spectrum of a monoclonal antibody (mAb) acquired under near-native con-
ditions in solution (physiological pH and ionic strength, no organic co-solvent) ex-
hibits a narrow distribution of charge states (+26 through +30), while the very
same protein gives rise to a dramatically different ionic signal (with the number of
charges exceeding +50) when placed in a strongly denaturing solution (low pH/
low ionic strength and organic co-solvent). It is possible in many cases to obtain
more nuanced information on protein conformations from the charge state dis-
tributions, as suggested by the appearance of the mAb mass spectrum acquired
under mildly denaturing conditions (pH 3.0, physiological ionic strength, repre-
sented with a black trace in Figure 4.2). A subset of ions in this distribution (m/z >
5,000) are clearly aligned with the mass spectrum acquired under native condi-
tions, and likely represent the sub-population of mAb molecules maintaining the
near-native fold. The extent of the multiple charging for the rest of ionic population is
notably higher, indicating partial loss of the native structure. The uneven shape of
this part of the charge state distributions (the presence of two local maxima at z = +47
and +37) suggests that the population of mAb molecules giving rise to the ionic signal
in this m/z region is also heterogeneous, and contains contributions from different
non-native conformations. All these states retain a significant amount of residual
structure, as the extent of multiple charging displayed by these ions is below that
of mAb ions generated under strongly denaturing conditions in solution. An im-
portant feature of the charge state distribution analysis in ESI MS is that it can be
readily carried out even if multiple species are present in solution, as long as a
distinction can be made among them based on the mass difference(s). For example,
the mass spectra shown in Figure 4.2 reveal the presence of multiple mAb glycoforms,
including a glycan-free species. The charge state distribution of the a-glycosylated
(glycan-free) mAb species closely mirrors that of the glycosylated molecules both
under native and mildly denaturing conditions, providing a clear indication that in
this particular case the absence of the glycans does not compromise the higher order
structure.

While the conformational integrity of the protein therapeutic discussed in the
preceding paragraph was compromised by placing it in a denaturing solvent, par-
tial unfolding is frequently triggered by stress-related PTMs. An example is shown in
Figure 4.3, where identical (near-native) solvent conditions were used to obtain mass
spectra of intact and stress-oxidized forms of recombinant acid-β-glucocerebrosidase
(VPRIVTM), a protein therapeutic used for enzyme replacement therapy treatment of
Gaucher’s disease [36]. As a lysosomal protein, acid-β-glucocerebrosidase is natively
folded at mildly acidic (lysosomal) pH, and its ESI mass spectrum under these condi-
tions displays a narrow charge state distribution (ranging from +14 to +17), consistent
with a compact conformation in solution. However, oxidative stress (which results in
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a moderate mass increase, consistent with oxidation of 1-2 methionine residues per
polypeptide chain) gives rise to a sub-population of ions with a significantly higher
charge density (up to +30), consistent with the notion of a partial unfolding of the
protein. The majority of the protein ions are still in the high m/z (low charge density)
range, consistent with the authors’ interpretation that the stress oxidation leads to a
transient unfolding of the recombinant acid-β-glucocerebrosidase (affecting all pro-
tein molecules), rather than creating a distinct subset of the partially unfolded species
[37]. Above and beyond the influence of stress-related PTMs on the higher order struc-
ture of protein therapeutics, charge state distribution analysis has also been used to
evaluate the influence of specific production systems (cell lines) [38] and storage con-
ditions [39] on the protein conformational integrity.

4.2.2 Native mass spectrometry and non-covalent assemblies: protein quaternary
structure and interactions of protein therapeutics with their targets
and physiological partners

The gentle nature of the ion production process in ESI allows a large variety of non-
covalent assemblies of proteins (as well as other biopolymers) to be preserved in the
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Figure 4.2:Mass spectra of a monoclonal antibody acquired under strongly denaturing (H2O/
CH3OH/CH3CO2H, 47:50:3 v:v:v, red trace), mildly denaturing (150 mM NH4CH3CO2, pH adjusted to
3.0, black trace) and near-native conditions (150 mM NH4CH3CO2, pH 7.0, cyan trace). Open circles
indicate ions representing the glycan-free form of the protein. Adapted from Pawlowski et al. [9]
with permission from Elsevier.
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gas phase, enabling their MS analysis. Mass measurement of a non-covalent assem-
bly allows in many cases its composition and stoichiometry to be determined. An
example of using native ESI MS to evaluate the quaternary structure of a protein
therapeutic is shown in Figure 4.4, where the two mass spectra are used to identify
the quaternary structure of recombinant human arylsulfatase A (rhASA) at neutral
and physiological pH. This protein is a therapeutic used in enzyme replacement ther-
apy of a lysosomal storage disease metachromatic leukodystrophy (MLD). Upon
reaching its destination, the protein transitions from a homodimeric form (at neutral
pH) to an octameric one (at lysosomal pH). The octamer assembly failure is one of the
factors contributing to the development of MLD, as it makes the protein susceptible to
degradation by lysosomal proteases such as cathepsin L. However, the early stages of
the protein’s processing and trafficking occur at neutral pH, where it exists as a
dimer, and it is the dimeric form of arylsulfatase A that is recognized by the mannose
6-phosphate receptor and internalized via endocytosis. Native MS allows both physio-
logically relevant quaternary structures of rhASA to be identified based on the masses
of the intact assemblies (Figure 4.4), and provides strong evidence of the dimer-to-
octamer transition state that occurs within a narrow pH range (6.0–7.0) [40].
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Figure 4.3: Nano-ESI mass spectra of 6 μM solutions (in 50 mM NH4CH3CO2, pH adjusted to 4.5) of
acid-β-glucocerebrosidase (velaglucerase, VPRIVTM) in its intact (blue) and stress-oxidized (red)
forms. The gray trace shows a reference mass spectrum of the protein under denaturing conditions
(H2O/CH3CN/CH3CO2H, 47:50:3 v:v:v). The deconvoluted mass spectra of both forms of the protein
are shown in the inset. Reproduced with permission from Bobst et al. [37].
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Above and beyond characterization of the quaternary structure of protein thera-
peutics, native MS provides clear advantages in the studies of their interactions
with therapeutic targets, such as mAb/antigen complexes [41–44]. Likewise, native
MS has been used extensively to probe interactions of protein therapeutics with
their key physiological partners, including the influence of the payload on recogni-
tion of a carrier protein by its cognate receptor enabling delivery via endo- and/or
transcytosis [45], the influence of oligomerization and antigen binding on comple-
ment activity [43], and the influence of stress-related PTMs on the protein/protein
interactions dictating the half-life of the protein drugs in circulation, such as the
mAb/FcRn association [46]. Continuous improvements in MS hardware in the past
decade have allowed meaningful measurements to be made for therapeutically rele-
vant assemblies exceeding 1 MDa, such as oligomeric mAb/antigen complexes asso-
ciated with complement component C1 (Figure 4.5) [43, 47].

Another type of non-covalent associations that are highly relevant to the analysis
of protein therapeutics are those encountered during protein aggregation [48, 49].
The level of protein aggregation must be tightly controlled during all stages of the
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Figure 4.4: ESI mass spectra of rhASA buffer-exchanged into 100 mM ammonium acetate at pH 7.5
(gray trace) and 5.0 (black trace). Protein concentration was ca. 0.9 mg/mL in each case. Adapted
with permission from Abzalimov et al. [40]. The crystal structure of the octamer (pdb 1AUK) is
shown at the top (the like colors are chosen to indicate pairs of monomers forming distinct
homodimers) Copyright 2013 American Chemical Society.
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biopharmaceutical product’s life cycle from development to production to storage,
and this task had been traditionally accomplished either by analytical ultracentri-
fugation [50] or (more commonly) by SEC or SEC-MALS [51, 52]. Native MS is rarely
used as a means of monitoring aggregation of protein therapeutics, with its role
largely limited to either off-line analysis of SEC fractions [53, 54], or online detec-
tion/identification in SEC [55] (the latter will be discussed in more detail in Sec-
tion 4.2.3). One important point that must be considered when native MS is used to
monitor aggregation of protein therapeutics is that the intensity of the ionic signal
reflects molar concentration of the corresponding protein oligomer, rather than its
weight concentration (as reported by SEC with UV detection) [54]. Indeed, the
ionic current is proportional to the number of ions (meaning that in the absence
of any biases and discrimination the equimolar mixture of monomers, dimers and
trimers of the same protein will give rise to equiabundant ionic signals for these
species). In contrast, the UV absorbance signal is proportional either to the num-
ber of peptide bonds or the number of aromatic residues (depending on the detec-
tion wavelength). Therefore, the equimolar mixture of monomers, dimers, and
trimers will give rise to UV absorbance signals scaled as 1:2:3 for these three spe-
cies, respectively. It is not therefore surprising that a direct comparison of the native
MS and the SEC chromatogram for the same mixture of small soluble aggregates ap-
pears to suggest a significantly higher extent of aggregation reported by SEC
with UV detection compared to MS alone (compare panels B and C in Figure 4.6).
However, once the appropriate correction is made, the two distributions become
comparable.
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Figure 4.5: Native MS analysis of reconstituted C1, C1:IgG, and C1:IgG:Ag complexes. The signals
shown in dashed boxes are color coded according to the stoichiometries of C1 assemblies, as
specified to the left of the corresponding spectra. Adapted from G. Wang et al. [88] with permission
from Elsevier.
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Figure 4.6: A: An ESI mass spectrum of heat-stressed recombinant human antithrombin (rhAT)
(charge state assignment is shown for most peaks and numbers in parentheses indicate the size of
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A unique advantage of native MS is the ability to measure simultaneously two
parameters, ionic masses and their charge state distributions, making it possible to
combine assessment of conformational integrity of protein therapeutics and moni-
toring their aggregation in a single experiment. Since the two processes are intimately
linked (although the mechanistic details underlying this connection are rarely well
understood), this feature of native MS can be exploited in applications seeking to un-
derstand the impact of stress conditions on the higher order structure of biopharma-
ceutical products. For example, temperature is a key environmental parameter that
affects protein conformation, and heat stress is frequently used to assess the stability
of protein therapeutics [48]. Aggregation propensity of mAbs has a strong correlation
with their thermal stability [56], and differential scanning calorimetry (DSC) is fre-
quently used to provide quantitative data on the latter [7]. Unfortunately, DSC does
not provide much information on the mechanistic aspects of heat-induced conforma-
tional transitions, which could be useful not only for understanding the aggregation
pathways but also for designing strategies to delay the onset of such processes. While
the potential of ESI MS to probe behavior of biopolymers as a function of solution
temperature had been recognized soon after the introduction of this ionization
technique [57], various technical issues prevented wide adoption of temperature-
controlled ESI MS measurements for at least a decade. One of the problems that is
commonly encountered in such temperature-resolved studies is fast cooling of the
protein solution just prior to spraying (when it flows through an unheated small-
diameter capillary/needle). The fast solution cooling/temperature drop in this region
(due to a large surface-to-volume ratio) frequently results in protein refolding, effec-
tively erasing the memory of the reversible unfolding events occurring in the bulk of
solution. While several approaches can be used to avoid this problem [58, 59], a great
deal of care must be taken to ensure that the measurements are not affected by the
heat loss/protein solution cooling in the ESI interface.

An example of using temperature-controlled ESI MS to study the behavior of a
protein therapeutic under the heat-stress condition is presented in Figure 4.7. In this
case the recombinant acid-β-glucocerebrosidase (already mentioned in Section 4.2.1)
displays a narrow charge state distribution in the high m/z region when the protein
solution is kept at room temperature. Only minimal changes are observed in the mass

Figure 4.6 (continued)
the protein oligomers). B: SEC of the heat-stressed rhAT (mobile phase 150 mM ammonium acetate,
pH 8.0). The colored Gaussian curves represent contributions of the protein monomer (cyan) and
oligomers to the chromatogram. C: Representation of the native MS data shown in panel A using a
reversedm/z scale and deconvolution of this data set by finding the best fit with five Gaussian
curves. The histograms shown in the insets in panels B and C show relative abundance of all
detected rhAT species. The bar heights in the MS histogram were multiplied by the size of the
corresponding oligomer (i.e., number of protein monomers within the corresponding rhAT species).
Adapted with permission from G. Wang et al. [54]. Copyright 2012 American Chemical Society.
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spectra as the temperature is increased up to 46 °C. However, ramping up the solution
temperature just one degree over the DSC-determined melting point for this protein
leads to a dramatic change in the appearance of the ionic signal (see the panel la-
beled “50 °C” in Figure 4.7). The protein ion charge state distribution has a clearly
bimodal character (indicative of partial unfolding in solution), and the prominent
ionic signal at m/z above 4,500 shows the presence of protein dimers and trimers.
Further increase of the solution temperature (from 50 to 52 °C) results in a dramatic
increase in the abundance of ionic species representing protein aggregates (dimers,
trimers, and tetramers), and the size of the protein aggregates continues to grow
as the solution temperature is increased (see the panels labeled “60 °C” and “70 °C”
in Figure 4.7). The value of the melting temperature of recombinant acid-β-
glucocerebrosidase reported by DSC is in agreement with the behavior revealed by
the temperature-controlled ESI MS, but the latter offers much higher informational
content, allowing both unfolding of the protein monomers and ensuing formation/
evolution of the aggregates to be directly visualized as a function of the solution tem-
perature. More recent reports show that temperature-controlled ESI MS can be used
to study multi-stage transitions, such as sequential domain unfolding in mAbs [60].
A similar approach can also be used to monitor dissociation of multi-unit proteins
connected by disulfide bridges as a result of the heat stress [61].

4.2.3 Native mass spectrometry of highly heterogeneous protein therapeutics

The examples of using native MS as a means of evaluating conformational integrity
of biopharmaceuticals (Section 4.2.1) or determining their quaternary structure
(Section 4.2.2) appear relatively straightforward. However, these tasks can become
much more complicated for therapeutic proteins exhibiting a high degree of struc-
tural heterogeneity (e.g., extensively glycosylated proteins, PEGylated proteins and
protein–drug conjugates). As has been already discussed in Chapter 3, ionic signals
representing different charge states of such proteins can overlap, and in some ex-
treme cases give rise to a near-continuum ionic signal in a mass spectrum. Charge
state distribution analysis in such cases is frequently impossible, unless it is assisted
by the tools of gas-phase ion chemistry, such as limited charge reduction [62]. This is
illustrated in Figure 4.8, where the appearance of a poorly resolved mass spectrum of
a stressed haptene-modified carrier protein could be interpreted in terms of a bimodal
charge state distribution. This would imply that the ionic signal in the high m/z
region (above m/z 3,500) represents compact conformers of the conjugate (nearly
aligned with that of the intact unmodified protein), while the signal in the lower m/z
region would correspond to partially unfolded states of the haptene-modified protein.
Alternatively, one may argue that the signal in the lower m/z region represents lower
molecular weight species, rather than partially unfolded forms of the vaccine compo-
nent. Limited charge reduction provides unequivocal evidence that the ionic masses
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Figure 4.7: ESI mass spectra of recombinant acid-β-glucocerebrosidase (1 μM in 20 mM ammonium
acetate, pH 4.7) recorded at various solution temperatures, as indicated on each panel. The
numbers without parentheses indicate charge states of the protein monomers; the numbers in
parentheses indicate the size of the protein oligomers (i.e., the number of monomeric units
comprising the corresponding oligomer). Inset at the top: the DSC profile of recombinant acid-β-
glucocerebrosidase (solution conditions are identical to those used in native MS measurements)
showing a large-scale conformational transition at 49 °C (brown trace). The black trace in the inset
represents a rerun of the DSC experiment for the acid-β-glucocerebrosidase sample that already
went through a single cycle of DSC measurements. Adapted with permission from G. Wang et al.
[58]. Copyright 2011 American Chemical Society.
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in both subpopulations are nearly identical (62.5 kDa), which confirms that the stressed
vaccine component is partially unfolded. Limited charge reduction can also be used to
enable meaningful analysis of quaternary structure of highly heterogeneous recombi-
nant proteins [40], their aggregates [54], and non-covalent complexes with physiologi-
cal partners [63–65].

Crowded mass spectra can also be greatly simplified by combining front-end sep-
arations (either liquid chromatography or capillary electrophoresis) with online de-
tection by native MS [66]. As already discussed in Chapters 2 and 3, reversed-phase
LC-MS is one of the common tools in the field of the primary (covalent) structure anal-
ysis of biopharmaceutical products. Unfortunately, both mobile and stationary
phases employed in the reversed-phase LC favor protein denaturation, making
this type of chromatography unfit to serve as a front-end for native MS analyses.
In contrast, several other types of LC, such as SEC and ion exchange (IEX), allow
the biopolymer higher order structure to be preserved throughout the separation
process, making them an ideal choice vis-à-vis front end separation for native MS

Figure 4.8: ESI mass spectrum of a stressed haptene-modified carrier protein (inactivated
diphtheria toxin) with the limited charge reduction analysis of two ionic populations yielding
identical masses (brown and purple, respectively). The reference mass spectrum of the intact
(unmodified) carrier protein is shown in the inset. Unpublished data courtesy of Drs. C.E. Bobst
(UMass-Amherst), O. Frieze and J. Perry (Pfizer).
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analyses. A wide range of commercial ESI MS instrumentation can be readily in-
terfaced with either SEC or IEX using solvent conditions that preserve the inte-
grity of protein higher order structures. Although the usual limitations apply
(e.g., strong and non-volatile electrolytes must be excluded from the list of the
mobile phase components – see Section 4.2.4 for more detail), a range of solvent
systems are available that maintain near-native environment for most proteins
and at the same time allow high-quality MS data to be acquired even for rela-
tively large complexes.

Since SEC allows separation based on difference in hydrodynamic radii in
ESI-compatible solvents under physiologically relevant pH and ionic strength, it is
well suited for evaluating systems involving complex formation [43] and conforma-
tional changes [55]. Although in many cases the MS measurements can be performed
off-line, species that may undergo rapid degradation or interconversion require on-
line MS detection in real time. In fact, online SEC-MS lends itself as a powerful tool in
the studies of protein conformational dynamics and aggregation [55], and online MS
detection may provide a unique opportunity to interpret convoluted SEC chromato-
grams and resolve ambiguity when all other methods of detection fail to provide
meaningful data. A rather trivial example would be the ability of MS to trace individ-
ual protein species that either co-elute or have overlapping chromatographic peaks,
but a less trivial scenario is presented by metastable systems undergoing changes in
their quaternary structure on the chromatographic timescale. The resulting SEC
chromatograms are very different from those observed for non-covalent complexes
that remain stable in solution on the chromatographic timescale and give rise to well-
defined peaks.

An example of SEC-UV and SEC-MS analyses of a metastable system is shown in
Figure 4.9, where SEC is used to determine quaternary structure of a familiar protein
therapeutic arylsulfatase A (rhASA, see Section 4.2) under mildly acidic conditions
(pH 6.4). As has been already mentioned earlier, this protein forms stable octamers
(460 kDa) at lysosomal pH, although only dimers (115 kDa) exist at neutral pH [40]
(see also Figure 4.4). Therefore, one would expect to observe a mixture of dimers
and octamers at an intermediate pH level. However, SEC alone fails to provide
meaningful data when used to analyze the oligomerization state of rhASA at such
intermediate pH values, as the elution profiles become convoluted, and their ap-
pearance is strongly concentration dependent. Tailing of the SEC peak toward lon-
ger elution time might be indicative of limited M8 ⇌ M2 dissociation during the
chromatographic run, but UV detection cannot discriminate between the two forms
of the protein (black trace in Figure 4.9A). This task is readily accomplished when
online detection is carried out by native ESI MS, which allows individual elution pro-
files to be obtained for both M8 and M2 species (red and blue curves in Figure 4.9A),
and the appearance of these two chromatograms suggests that M8 species dissociate
as they move through the column. A schematic diagram in Figure 4.9B illustrates the
behavior of this system using a 2-D plot (the species’ position inside the column vs.
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the travel time), where the red and blue lines represent trajectories of protein oc-
tamers and dimers inside the column, and white and gray dots indicate random
dissociation of the octamers and re-association of the dimers, respectively. Despite
showing just a few examples of random dissociation and re-association events, this
diagram is nonetheless very instructive as a means of understanding the behavior
of “reactive” analytes during chromatographic analysis. Two other factors that in-
fluence the elution profiles of metastable oligomers are the diffusion inside the col-
umn and the finite duration of the sample injection, both of which result in the
finite width of elution peaks even in the absence of M8 ⇌ M2 transformations. A
mathematical model of the elution of the metastable complex can be constructed by
taking into account both chemical (complex dissociation/re-association) and hydro-
dynamic processes (directed flow and diffusion) [66]. A detailed and rigorous mathe-
matical treatment of this system is beyond the scope of this book (an interested
reader is referred to the original paper by Kaltashov et al. [66]), and we will only pres-
ent an end result (a system of partial differential equations that describe the evolution

Figure 4.9: A: Online SEC-MS of 275 µg of rhASA (corresponding to 5 nmol of the octameric form) at
pH 6.4: UV chromatogram (brown trace), TIC (black trace) and the cumulative extracted ion
chromatograms of the dimeric (blue) and octameric (red) species of the protein. The inset shows a
mass spectrum averaged across the 24–35 min elution window. B: A schematic 2-D diagram
illustrating behavior of metastable M8 species undergoing dissociation (to M2) and re-association
during the elution process. Stable oligomers would travel only along the trajectories on the far left
(M8) and far right (M2), but the actual trajectories branch out as a result of M8 dissociation (white
circles) and M2 re-association (gray circles). Red and blue circles show elution of M8 and M2,
respectively. The top diagram shows a representative solution of ADR equations for the
metastable M8/M2 system (color-filled curves); a reference solution for a non-reactive (stable)
M8/M2 system is shown with overlaid color curves. Adapted from Kaltashov et al. [66] with
permission from Elsevier.
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of the concentrations of the two forms of the protein across the column length and as
a function of time following the injection:

∂CM8
∂t = − uM8 · ∂CM8

∂x +DM8 · ∂
2CM8
∂x2

− kdiss.CM8 + 1
2 · kassoc.C2

M2

∂CM2
∂t = − uM2 · ∂CM2

∂x +DM2 · ∂
2CM2
∂x2

+ 4kdiss.CM8 − 2kassoc.C2
M2

8<
:

This is a greatly simplified one-dimensional version of the so-called advection–
diffusion–reaction (ADR) equation [67], and a representative set of its numerical
solutions is shown in the top panel of Figure 4.8B. While the numerical solutions
of the ADR equations system are obviously sensitive to both the diffusion co-
efficients (DM8 and DM2) and the dissociation/re-association rate constants (kdiss.
and kassoc.), a visual inspection of the solutions presented in Figure 4.8B sug-
gests that they adequately reflect the behavior of the real system, as observed
experimentally with SEC-MS (Figure 4.8A). While finding the numerical so-
lutions of the ADR equations system describing a specific metastable system
requires the knowledge of all relevant parameters, a relatively straightforward
qualitative analysis using a 2-D “distance vs. time” plot can be readily carried
out in many cases, enabling meaningful interpretation of the most convoluted
SEC chromatograms.

Ion exchange is another chromatographic format that can be interfaced with na-
tive MS [68]. While it also allows protein conformational integrity to be probed [68]
(based on the ionic charge state distributions), most current applications of IEX-MS
are still focused on rather mundane tasks of detection/characterization of charge
variants of protein therapeutics (as already discussed in Chapter 3). An orthogonal
approach to dealing with highly heterogeneous protein therapeutics is offered by
ion mobility (IM) spectroscopy, a sister technique to MS, which is almost always
used in combination with the latter in bioanalysis [69] (Chapter 2). Above and be-
yond the ability to separate isobaric ions based on differences in their shapes in the
gas phase, IM measurements allow ionic collisional cross sections (CCSs) to be de-
termined. The CCS values of biopolymer ions reflect their gas-phase conformations,
naturally leading to a suggestion that the higher order structure analysis of proteins
in general and protein therapeutics in particular should include IM in its arsenal [70].
However, application of IM-based methods to characterize protein conformations raises
a range of questions (summarized in a recent review [71]), which undermine the value
of the information deduced from such studies. The most serious issue is related to the
phenomenon known as a conformational collapse or compaction in the gas phase.
Non-globular proteins (such as antibodies and other proteins containing flexible hinge
regions) are especially prone to the gas-phase compaction. This phenomenon leads
to a significant underestimation of the physical size of solution-phase conforma-
tions when relying solely on the CCS values derived from IM measurements [71].
Another potential caveat in using IM to assess the integrity of native (solution-phase)
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higher order structures relates to the fact that these measurements are not sensi-
tive to the secondary structure, and compactness of the protein ions in the gas
phase does not guarantee their assuming correct (native) conformations [71]. In
contrast to this mixed record as a conformational analysis tool, IM has been highly
successful as a means of ion separation in the analysis of complex and heteroge-
neous systems. Importantly, the separation dimension enabled by IM is both or-
thogonal and complementary to native MS and native LC-MS [71]. Availability of
this unique separation dimension also proved very useful in facilitating other meth-
ods of analysis of highly heterogeneous macromolecular medicines, such as limited
charge reduction [65], allowing the scope of the latter technique to be dramati-
cally expanded to include macromolecular medicines as heterogeneous as hepa-
rin (to be reviewed in Chapter 8).

4.2.4 Can native MS be used to provide quantitative information on interactions
between protein therapeutics and their targets?

One question that frequently arises when native MS measurements are discussed
concerns the feasibility of extracting quantitative affinity data from such experi-
ments. A relatively straightforward (but certainly not the most accurate) approach
to this problem equates the relative ionic signal abundance of all involved species
(e.g., the protein/ligand complex and its constituents in the unbound form) with

Figure 4.10: Direct ligand titration of a Fab fragment of anti-thyroxine (T4) antibody with a thyroxine
analog T2. A: Native ESI mass spectra (+15 charge state) of 0.1 μM anti-T4 Fab with varying T2
concentrations measured in 20 mM ammonium acetate (pH 6.8). B: Titration plot (fractional
saturation vs. free ligand concentration). The solid red line represents the best fit to the specific
one-site binding model. Reproduced with permission from Thangaraj et al. [74]. Copyright 2019
American Chemical Society.
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their fractional concentrations in solution, followed by Kd calculation for the pro-
tein/ligand complex. The validity of the basic underlying assumption, however, is
far from certain, as the ionic signal in ESI is not determined solely by the protein
concentration, and the response factors do influence the calculated Kd values [72].
These response factors can be determined in many cases [73], allowing the neces-
sary corrections to be made in calculating the Kd values. Alternatively, one can use
reference ligands, for which the Kd values are known, to enable measurements for
other (structurally similar) ligands. A typical experiment involves incremental addi-
tions of the ligand to the protein solution (titration) and recording the changes in
the relative abundance of relevant ionic signals, as illustrated in Figure 4.10 for the
association between the Fab fragment of anti-thyroxin antibody and its antigen and
structurally similar molecules [74]. Further improvements to the measurements pro-
tocol can be made by using SEC-MS as a platform [75], but the utility of this method-
ology is limited to probing interactions of protein therapeutics with small-molecule
ligands. SEC-MS also enables quantitative assessment of transient protein/protein
interactions, but evaluation of the binding strength in this cases is based on observ-
ing the kinetic processes within the column (as discussed in the preceding section,
see also Figure 4.9), and the scope is limited to the relatively low affinity range (Kd

values exceeding 10 nM) [66].
An orthogonal way to evaluating the binding affinity for a range of protein/protein

interactions is offered by affinity chromatography (AC), which is now available in the
high-pressure format and can be interfaced with ESI MS [76–78]. Using MS as an online
detector for AC (AC-MS) allows the affinity values to be compared among multiple pro-
teoforms of the protein therapeutic based on the differences among their distinct elu-
tion profiles (extracted ion chromatograms, as illustrated in Figure 4.11), although the
absolute affinity values cannot be obtained. Although the use of an AC column is obvi-
ously limited to a particular ligand, it can be used for a variety of tasks ranging from
evaluation of the impact of various PTMs on the mAb affinity toward a specific Fc re-
ceptor to resolving the glycosylation heterogeneity of mAbs at the intact protein level
(Figure 4.11).

4.2.5 What needs to be considered at the planning stage and/or when analyzing
the results of native MS measurements

One important consideration that should always be kept in mind when planning
and/or analyzing the results of native MS measurements is the limited repertoire of
ESI-compatible solvents that can be used in such experiments. As has been already
discussed in Chapter 2, high-quality ESI MS data can be acquired only when volatile
electrolytes are used to obtain the desired pH and ionic strength of the protein solu-
tion. Unfortunately, this means that most native MS measurements must be carried
out in ammonium acetate and ammonium formate solutions (the use of ammonium
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Figure 4.11: FcγRIIIa affinity chromatography for a therapeutic mAb. (a) UV chromatogram using
reported non-MS compatible conditions. (b) AC-MS under MS-compatible conditions represented
by extracted ion chromatograms of detected glycoforms. (c and d) Deconvoluted mass spectra and
charge state distribution (inserts) of (c) 2× fucosylated (18–34 min) and (d) remaining glycoforms
(34–42 min). In case of multiple possibilities (asterisk), the most probable glycoform is presented,
based on reference data. Reproduced from Lippold et al. [77] with permission from Taylor & Francis
Ltd (www.tandfonline.com).
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bicarbonate – another ESI-compatible electrolyte – should be avoided, as it can
trigger protein denaturation within ESI-generated aerosol particles [79]). The list
of ESI-compatible salts can be expanded by using alkylated ammonia and substi-
tuted acetic acid (e.g., methylammonium dichloroacetate, N(CH3)H3CHCl2CO2) [80].
Although the use of the absolute majority of salts and other excipients that are com-
mon in biopharmaceutical formulations is certainly ruled out, presence of some non-
volatile buffers in protein solutions can be tolerated by adding large amounts of
ammonium acetate (to a final concentration ranging from 0.4 to 1.0 M) [81, 82].
High-intensity salt cluster background arising due to the presence of non-volatile
electrolytes can also be reduced in native MS using specialized signal processing
techniques [83], although this approach has not yet become routine in native MS.
Despite the limitations on the solvent composition in native MS, the relative ease
of the analysis of the ionic charge state distributions in many cases warrants its
application as a means of the initial assessment of conformational integrity. De-
pending on the results, such measurements can be followed by more involved
methods of analyses, such as the H/D exchange (Section 4.3). Lastly, it must be remem-
bered that in most cases charge state distribution analysis allows only relatively
large-scale conformational transitions to be detected; and the results of such anal-
ysis should not be over-interpreted. Indeed, even though a carefully designed ex-
periment may allow small-scale transitions to be observed [80], the results may be
affected by a range of gas-phase processes, including charge transfer reactions [30]
and dissociation of non-covalent protein complexes via asymmetric charge partition-
ing mechanism [84].

Another important consideration related to native MS measurements discussed
in Section 4.2.2 is that non-covalent assemblies remain stable in the gas phase only
if they are maintained primarily by local electrostatic interactions (salt bridges) and
hydrogen bonding. The protein/protein interactions driven primarily by hydropho-
bic forces become highly unstable in the absence of the solvent, which in most
cases causes dissociation of these assemblies in the gas phase. Fortunately, in many
cases the gas-phase dissociation proceeds via a very distinct mechanism (asym-
metric charge partitioning [85, 86]) which generates an unambiguous signature
in the mass spectrum and allows data misinterpretation to be avoided [84], al-
though the existence of multiple dissociation pathways may complicate the data
analysis. Importantly, preservation of the non-covalent complexes requires that
the ion optics in the ESI interface be tuned in such a way as to minimize colli-
sional activation of the ionized non-covalently bound associations in order to
prevent their dissociation. The ion source temperature should also be set signifi-
cantly below the levels that are used in ESI MS measurements described in Chapter 3.

Unfortunately, these necessary measures are not always sufficient to preserve
the integrity of large metastable non-covalent complexes in the gas phase, unless
the excess of internal energy is removed via collisions with the residual gas mole-
cules (the phenomenon known as “collisional cooling” [87]). The latter is induced
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by introducing sufficient quantities of the “cooling” gas (typically N2) post ion pro-
duction, which cannot be implemented on many generic ESI MS instruments. There-
fore, successful native MS measurements of large non-covalent complexes (of the
type relevant for protein therapeutics) require either the use of dedicated instruments
that have a built-in collisional cooling function or the hardware modification. The in-
ability (or failure) to implement effective collisional cooling is arguably one of the most
common reasons for the native MS failing to detect large non-covalent assemblies.

Lastly, in all examples shown in the preceding sections, the ionic signal in na-
tive MS extended into high m/z region (above 4,000 u). The reason for this is the
relatively low number of charges that can be accommodated on the surface of com-
pactly folded proteins. In fact, it is not uncommon to see native mass spectra of
large multi-unit protein therapeutics or their complexes with physiological partners
with the ionic signal populating the very high m/z range (>10,000 u) [43, 44, 88] See
also an example shown in Figure 4.12. Unfortunately, this means that the most af-
fordable mass spectrometers (based on the quadrupole mass analyzers) are poorly
suited for native MS work; this also needs to be taken into consideration at the ex-
periment planning stage.

5000 7500 10000 12500 15000 17500 20000 22500
0

20

40

60

80

100

+67

m/z

+2
4

+2
5

+2
3

+24

+25

+22

+21
+23

+66

+68

+55
+54

+56
+45

+44

+46

+29
+28

+30

+34
+33

+35

+1
7

mAb
(150 kDa)

APP2
(165 kDa)

5000 70006000 8000 m/z

1.26 MDa

950 kDa

630 kDa

re
la

tiv
e 

ab
un

da
nc

e

Figure 4.12: Native MS of large immune complexes produced by mAb and a bivalent (homodimeric)
antigen, ectodomain of aminopeptidase P2 (APP2). The mass spectra of the antigen and the mAb
are shown in the inset. Data courtesy of Y. Yang, a graduate research assistant at UMass-Amherst.
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4.3 Hydrogen deuterium exchange (HDX) MS

Native MS discussed in the preceding section can be a very effective tool for detect-
ing an offset of unfolding/aggregation of protein therapeutics, as well as monitoring
their interactions with a range of physiological partners. However, it rarely provides
detailed structural information (e.g., it cannot identify specific segments within the
protein that are affected by partial unfolding or participate in binding to its part-
ners). This information can be provided in many cases by hydrogen/deuterium ex-
change (HDX) with MS detection. Another important advantage of HDX MS is its
tolerance for a range of solvent systems that cannot be used in native MS measure-
ments (as discussed in the preceding section). This allows the behavior of protein
therapeutics to be studied under conditions that closely mimic or indeed duplicate
either their physiological environment or the drug formulation. If executed prop-
erly, HDX MS measurements can provide a wealth of information on protein higher
order structure and dynamics, and it is not surprising that in a mere decade that
followed the first use of HDX MS to characterize a protein therapeutic [21] this tech-
nique had become widely adopted in the biopharmaceutical industry and is now
routinely used not only in exploratory studies [89] but also in filings with regulatory
agencies [90].

4.3.1 Global HDX MS measurements to monitor conformational integrity
of protein therapeutics

In HDX MS experiments the protein higher order structure is probed by following
the exchange of labile hydrogen atoms with the solvent. Protons that are involved
in hydrogen bonding or sequestered from the solvent in the protein interior cannot
be exchanged readily, unless they become exposed to the solvent molecules via dy-
namic events that affect the protein conformation either locally (e.g., via structural
fluctuations) or globally (e.g., via transient unfolding events). The exchange reactions
are usually initiated by diluting the protein solution in the appropriately buffered
D2O, triggering the exchange processes for all labile hydrogens that are exposed to
the solvent (Figure 4.13). The chemical exchange rate (also called “intrinsic exchange
rate”) varies significantly among different types of labile hydrogens, and also strongly
depends upon the solution pH (Figure 4.14). The exchange is quenched after a certain
period of time by quickly acidifying the protein solution to pH 2.5–3.0 and lowering
its temperature to 0–4 °C. This results in a dramatic deceleration of the intrinsic ex-
change reactions of the backbone amide hydrogen atoms with the solvent, while the
exchange rates of other labile hydrogen atoms (those at the side chains and at the
polypeptide termini) remain relatively high (Figure 4.14). As a result, the isotope la-
bels acquired prior to the quench step are kept exclusively at the backbone amides
(despite the loss of the higher order structure – and protection – that is inevitable for
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nearly all proteins in the acidic environment). This provides a single reporter for each
amino acid residue in the protein sequence with the exception of the N-terminal resi-
due and all proline residues. Since each individual exchange event (substitution of a
hydrogen atom with a deuterium atom) results in a mass increase of 1.01 Da, the total
increase of the protein mass can be equated to the total number of amide groups that
have acquired an isotopic label prior to the quench step. Measuring the protein mass
increase as a function of the time interval length between the dilution step (initiation
of the HDX reactions) and the quench step allows the kinetics of the exchange reac-
tions to be followed at the intact protein level (see the “global HDX” box in Figure 4.13).
Such measurements provide a relatively straightforward way to detect changes in the
stability of the higher order structure as a result of certain modifications of the protein
covalent structure and to evaluate their extent [21]. Importantly, the HDX step can be
carried out in the formulation buffer if it is followed by rapid desalting of the protein
under the slow exchange conditions (e.g., using either fast LC or solid-phase extrac-
tion approaches); the ability to evaluate conformational stability of protein therapeu-
tics in relevant solvents/buffers provides a significant advantage over the native MS
methods discussed in Section 4.2.
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Figure 4.13: A schematic diagram of the workflows for global and local HDX MS measurements.
Reproduced from Kaltashov et al. [9] with permission from Elsevier.
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Figure 4.14: Intrinsic (chemical) exchange rates for different types of labile hydrogen atoms within
polypeptides. The red stripe indicates the pH range used to quench the exchange of backbone
amide hydrogen atoms.
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4.3.2 Site-specific HDX MS measurements to identify instability hot spots

The ability to minimize the exchange of backbone amide hydrogen atoms under
conditions when they are not afforded any protection by the protein higher order
structure also allows the distribution of the labile isotopic labels along the polypep-
tide backbone to be determined by carrying out proteolysis prior to MS analysis (see
the “local HDX” box in Figure 4.13). Pepsin is one of the very few proteases that re-
main active within the pH range 2.5–3.0, and is most commonly used to probe back-
bone amide protection following the quench of the exchange reactions [91, 92].
However, the slow exchange of the backbone amide hydrogen atoms continues
even under the quench conditions, and the proteolytic step must be relatively fast
in order to avoid the excessive loss of the deuterium labels (the so-called back-
exchange [93]). The efficiency of the proteolytic step carried out under such sub-
optimal conditions can be enhanced by reducing the disulfide bonds prior to the
protein digestion. However, the need to maintain the slow-exchange conditions dur-
ing the disulfide reduction places significant restrictions on the repertoire of reduc-
ing agents (with TCEP being the most common reagent used in such applications
[94]). The proteolysis efficiency can also be enhanced by a judicial use of strong
chaotropes, such as urea and guanidinium chloride [95]. Elimination of all ESI-
incompatible components from the protein digest solution is usually achieved dur-
ing a quick LC separation (followed by online MS analysis of the deuterium content
of all produced peptic fragments). In addition to desalting, the LC step provides an
advantage of reducing spectral crowding and, therefore, increases the likelihood of
detecting difficult-to-ionize peptides (which frequently remain invisible in the ESI
mass spectra of multi-component systems due to the signal suppression effects).
The downside of using the LC step is the frequently encountered inability to detect
small and highly hydrophilic peptides, as well as glycopeptides, which have poor
retention characteristics on reversed-phase columns.

An example of using HDX MS to localize unstable elements within a protein [21]
is illustrated in Figure 4.15. Here the evolution of the isotopic distribution of a peptic
fragment (88–102) derived from intact (unmodified) interferon β1a reveals a rather
anemic uptake of deuterium atoms within this segment of the protein, a hallmark of
a stable conformation. However, the behavior of the same peptide derived from the
protein bearing a single covalent modification (at a cysteine residue that is distal
to this peptide in the protein sequence, but proximal in the three-dimensional
structure) is markedly different. The bimodal shape of the isotopic distribution of
the peptide ions in this case is indicative of the presence of two conformations in
solution, one of which appears to lack significant backbone protection (red traces
in Figure 4.15). In contrast, most other peptic fragments do not reveal a difference
between the two forms of the protein, suggesting that the covalent modification
does not compromise conformational integrity of the protein uniformly across the
entire polypeptide chain. Instead, only several segments within the protein are
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affected, but the presence of even a small number of such instability hot spots re-
sults in a significant increase of the aggregation propensity [96].

The strategy illustrated in the example presented in the preceding paragraph
can also be applied to detect/localize the instability regions that arise due to stress-
related non-enzymatic PTMs targeting multiple sites within the protein, such as oxi-
dation [37, 97–99], deamidation [100, 101], and glycation [102]. HDX MS can also be
used to evaluate the conformational changes within protein therapeutics induced
by non-covalent effectors of the higher order structure, such as small-molecule anti-
microbials [103]. Influence of enzymatic PTMs (such as glycosylation) on the higher
order structure integrity of a range of biopharmaceuticals can also be probed [104,
105], providing an important feedback for optimization of the design and production
stages. HDX MS has also been used as a means of verifying the integrity of the higher
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Figure 4.15: Localization of an instability hot spot within the covalently modified (NEM-alkylated)
interferon β1a using HDX MS. The left-hand side panel shows the evolution of isotopic distributions
of peptic fragments (88–102) derived from the intact (blue) and modified (red) proteins as a
function of the exchange time in solution. The end point of the exchange reaction (taking into
account the back-exchange) is indicated with a gray trace (isotopic distribution of a fully
exchanged peptide). The panels on the right-hand side show location of the (88–102) segment
(colored in blue) within the crystal structure of the intact protein (1AU1). Alkylation of Cys-17
(orange) inevitably leads to steric clashes within the native structure, which can be removed by
unfolding the helical element containing the (88–102) segment (colored in red). Adapted with
permission from Kaltashov et al. [96]. Copyright 2008 American Chemical Society.
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order structure following introduction of a “designer PTM,” such as PEGylation [106]
and small-molecule drug conjugation [107].

One important aspect of the HDX MS measurements as applied to detection of
conformational changes within protein therapeutics is their sensitivity. The latter
can be defined in two different ways, both of which are highly relevant in terms of
the higher order structure characterization: (i) the smallest fraction of the confor-
mationally perturbed protein molecules that can be detected and (ii) the smallest
segment of the protein exhibiting physiologically and therapeutically relevant confor-
mational changes. While the second aspect is highly specific for each product and
requires an individualized approach in each case, the first one had been evaluated
for several systems, yielding sensitivity levels in the 1–5% range [97, 108], surpassing
those afforded by the traditional methods of biophysical characterization.

4.3.3 Site-specific HDX MS measurements to localize binding interfaces

Another important area of HDX MS applications is mapping binding interfaces in
complexes formed by therapeutic proteins with their targets and physiological part-
ners. The underlying assumption here is that association with a binding partner af-
fords additional backbone protection to the protein segments within the binding
interface, as illustrated in Figure 4.16 for the interaction of the recombinant form of
human serum transferrin (Tf) and the ectodomain of its cognate receptor (TfR). The
rates of deuterium incorporation into the protein backbone vary greatly across the
entire complement of peptic fragments, but only few of them exhibit a noticeable
difference in the peptide-level exchange kinetics between the datasets acquired in
the absence and in the presence of the receptor. Specifically, Tf peptic fragment
(71–81) shows robust isotope exchange in the absence of TfR within a minute of ex-
posure to D2O, but the deuterium incorporation becomes nearly halted on this time-
scale in the presence of the receptor [109].

A conclusion that naturally follows such observations is that the protein seg-
ments displaying the difference in exchange kinetics are parts of the binding inter-
face. This is true in the specific example presented in Figure 4.16, for which the
available X-ray crystallographic data confirm participation in the receptor binding
for several residues from the Tf segment (71–81). However, one must remember that
protein/protein associations frequently give rise to allosteric interactions that may
alter conformational dynamics in protein segments that are distal to the binding in-
terface. The occurrence of such effects may obviously complicate the interface local-
ization efforts based on the HDX MS data; in fact, it is nearly impossible in many
cases to distinguish the changes of the isotope exchange kinetics due to the solvent
exclusion from the interface area upon protein/protein association from those in-
duced by allosteric interactions. One possible approach to this problem makes use
of HDX measurements on short (sub-second) timescales, with the binding partner
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being introduced simultaneously with the exchange buffer [110]. Synchronizing the
onsets of the exchange reactions and the protein/protein association process allows
the binding interface to be identified based on alteration of the exchange kinetics,
while keeping the allosteric interactions below the detection threshold (presumably
due to the longer time required for “propagating” the allosteric changes through the
bulk of the protein) [110].

Availability of crystal structures of at least some components of a protein thera-
peutic is undoubtedly a boon for interpreting HDX MS data, particularly when the
latter is used to identify binding interfaces/epitopes. If the crystal structures are not
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Figure 4.16: Influence of the receptor binding on the backbone protection of the recombinant form
of human serum transferrin (Tf) and localization of the receptor interface with HDX MS. Left panel:
HDX MS of Tf (global exchange) in the presence (blue) and the absence (red) of Tf receptor (TfR). The
exchange was carried out by diluting the protein stock solution 1:10 in exchange solution (100 mM
NH4HCO3 in D2O, pH adjusted to 7.4). The black trace shows unlabeled (essentially deuterium-free)
protein. Right panel: isotopic distributions of representative peptic fragments derived from Tf
subjected to HDX in the presence (blue) and the absence (red) of the receptor. Dotted lines indicate
deuterium content of unlabeled and fully exchanged peptides. Colored segments within the Tf/TfR
complex show localization of these peptic fragments (based on the low-resolution structure of
Tf/TfR). Adapted with permission from Kaltashov et al. [109] Copyright 2009 American Chemical
Society.
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available (which is the case for the majority of protein therapeutics), HDX MS data
interpretation can be aided by molecular modeling, particularly in complicated
cases, such as those involving discontinuous epitopes and size variants [111, 112].

4.3.4 HDX MS to probe aggregation of protein therapeutics

The centrality of the aggregation phenomenon to the issue of safety of protein thera-
peutics had fueled extensive efforts in the past decade to understand its molecular
mechanisms. Specifically, the ability to identify the initiation regions of the aggre-
gation processes within a given biopharmaceutical product is invaluable for the de-
sign of safe and effective constructs. HDX MS has been at the forefront of these
efforts, mostly focusing on localization of the initiation regions [113]. One issue that
greatly complicates the HDX MS work with protein aggregates is their dynamic char-
acter. Indeed, formation of the early-stage oligomers is usually a reversible process,
and the equilibrium in such systems is inevitably upset by the very first step in the
HDX MS work flow, protein dilution in D2O (Figure 4.14). Several approaches are
currently evaluated as a means of dilution-free HDX MS measurements, with the di-
alysis-based HDX [114] appearing to be particularly promising. Another intriguing
approach to probing higher order structure of protein therapeutics which seems
well-suited for the analysis of aggregates is the solid-state HDX MS [115]. This tech-
nique (which presently remains at the investigational stage) is designed to interro-
gate the structure of lyophilized proteins.

4.3.5 What needs to be considered at the planning stage and/or when analyzing
the results of HDX MS measurements

From the early days of HDX MS work, multiple protocols were used by different
groups to carry out the measurements and to interpret the results. The experimental
variables were spread across the entire workflow (beginning with the selection of
the dilution ratio to initiate the exchange reactions and ending with the duration of
the time interval during each the protein and its proteolytic fragments are kept
under the slow exchange conditions). These differences still persist with many labo-
ratories using unique protocols, although in the past decade there was a steady
movement towards harmonization of the ways the HDX MS work is executed and
the results are reported. This has culminated in publication of a paper “Recommen-
dations for performing, interpreting and reporting hydrogen deuterium exchange
mass spectrometry (HDX-MS) experiments” endorsed by a large number of HDX MS
practitioners in both industry and academia [116], and the readers are referred to
this set of specific guidelines that cover every step of both the experiment and the
data analysis. The NISTmAb (already mentioned in Chapter 3 as a standard reference
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material for testing/validating methods of covalent structure characterization) is a use-
ful resource for evaluation of HDX MS protocols, although the recent inter-laboratory
study spearheaded by NIST revealed significant differences in the measurement out-
comes. The continuous trend towards HDX MS automation [117] and acceptance of the
unified guidelines [116] are likely to bring more consistency to the HDX MS work, but at
least some differences are likely to persist for a long time.

4.3.6 Spatial resolution in site-specific HDX MS measurements and methods
to improve it

The measurements discussed in the preceding section produce segment-specific (as
opposed to “site-specific”) information on deuterium distribution across the poly-
peptide backbone, and it is the length of the proteolytic fragments that limits the
spatial resolution. The very few proteases that retain activity under the slow ex-
change conditions (pH 2.5–3 and low temperature) frequently result in generating
relatively long (>10 amino acid residues) peptide fragments, and in many instances
significantly longer segments are generated.

At least some improvement in the spatial resolution can be achieved by ana-
lyzing the deuterium content of overlapping proteolytic fragments, but the resi-
due-level resolution remains out of reach for the majority of biopharmaceutical
products. Supplementing the experimental scheme depicted in Figure 4.14 with
the gas-phase fragmentation of the peptide ions is another strategy that may in
some cases reveal the backbone protection patterns at a single residue level [118,
119]. Unfortunately, the choice of ion fragmentation techniques that can be used
for such a task remains very limited due to the need to avoid hydrogen scram-
bling during the ion activation process [120, 121]. Consequently, the progress in
this field has not moved much beyond feasibility studies carried out with small
model proteins that are of little relevance vis-à-vis the needs of the biopharma-
ceutical sector.

An alternative approach to obtaining site-specific information on deuterium dis-
tribution along the polypeptide backbone utilizes the so-called top-down strategy,
where proteolytic degradation is completely eliminated from the experimental work
flow and is replaced with fragmentation of intact protein ions in the gas phase [109].
Once again, the need to suppress/eliminate hydrogen scrambling during the protein
ion activation process places a very stringent limitation as far as the type of ion frag-
mentation techniques that can be employed in such measurements. Both electron
capture [122] and electron transfer [123] dissociation can be used for this purpose, as
long as any collisional activation of protein ions (which is frequently used to in-
crease the dissociation yield) is completely avoided. More recently, ultraviolet photo-
dissociation had also been shown to be a viable choice for the top-down HDX MS
work [124]. While the top-down HDX MS is not by any means a routine tool in the

130 Chapter 4 Characterization of higher order structure and protein interactions



analysis of protein therapeutics, the extensive efforts invested in its development in the
past decade appear to begin bearing fruit, with several reports on using top-down HDX
MS to characterize proteins as large as mAbs now available [125, 126]. Another recently
introduced approach that may become a helpful tool for probing conformational dy-
namics of mAbs and related biopharmaceuticals in a residue-specific fashion (dubbed
“middle-down” HDX MS) takes advantage of the restricted use of pepsin (known to act
specifically on immunoglobulin molecules to separate Fc from Fab regions) prior to the
gas-phase dissociation of the resulting large proteolytic fragments [127].

Another issue that is frequently encountered in HDX MS measurements is in-
adequate sequence coverage (i.e., the presence of gaps in the peptic peptide
maps). One particularly common reason for this is the desalting step that fre-
quently precedes the fast LC separation of the peptic fragments prior to MS de-
tection, resulting in the loss of highly hydrophilic peptides. In addition to very
short hydrophilic peptides, it frequently leads to the loss of glycopeptides. Even
if such glycopeptides are retained on the column, the intrinsic heterogeneity of
glycans results in a dramatic reduction of the ionic signal that can be used to
analyze the deuterium content within the corresponding segments of the protein.
Removal of glycans from such peptides can solve both of these problems (poor
retention and split-signal), but carrying out protein deglycosylation prior to the
H/D exchange is likely to affect its conformation, defeating the purpose of the
measurements. One elegant way to circumvent this problem involves the use of
PNGase A after completion of the isotope exchange step (and concurrently with
pepsin digestion under the slow exchange conditions) [128]. This enzyme is ef-
fective in removing all three types of N-glycans form glycopeptides (but is less
effective when dealing with intact folded proteins), and remains active at pH as
low as 2.5. More recently, another acidic glycosidase, PNGase H+, was demon-
strated to be suitable for this purpose as well, and in fact showed greater tolerance
vis-à-vis the acidic reducing agent TCEP, which is employed during the digestion
step under the slow exchange conditions [129]. Unfortunately, O-glycosylation
presents a noticeably less tractable problem due to the absence of enzymes that
can remove this type of glycans from the proteins and/or peptides; however, these
glycans are not encountered within biopharmaceutical products as frequently as the
N-glycans.

4.4 Covalent labeling methods

HDX MS has become a commonly accepted tool for characterization of therapeutic
proteins in recent years, but the search for alternative/complementary methods of
analysis of protein higher order structure continues. One of the most annoying limi-
tations of HDX is the labile character of the isotope label both in the solution phase
(where the need to minimize the back-exchange dictates the solution conditions
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that must be used for protein processing prior to MS detection – frequently leading
to sub-optimal proteolysis, disulfide reduction, peptide separation, etc.) and in the
gas phase (where the specter of hydrogen scrambling precludes the use of highly
efficient methods of peptide and protein ion fragmentation). The realization that the
ability to label the unprotected/solvent-exposed segments of the protein irreversibly
would be a boon to the field incentivizes the relentless search for experimental
strategies based on chemical labeling techniques.

4.4.1 Chemical labeling and cross-linking: what limits their use in characterization
of biopharmaceutical products?

Chemical labeling [130] and cross-linking [131] are among the oldest biophysical tech-
niques that remain in continuous use in studies aimed at characterization of pro-
tein (and, more generally, biopolymer) higher order structure. Unfortunately, these
techniques suffer from a very significant limitation that makes the vast majority of
them much less attractive compared to HDX MS vis-à-vis characterization of protein
therapeutics. Most existing labeling protocols rely on extensive modification of the
protein molecules in the sample in order to achieve the yields sufficient for MS char-
acterization, and in most situations this results in placing multiple labels within a
single protein molecule. However, even chemical modification of a single site within
the protein molecule can result in a significant change of the local conformation as
well as the global conformational stability. Therefore, placement of each additional
label would not necessarily correlate with the solvent accessibility within the con-
text of the native state, but rather reflect the compromised conformational integrity
of the covalently modified protein. In fact, exactly this behavior was seen in the ex-
ample presented in Figure 4.15, where alkylation of a single residue within inter-
feron β1a had resulted in a dramatic decrease of conformational stability within
several (but not all) segments of the protein. These changes were readily detected
by HDX MS, and there is no doubt that the local unfolding triggered by a single co-
valent modification would result in a greater accessibility of the affected segment(s)
to other chemical probes as well. This example is by no means unique, which is the
reason why the classical chemical labeling techniques have failed so far to achieve any
notable level of prominence in the analysis of the higher order structure of biopharma-
ceutical products (and while the exceptions to that do exist [132], they remain extremely
rare). This problem would be further exacerbated should chemical cross-linking be
used to probe the higher order structure of biopharmaceutical products, as placing
even a single cross-link within a protein or between two proteins necessarily requires
two chemical modifications. As a result, the uses of chemical cross-linking in the bio-
pharmaceutical analysis also remain rare, although in some instances this technique
had been shown to be useful vis-à-vis complementing information obtained via the use
of orthogonal techniques, such as HDX MS [133]. In such situations an argument can
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be made that once a specific method is validated using orthogonal (and commonly ac-
cepted) means, it can be used routinely even in the quality control settings.

4.4.2 Characterization of protein higher order structure with FPOP

While the classical chemical labeling and cross-linking techniques remain largely
on the periphery of the efforts to characterize the higher order structure of protein
therapeutics, a new labeling approach introduced by M.L. Gross and D. Hambly
[134] gave rise to an experimental tool that now enjoys unprecedented popularity in
both industry and academia. This technique (termed fast photo-oxidation of proteins,
or FPOP [135]) provides an elegant solution to the problem that makes the use of chemi-
cal labeling impractical when applied to characterization of the higher order structure
of protein therapeutics, namely distortions of the protein structure caused by multiple
chemical modifications (vide supra). This problem is avoided in FPOP by making the
duration of the chemical modification window narrow on the timescale of the protein
conformational transitions. As a result, the higher order structure of a protein can be
probed in its native state without being affected by structural perturbations (de-
spite placing multiple labels on a single protein molecule). The labeling is irre-
versible (e.g., oxidation by OH· radicals), which allows a great deal of flexibility as
far as the downstream processing of the labeled proteins. This provides a signifi-
cant advantage over the HDX MS-based methods of the higher order structure
analysis, where lability of amide hydrogen atoms imposes rather unforgiving re-
strictions on all protein processing/analysis steps from proteolysis to MS/MS. One
significant disadvantage of FPOP compared to HDX MS is the significantly lower
level of labels/reporters that are typically placed on a single protein molecule (a
few labels per protein molecule as opposed to labeling every amide backbone in
HDX MS), although the recent efforts to expand the repertoire of FPOP probes are
beginning to address this problem [136, 137].

The protein labeling in FPOP is triggered by a very short pulse of an excimer
laser (Figure 4.17). The laser wavelength is selected such as to maximize the photo-
lytic production of radicals (e.g., OH· via photolysis of H2O2, which is present in the
protein solution alongside the radical scavenger), and avoid interactions with all
other components of the solution. The resultant radicals react with the protein by
inducing oxidation, but the radical scavenger present in solution results in com-
plete elimination of these reactive species almost immediately after the end of the
laser pulse. The duration of the laser pulse (typically <10−7 s) is short on the time-
scale of the protein conformational transitions. As a result, multiple oxidation events
may occur within a single protein molecule without introducing artifacts (the laser
pulse frequency and the protein solution flow rate are selected such as to avoid multi-
ple irradiation of the same region of the flowing protein solution). It must be noted,
however, that under some conditions the reactive species can persist in solution over
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Figure 4.17: A schematic representation of a typical FPOP setup. Adapted by permission from
Springer Nature Customer Service Centre GmbH: Liu et al. [147].
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much longer time intervals (>10−2 s) [138], which would certainly be problematic vis-
à-vis the reliability of FPOP measurements.

In recent years FPOP had been applied to solve multiple problems in the field of
protein therapeutics ranging from assessing conformational integrity [139, 140] to
mapping binding epitopes [141–143]. FPOP has a potential to tackle a range of other
relevant problems, including assaying protein aggregation [144] and probing ligand-
induced conformational changes [145]; consequently, the range of FPOP applications
in the analysis of biopharmaceuticals is likely to continue to expand. Importantly, the
information provided by FPOP is complementary to that derived from HDX MS meas-
urements, which frequently prompts the deployment of integrated FPOP/HDX MS
strategies [141, 143, 146].

4.5 An outlook for MS-based methods to probe higher order
structure of protein therapeutics

The mass spectrometry-based methods discussed in this chapter have already be-
come commonly accepted tools capable of dealing with highly complex systems.
They are now routinely used in characterization of systems as large as mAbs, and
have become common in regulatory filings [90]. It will be interesting to see if the
great success enjoyed by MS as a tool to characterize the higher order structure of
protein therapeutics in vitro could be translated to in vivo studies. Indeed, the con-
formational changes suffered by protein therapeutics post-administration undoubt-
edly have a significant impact on both efficacy and safety. At the same time,
reliable experimental tools capable of detecting and characterizing such events
in vivo remain wanting. Should MS prove capable of filling this gap, the impact on
the studies of pharmacokinetics and pharmacodynamics of protein therapeutics would
be enormous indeed (recent application of the FPOP technology to in vivo studies in
human cells [148] look particularly promising in this regard). A related field where
mass spectrometry can make significant contributions in the future is the process
analytical technology (PAT) [149–151] in the productions of protein therapeutics (to
be considered in Chapter 9). This field has been traditionally dominated by less
technologically sophisticated, but rugged methods of analysis due to the need to
carry out measurements online (and ideally in-line) in real time [152]. However,
mass spectrometry is now being actively tested as an alternative, which is capable
of providing information on the conformational integrity of protein therapeutics
during their production [153]. Above and beyond protein therapeutics, MS-based
methods for characterization of higher order structure are likely to accelerate the
development of other types of biopharmaceutical products, such as gene therapy
products (this will be discussed in Chapter 8).
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Chapter 5
Biosimilars and comparability studies

The term “biosimilars” refers to biopharmaceutical products that are copycats of approved bio-
logics for which the patent protection/exclusivity rights have been already lost or are about to
expire. Although in the past they were sometimes referred to as “generics,” the latter term only
applies to small-molecule medicines that are produced by chemical synthesis, and for which
the exact replicas can be made. With very few exceptions, it is impossible to create an exact
replica of a protein therapeutic, and the manufacturer of a biosimilar product must prove that
its deviations from the characteristics of the originator’s product do not affect the product’s
efficacy and safety. This is addressed by performing similarity studies to demonstrate that ei-
ther the differences are statistically insignificant (which is relatively rare) or practically insig-
nificant. A similar task arises when changes are introduced into the manufacturing process of
biopharmaceutical products both during development and after approval, in which case it
must be shown to be “comparable” to the appropriate pre-change products (e.g., reference
materials, market batches). Analytical characterization is a critical component of both simi-
larity and comparability studies, and mass spectrometry plays a particularly important role.

5.1 Biogenerics or biosimilars?

The early efforts in the field of biosimilars were motivated by the success of the ge-
neric small-molecule drugs whose introduction in the USA was enabled by the 1984
Hatch-Waxman Act [2]. However, adoption of the generic drugs’ approval pathway
to follow on biologics was impossible due to a significant difference between the
generic versions of small-molecule drugs and the follow-on biologic drugs. The for-
mer can be created as an exact copy of the originator’s product, while the complex-
ity of protein therapeutics makes it almost impossible to generate their exact replicas
(hence the gradual disappearance of the early term biogenerics [3, 4] from the com-
mon use, which has been replaced by biosimilars). The sensitivity of the modern
tools of chemical and biophysical characterization allows even the minute differences
between the follow-on biologic and the originator’s product to be detected; however,
not all such differences affect safety and efficacy of the protein therapeutic. Therefore,
the acceptance criteria for follow-on biologics were not defined in the USA until 2010
with the addition of Section 351(k) of the Public Health Service Act upon adoption of
the Affordable Care Act [5]. Even with the enactment of Section 351(k), implementa-
tion of the abbreviated licensure pathway for biosimilars was not immediate, with
first formal biosimilars approvals made only in 2015 (Figure 5.1). By that time a num-
ber of patents for the first-generation biopharmaceutical products had already ex-
pired, and the follow-on versions already developed, leading their manufacturers to
seek alternative routes for approval and in some cases to pursue legal actions to force
regulatory agencies to consider their applications [6, 7].
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Currently, there are several dozen approved biosimilars worldwide, and this num-
ber is set to grow as the patents protecting the original biopharmaceutical products
continue to expire. The definition of a biosimilar product set forth by the FDA states
that it is highly similar to the reference product notwithstanding minor differences in
clinically inactive components, and that there are no clinically meaningful safety, purity,
and potency differences between the biological product and the reference (originator’s)
product [8]. Analytical comparison is the cornerstone in establishing the biosimilarity
[5, 9, 10]; in addition, both PK/PD and immunogenicity studies are required to demon-
strate biosimilarity [11]. Similarity and comparability are two terms that are frequently
used interchangeably in literature in connection with the biosimilar products. While
comparability is frequently understood as comparing two products, this term is actu-
ally used in a narrower sense. It is based on the International Conference on Harmoni-
zation (ICH) Comparability Protocol Q5E, Comparability of Biotechnological/Biological
Products Subject to Changes in Their Manufacturing Process that applies to the post-
approval changes in the manufacturing process of a licensed product by the same man-
ufacturer [8]. In contrast, similarity is a demonstration of the extent of the sameness
of two products (e.g., the originator’s products and its follow-on version). The FDA
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Figure 5.1: Global approvals of biosimilars in the past two decades. Note that the first formal
biosimilar approval in the USA was made only in 2015; prior to that alternative approval pathways
were used for this class of biopharmaceuticals. Likewise, in India the formal guidelines for
biosimilars were not established until 2012, when dozens of follow-on biologics were already on
the market. Adapted with permission from Eisenstein and Ashour [1].
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adheres to this strict use of the vocabulary, with the testing of biosimilar products
defined as a similarity exercise [8].

There are four tiers in the biosimilarity assessment: not similar, similar, highly
similar, and fingerprint-like similar (with “highly similar” being the minimum qual-
ifying level for a biosimilar product). Although the highly similar level is acceptable,
developing the fingerprint-like similarity is likely to reduce the burden of proof on
the sponsor to conduct any phase III trials [8]. Establishing the fingerprint-like simi-
larity typically relies on assessment that includes inter alia characterization of the
higher order structure that goes beyond standard biophysical techniques (e.g., opti-
cal spectroscopy methods and SEC) and uses stress tests to evaluate conformational
changes that may occur during the product’s life cycle (production/storage/use).
Evaluation of the conformational integrity at higher level of spatial resolution com-
pared to what can be achieved with standard biophysical tools (e.g., by using HDX
MS discussed in Chapter 4) is another approach that may help achieve the highest
tier in the biosimilarity assessment [8]. Importantly, the FDA does not specify explic-
itly what constitutes a fingerprint-like similarity; instead, the continuously evolving sci-
entific view of this assessment (informed by the totality-of-evidence paradigm) serves
as a guide in both design and evaluation of the biosimilarity assessment.

5.2 MS-based characterization of the covalent structure
in the biosimilarity assessments

The foundation of the biosimilarity assessment is analytical comparison, and mass
spectrometry plays a pivotal role in these studies. Any comparative differences iden-
tified (e.g., in the glycosylation profiles) must be considered in terms of their effect
on biosimilarity (which frequently requires further investigations, e.g. via biological
assays or indeed preclinical or clinical evaluations) [13]. The commonly applied MS-
based analytical approaches include (a) determination of intact molecular mass by
ESI MS; (b) amino acid sequence analysis using peptide mapping with LC–MS or
MS/MS detection; (c) disulfide network assignment using peptide mapping under
both reducing and non-reducing conditions; (d) glycosylation analysis; (e) analysis
of other PTMs using peptide mapping with LC-MS detection; and (f) profiling the
charge heterogeneity (which had been carried out until recently using ion exchange
LC or isoelectric focusing, but currently benefits from inclusion of intact mass
LC–MS analyses in its arsenal) [13]. Mass spectrometry also plays an important
(and rapidly expanding) role in the higher order structural analysis and the pu-
rity analysis, but these aspects will be discussed in the subsequent sections.

The MS-based methods used for the assessment of the covalent structure (both
the amino acid sequence and the PTMs) of biopharmaceutical products have been
considered in great detail in Chapter 3. The majority of these methods are routinely
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used in both biosimilarity and comparability assessments without any modifica-
tions. However, a unique aspect of these assessments is the comparative nature of
the analyses involved: the attributes of the follow-on product that are identical to/
indistinguishable from those of the originator product (both qualitatively and quan-
titatively) do not require an in-depth analysis. Instead, the biosimilarity assess-
ments focus on the product’s characteristics where differences can be detected. The
latter are investigated in great detail with the goal of establishing their relevance
vis-à-vis characteristics of the product that define/influence its safety and efficacy.

Intact mass measurement is typically the first step in both comparability and
similarity studies, since it allows in many cases to determine with certainty if there
is a difference in the covalent structure between the reference material and the
product being examined. While the intact mass analysis under denaturing condi-
tions provides superior sensitivity, larger and structurally heterogeneous proteins
may be analyzed under native conditions to generate lower charge density ionic
species and decrease the spectral crowding [14]. In the case of mAbs and other
multi-unit protein therapeutics containing external disulfide bonds, intact mass anal-
ysis is also carried out following the reduction of disulfide bonds. This allows struc-
tural alterations (if any) to be localized to specific subunits of the protein [15, 16]. An
example of such analysis is presented in Figure 5.2, where comparison of the mass
distributions of an innovator’s mAb and a biosimilar product not only reveals a nota-
ble difference in the glycan composition (relative abundance of various glycoforms),
but also detects the presence of other differences. The latter are manifested by a con-
sistent mass shift of 64 Da for all glycoforms when the originator and the follow-on
products are compared. While such a mass shift might be caused by a range of non-
enzymatic PTMs, they are expected to generate a distribution of species with varying
extent of modifications, giving rise to a set of ionic peaks separated by a specific mass
increment. When repeated under reducing conditions, intact mass analysis provides
unequivocal evidence that the differences between the originator and the follow-on
products occur within the heavy chains of the antibody molecules, while the light
chains of the two mAbs are identical to each other (Figure 5.2B). Although this is a
trivial conclusion vis-à-vis the differences in the glycan compositions (the light
chains of IgG molecules are glycan-free), it allows the light chains to be excluded
from consideration when searching for the modification (which results in a 32 Da
mass decrease of each heavy chain).

Further localization of the difference(s) between the two species cannot be ac-
complished by means of intact mass measurements alone, and typically requires a
combination of peptide mapping and peptide ion fragmentation in the gas phase.
The two tasks can be combined, as most modern mass spectrometers allow LC–MS/
MS to be used as a means of both detection and identification of proteolytic
peptides. Typically, LC–MS data arrays are acquired for both samples, and alter-
nating MS and MS/MS scans allow both mass and sequence information to be ob-
tained for each proteolytic fragment. An example is shown in Figure 5.3, where
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the total ion chromatograms of tryptic digests of the originator and the follow-on
mAbs appear to be nearly identical, although a careful analysis allows a small
difference to be detected. The only mismatched peptide pair in the digest accounts
for the entire mass difference between the two heavy chain types (31.97 Da, see panel
B in Figure 5.3). The amino acid sequences of both peptides in question are readily
determined based on the MS/MS data, revealing the amino acid substitution at two
positions (see panel C in Figure 5.3).

While intact mass analysis provides a relatively straightforward way to assess glycosyl-
ation differences between the reference material and the product being examined for
either comparability or similarity, in many cases it does not provide sufficient sensitiv-
ity to afford reliable detection and quantitation of minor glycoforms. The latter tasks
are typically accomplished by glycan release assays followed by quantitation of various
glycans using HILIC chromatography and fluorescence detection (Figure 5.4); since
most glycans lack chromophores, they must be labeled with fluorophores to enable
their detection. The role of mass spectrometry in such exercises is largely confined to
assigning LC peaks by measuring the masses of intact glycans (which can also be done
using reference standards), although more involved MS-based methods of glycan anal-
ysis, including tandem MS, can also be used in biosimilarity assessments [17].

Figure 5.3: LC–MS tryptic peptide maps of innovator and biosimilar mAbs (A) and a zoomed view of
the two chromatograms showing monoisotopic masses of tryptic peptide ions within the 3’45”–
7’25’” elution window (B). Tandem mass spectra of the two unique peptide ions (m/z 637.29 for the
innovator’s mAb and m/z 605.32 for the biosimilar product) provide evidence of an amino acid
sequence alteration. Adapted from Xie et al. [12] with permission from Taylor & Francis Ltd
(www.tandfonline.com).
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Intact mass analysis of disulfide-rich proteins can be used as a means of evalu-
ating the integrity of the disulfide networks if it is supplemented with ion mobility
(IM) measurements [14]. Indeed, the presence of mAb isomers having different di-
sulfide connectivity patterns gives rise to multiple gas-phase conformers that in
some cases can be detected in IM-MS measurements [18]. An example of using na-
tive IM-MS to verify the absence of disulfide isomers within a re-engineered version
of a mAb is shown in Figure 5.5, where its ionic drift time distributions are com-
pared to those of the reference product. No evidence of multiple conformers can be
seen for any of the charge states/glycoforms present in either sample, consistent
with the notion that both products are homogeneous with respect to the disulfide link-
age networks. Of course, a more rigorous characterization of both products would be
required to establish comparability/similarity of the two products vis-à-vis their disul-
fide connectivity patterns; peptide mapping under both reducing and non-reducing
conditions would likely be required for establishing a fingerprint-tier similarity.
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Figure 5.4: LC (HILIC) profiling of glycans released from the innovator and biosimilar
mAbs. Detection and quantitation is carried out by fluorescence detection (all glycans are labeled
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5.3 MS-based characterization of the higher order structure
in the biosimilarity assessments

Characterization of the higher order structure is an important component of both com-
parability and similarity assessments. The standard experimental arsenal includes
far-UV circular dichroism spectroscopy and/or Fourier transform IR spectroscopy
(for secondary structure analysis); and near-UV circular dichroism spectroscopy
or intrinsic fluorescence spectroscopy, as well as differential scanning calorimetry
(for tertiary structure analysis) [13]. However, reliance on these techniques alone
would not be sufficient to establish a fingerprint-tier similarity. The latter requires
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Figure 5.5: Native IM-MS of trastuzumab (left) and trastuzumab-B (right). The top diagrams show
deconvoluted mass spectra for the two mAbs, and the bottom diagrams show raw mass spectra
and 2-D plots of drift time versusm/z. Adapted with permission from Beck et al. [14].
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more sophisticated biophysical tools, with the MS-based methods of higher order
structural analysis playing a particularly prominent role. HDX MS is undoubtedly
the most commonly used MS-based tool in such studies [20]. Typically, a classical
bottom-up approach is used for protein higher order structure characterization
[19, 21–24] (see Chapter 4 for more detail), and an example of using this technique
in comparability studies is shown in Figure 5.6.

A progress made in the field of HDX MS in recent years has dramatically ex-
panded the capabilities of this technique [25], including further developments of
the top-down HDX MS [26], middle-down HDX MS [27], and time‐resolved ESI H/
D exchange MS (TRESI-HDX-MS) [28]. One particularly exciting development is
the incorporation of sub-zero temperature chromatography in the top-down HDX
MS workflow, which allowed the scope of this technique to be expanded dramat-
ically and enabled its use for characterization of the higher order structure of
monoclonal antibodies [29, 30]. Although this technique has not been widely
adopted in the biopharmaceutical community as yet, its application to the com-
parative higher order structure analyses of biosimilar mAbs has been demon-
strated [31].

IM-MS is another technique that is actively explored by several groups vis-à-vis
its utility for the higher order structure characterization in comparability and similar-
ity studies. As already stated in Chapter 4, our position on using IM-MS as a means of
structural analysis is that of caution. First, it relies on native MS to generate the pro-
teins ions for subsequent mobility measurements, which requires the use of the ESI-
friendly solvents and electrolytes (such as aqueous solutions of ammonium acetate), as
opposed to using production- or formulation-specific solvents and buffers. Second, the
measurements take place in the solvent-free environment, which is known to distort
the native conformations. In fact, some published reports on using IM-MS measure-
ments to support similarity studies appear to be meaningless, for example, protein ion
mobility evaluation under denaturing conditions in solution yielding “similar” and
“homogeneous” plots with no specific criteria given as to how both similarity and ho-
mogeneity should be evaluated [32]. Several other reports present a more nuanced use
of IM-MS in biosimilarity and comparability assessments. Even though the “classi-
cal” IM-MS data (drift times of unexcited protein ions) in these reports do not provide
information beyond what can be extracted from the ionic charge state distributions,
application of collisional excitation allows the step-wise loss of structure of protein
ions in the gas-phase to be monitored as a function of applied collisional energy [24,
33]. Arguably, the latter could be sensitive to certain structural defects within the pro-
tein that would decrease the energy thresholds for the gas-phase structure loss (e.g.,
the presence of disulfide-scrambled species), although specific examples relevant to
comparability and biosimilarity assessments remain wanting.
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5.4 MS-based characterization of the purity in biosimilarity
assessments

Purity analysis is also a critical component of both comparability and biosimilar-
ity assessments [13], and the role of mass spectrometry in this field continues to
expand at an accelerating rate [9, 10]. Host cell proteins analysis is one particu-
lar area where MS-based methods are critical to the success of comparability and
similarity evaluations [34–36]. These techniques will be considered in detail in
Chapter 6 of this book.
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Chapter 6
Characterization of impurities in biopharmaceutical
products

Protein biopharmaceuticals are intrinsically heterogeneous due to their complex structures
as well as the propensity of acquiring both enzymatic and non-enzymatic modifications dur-
ing the production and under the storage conditions. In addition, manufacturing of protein
biopharmaceuticals is a highly complicated and involved process, which could also be a po-
tential source of introducing undesired impurities ranging from small molecules to whole mi-
croorganisms. Therefore, even after a number of purification steps, low levels of impurities are
always expected in the final drug substances and products. In general, the impurities from pro-
tein biopharmaceuticals can be divided into two categories: product-related impurities and pro-
cess-related impurities. Those impurities, on a case-by-case basis, could exhibit undesired safety
and efficacy profiles, which need to be thoroughly characterized and understood, preferably
early in the drug development process. Subsequently, impurities deemed critical for the drug
safety and efficacy should be rigorously monitored in routine release testing. In this chapter,
instead of reviewing techniques that are routinely applied for the quality control purpose, we
will focus on some of the most advanced MS-based technologies to characterize impurities in
protein biopharmaceuticals.

6.1 Product-related substances and impurities

Compared to small-molecule drugs, protein biopharmaceuticals exhibit much greater
heterogeneity due to their complex structures as well as the occurrence of a wide vari-
ety of post-translational modifications. Because of the heterogeneity, the protein bio-
pharmaceutical product is often composed of the desired product and varying levels
of product-related variants. The latter can be further divided into product-related
substances and product-related impurities, depending on whether the variant spe-
cies exhibit comparable properties to the desired product with respect to safety
and efficacy [3]. In the following section, we will focus on the characterization of
product-related variants without further differentiating between product-related
substances and impurities, as the latter would require a comprehensive assess-
ment of the potential impact of each variant species on drug safety and efficacy on
a case-by-case basis.

6.2 Characterization of size variants of protein
biopharmaceuticals

The size variants of protein biopharmaceuticals are normally considered as prod-
uct-related impurities, as they often exhibit undesired properties with respect to
safety and efficacy. Low-molecular-weight (LMW) variants, such as truncated forms
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of a protein molecule, often exhibit reduced (or loss of) activity or altered pharma-
cokinetics properties, while high-molecular-weight (HMW) variants, such as protein
aggregates, may even induce undesired immunogenicity. As a result, size variants
of protein biopharmaceuticals need to be closely monitored and thoroughly charac-
terized during the development stage.

The size variants of protein biopharmaceuticals are commonly monitored by a
size-exclusion chromatography (SEC) method and a capillary electrophoresis sodium
dodecyl sulfate (CE-SDS) method. It is important to point out that the size variants
observed by those two methods are often very different, as the SEC method is normally
performed under native conditions, while the CE-SDSmethod is performed under dena-
turing conditions. Taking therapeutic mAb molecule as an example, the commonly ob-
served LMW species from CE-SDS analysis might comprise a mAb monomer losing a
light chain (H2L), a half mAb (HL), and a free light chain species (L). However, none of
those species would be detected by an SEC method, as they still bind to each
other, forming an intact mAb molecule, due to the strong non-covalent interac-
tions between the H-chain and L-chain N-terminal regions and between the two
H-chain C-terminal regions. In addition, for HMW species (e.g., mAb aggregates),
CE-SDS method only reveals the covalent aggregates due to the denaturing nature
of the analysis, while SEC method often does not differentiate between covalent
and non-covalent aggregates. As a result, when discussing MS-based characteriza-
tion of size variants in protein biopharmaceuticals, it is important to specify the
experimental conditions, as different MS methods often lead to the identification
of different size variants.

6.2.1 MS-based characterization of size variants under denaturing conditions

We first focus on MS-based characterization of protein size variants under denatur-
ing conditions. Historically, reversed-phase chromatography (RPLC) was the first
separation modality coupled to ESI-MS to characterize the protein biopharmaceuti-
cals at the intact-protein levels (see Chapter 3 for more detail). Although being
highly compatible with MS detection, RPLC methods often lack the selectivity and
resolution in separating size variants from the main protein product. In particular,
the retention times of various size variants on a RP column often correlate poorly with
their relative size, making it a suboptimal approach to systematically characterize the
complete size heterogeneity. To facilitate a comprehensive size variant characteriza-
tion, a separation method that enables size-based separation prior to MS detection will
be ideal, as the presence or the absence of a particular size variant can be easily as-
sessed based on the elution order. However, under denaturing conditions, there are
very few MS compatible chromatographic or electrophoretic methods that have size-
based separation capability. Notably, using a RP-like mobile-phase condition (e.g.,
30% acetonitrile, 0.1% TFA, and 0.1% FA), Liu et al. have demonstrated that SEC
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separation of mAb heavy and light chains could be well achieved under denatur-
ing conditions, which was also compatible with online MS detection [4]. Unfortu-
nately, the SEC resolution obtained under this solvent condition is significantly
compromised compared to that from a conventional SEC method under native
conditions. Therefore, this method has not been widely adopted to study the size
variants of protein biopharmaceuticals. Nevertheless, this method might be of
great value to study covalent aggregates that can be readily distinguished from
non-covalent aggregates under those denaturing conditions.

More recently, using a hydrophilic interaction chromatography (HILIC) method,
Wang et al. have reported the use of a wide-pore amide-bonded column to facilitate
the MS-based characterization of the LMW impurities from a therapeutic mAb [5].
Although HILIC method is conventionally applied to separate glycans, glycopep-
tides, or glycoproteins, based on the hydrophilic interaction between the sugar
moiety and the HILIC stationary phase, the authors demonstrated that it could
also be used to achieve size-based separation of mAb-related fragments once the
N-glycosylation was removed. The resolution achieved by this HILIC method in
separating mAb-related size variants was superior to other chromatographic meth-
ods under denaturing conditions. As a result, a wide variety of LMW species from
a purified mAb drug product, including the free light chain, the Fab fragment, the
half antibody (HL), the Fab-clipped monomer, and the H2L species, could all be
successfully identified in a single LC-MS analysis (Figure 6.1). In particular, this
study provided the first example that H2L species could be chromatographically
separated from the main mAb product, and therefore be unambiguously identified
based on the measured mass. As the HILIC separation is performed under denatur-
ing conditions (0.1% TFA, acetonitrile and 60–80 °C), the size variants identified
by this method should be highly comparable to those from CE-SDS method, which
is widely and routinely applied as a purity assay in release testing. However, un-
like the CE-SDS method that is unable to provide identification of size variants,
the HILIC-MS method offers a valuable approach to elucidate the nature of each
LMW impurity in great detail.

6.2.2 MS-based characterization of size variants under non-denaturing conditions

Alternatively, the size variants of protein biopharmaceuticals can also be character-
ized under native conditions, using SEC-based methods. Thanks to the recent ad-
vances in both methodology and instrumentation of native MS techniques, online
coupling of SEC separation to native MS analysis has become commonplace. Re-
placing conventional, involatile salts with ammonium-based volatile salts, native
SEC-MS analysis has enabled direct identification of protein size variants in a high
throughput manner. In a pioneering study, Muneeruddin et al. have demonstrated
successful characterization of small protein aggregates and oligomers by a native
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Figure 6.1: The UV (top) and TIC (bottom) profiles from a representative HILIC-MS analysis of mAb-1
drug product sample. The UV signal was amplified 10 times in the red trace to better visualize the
LMW impurities. Adapted from Wang et al. [5] with permission from Elsevier.
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SEC-MS method [6]. Compared to a conventional workflow requiring off-line frac-
tionation and subsequent MS analysis [7], the online method was not only fast but
also eliminated artifact formation during the fractionation processes. More recently,
Haberger et al. reported the application of native SEC-MS method to characterize the
formation of size variants from a bispecific mAb, under both storage (5 °C) and ele-
vated temperature conditions (40 °C) [8]. Because of the asymmetric feature of a bis-
pecific molecule, a significantly more complicated size variant profile was observed.
The combination of SEC separation and the resolving power of native MS analysis
was essential for structure elucidation of each size variant species with high confi-
dence. As native SEC-MS methods have become increasingly routine in biopharma lab-
oratories for product characterization, it is worth mentioning two important factors that
might affect the method performance. First, although various ammonium-based vola-
tile salts have been used in native SEC-MS applications, a recent study from Ven-
touri et al. has demonstrated a clear preference of using ammonium acetate over
ammonium bicarbonate or ammonium formate, as the latter two are more likely to
induce protein structural changes due to their chaotropic nature [9]. Furthermore, as
ammonium-based volatile salts often exhibit considerably lower ionic strength than the
conventional SEC buffers at equal concentrations, more pronounced secondary interac-
tions between the protein and the column matrix are often observed in native SEC-MS
applications. For example, the negatively charged silanol groups from a silica-based
SEC column can interact with basic proteins via electrostatic forces. Although those in-
teractions might be reduced by using higher salt concentrations, the sensitivity of sub-
sequent native MS analysis could be compromised due to less efficient ionization/
desolvation. In addition, higher salt concentrations might also induce hydrophobic
interactions between the protein hydrophobic patches and the chemical groups (e.g.,
short alkyl chains or linkage of functional groups) from a surface-derivatized SEC
column. In a recent report, Yan et al. studied the retention behaviors of different
mAb molecules on a SEC column using varying ammonium-based salt concentra-
tions (Figure 6.2) [2]. As demonstrated by the change in retention time of each
mAb molecule at different salt concentrations, it is evident that either electrostatic
interaction (enhanced at relatively low salt concentrations) or hydrophobic inter-
action (enhanced at relatively high salt concentrations) between the mAb mole-
cule and the SEC column matrix could be readily induced under these solvent
conditions that are commonly used for native SEC-MS applications. In addition,
mAb molecules with relatively high basicity or hydrophobicity were expected to
exhibit more pronounced secondary interactions with SEC column matrix. As
these secondary interactions not only affect the retention behavior but could
also lead to compromised recovery of protein analytes, the solvent conditions
used in native SEC-MS methods should be carefully evaluated and tailored to
specific molecules.
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6.2.3 MS-based characterization of protein aggregates

Characterization of HMW variants (e.g., protein aggregates) in protein biopharma-
ceuticals is of great importance, as these impurities are known to have the potential
to trigger unwanted immune responses upon administration [10]. A wide variety of
MS-based tools can facilitate the characterization of protein aggregates from differ-
ent aspects, including investigation of aggregation states, dimerization mechanism
and dimerization interfaces, and therefore provide improved understanding of their
formation and impact on drug properties. For example, the aggregation states of
HMW variants can be readily assessed by native ESI-MS analysis in either an off-
line or online fashion. In a pioneering study, Wang et al. studied the heat-induced
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aggregation processes of human antithrombin III (AT) by direct infusion native MS,
where the aggregation states of several oligomeric species could be unambiguously
determined [11]. More recently, online native SEC-MS analysis has been more fre-
quently applied to determine the aggregation states of significantly larger protein
biopharmaceuticals. Compared to the direct infusion method, this online approach
allows the artifacts caused by either gas-phase dissociation of the non-covalent as-
semblies or non-specific protein association in the ESI interface region to be elimi-
nated, as SEC-based separation provides another degree of confidence to achieve
the high-fidelity identification. Moreover, by performing the experiments under ei-
ther native or denaturing conditions, MS-based tools could also be used to assess the
covalent or non-covalent nature of protein aggregates. For example, unlike na-
tive MS analysis, both RPLC-MS and denaturing SEC-MS should readily dissociate
non-covalent protein aggregates into monomeric species due to the high tempera-
ture, low pH, and high-organic solvent conditions applied in these methods. To
better understand the covalent protein aggregates, it is also of great interest to elu-
cidate the root cause for covalent cross-linking. Indeed, a wide variety of cross-linking
chemistry, including inter-molecular disulfide bond scrambling, dityrosine cross-
linking, histidine–histidine cross-linking, and advanced glycation end products
(AGEs)-related cross-linking, are all potential causes for the formation of covalent
protein aggregates in protein biopharmaceuticals. For example, using a bottom-up
based approach, photo-stress related histidine–histidine cross-linking has been re-
cently identified to be responsible for the formation of covalent dimer species of IgG
products [12]. This information is obviously valuable for protein drug development,
as it provides insights into how to reduce the formation of such covalent aggre-
gates. Finally, for non-covalent aggregates, MS-based tools in protein higher-order
structure characterization (see Chapter 4) could also be applied to probe the dimer-
ization interfaces. For example, both HDX MS and hydroxyl radical footprinting
(e.g., FPOP) techniques have been used to elucidate the dimerization/aggregation
interfaces of therapeutic mAbs [13, 14]. The knowledge on which regions are respon-
sible for dimerization is invaluable, as it not only provides the basis to understand
the potential impact of dimerization on drug function, but also offers insights into
strategies to reduce the dimerization propensity via protein engineering.

6.3 MS-based characterization of charge variants of protein
biopharmaceuticals

Protein biopharmaceuticals can also exhibit a high degree of charge heterogeneity
due to their complex structures as well as the propensity to acquire a wide variety of
enzymatic or non-enzymatic PTMs. As charge variants are often associated with criti-
cal quality attributes of protein biopharmaceuticals, they also need to be thoroughly
characterized and rigorously monitored during development and manufacturing.
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Compared to many other biophysical methods, MS-based tools are highly effective as a
means of elucidation of the underlying biochemical root cause of charge variants for-
mation. Traditionally, MS-based workflow for charge variant characterization consists
of off-line fractionation of charge variants via ion exchange chromatography (IEX) or
off-gel isoelectric focusing (IEF) and subsequent analysis by different MS-based techni-
ques, such as intact protein mass analysis and peptide mapping analysis. Although
this workflow is a highly involved process that is both resource- and time-demanding,
it is still a highly effective approach to simplify the charge variant complexity, and
therefore facilitate the identification of each corresponding proteoform. Knowledge
gained from such studies not only improves the understanding of the product charge
heterogeneity, and thus provides a framework for risk assessment, but also guides
the process development to better control or even remove undesired charge variants.

More recently, various charge-based separation techniques have been success-
fully coupled with the online MS detection and have seen increasing applications in
the charge heterogeneity characterization of protein biopharmaceuticals. Using am-
monium-based volatile salts as mobile phases, IEX with online native MS detection
method (IEX-MS) has been pioneered by Muneeruddin et al. and used to study het-
erogeneous therapeutic proteins and protein conjugates at a variety of levels [15].
By far, the reported IEX-MS methods all sought to use ammonium-based volatile
salt to achieve either a salt gradient, pH gradient, or salt-mediated pH gradient for
protein elution and separation. For example, the pH-gradient method developed by
Füssl et al. has been particularly successful in IEX-MS analysis of mAbs using analyti-
cal LC flow rates, as the salt concentrations used in both mobile phase A and B were
kept very low (≤25 mM), and thus were highly compatible with direct MS detection
[16]. Alternatively, salt-mediated pH-gradient methods have also gained popularity
and offer improved separation in some cases due to a different elution mechanism.
However, this approach often requires the use of more concentrated mobile phase B
for successful elution, which might pose challenges for sensitive MS detection. To
address this issue, Yan et al. used a post-column splitting strategy that dramatically
reduced the flow rates from analytical IEX separation to be compatible with nano-
spray ESI [1]. Because of the application of nanospray, this developed method could
tolerate relatively high salt concentrations (up to 150 mM) and also proved to be ex-
tremely sensitive. In a study, they showcased the successful detection of a previously
unreported Fab glycosylation variant in NISTmAb reference standard, which was
present at a level less than 0.1%. The authors also demonstrated that, using a ge-
neric LC gradient, the developed method could be readily applied to characterize
different mAb molecules with a wide range of pI values (6.3–9.2) with both good LC
resolution and excellent MS data quality (Figure 6.3).

Besides IEX methods, capillary electrophoresis (CE)-based methods have also
been successfully coupled with MS detection to study the charge variants of protein
biopharmaceuticals. For example, applying capillary zone electrophoresis (CZE) on a
microfluidic platform, the charge heterogeneity of an IgG2 mAb and its drug load
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Figure 6.3: Total ion chromatograms (TICs) from the strong cation exchange chromatography –
native MS analysis of different mAb samples with pI values ranging from 6.3 to 9.2. The raw mass
spectrum of an exemplary minor charge variant peak from each sample is displayed in the
corresponding inset. Adapted with permission from Yan et al. [1]. Copyright 2018 American
Chemical Society.
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variants (e.g., ADC) were extensively characterized using online MS detection [17].
When neutral-pH background electrolytes were applied, CZE could also be per-
formed under near-native conditions and coupled to native MS detection. In a
recent study, this “native” CZE-MS method was scrupulously compared with an
IEX-MS method to study the charge variants of cetuximab. Both methods were
able to achieve high resolution separation of cetuximab charge variants for sen-
sitive MS detection, and provide deep insights into its charge heterogeneity [18].
More recently, thanks to the development of novel interfaces, capillary isoelec-
tric focusing (cIEF) methods have also been successfully coupled to MS detection
and used to characterize the charge variants of protein biopharmaceuticals [19,
20]. For example, using a flow-through microvial interface, Wang et al. have
shown that cIEF-MS analysis can be readily achieved for peptides, proteins, and
mAbs [21]. As cIEF methods have become increasingly popular in quality control
(QC) testing for batch release, the ability to obtain cIEF peaks assignment based
on online MS measurements is extremely valuable.

It is important to note that, although cIEF, CZE, and IEX methods all separate
protein variants based on charge, their separation mechanisms are different. The
separation of cIEF is mainly determined by the intrinsic charge (pI), while the sepa-
ration of CZE and IEX is primarily affected by the surface charge. As a result, certain
charge variants identified by one method might not be detected as charge variants
in another method. For example, methionine oxidation (+16 Da) is often not consid-
ered to contribute to the charge heterogeneity by cIEF method, as it does not change
the pI of the protein molecule. However, such oxidized species, on a case-by-case
basis, could be identified as either acidic or basic charge variants by IEX method, as
methionine oxidation may change protein surface charge in either direction by al-
tering the protein higher order structures [22]. Therefore, application of orthogonal
methods will likely lead to a more comprehensive characterization of product charge
heterogeneity and is particularly beneficial for supporting late-stage programs, where
a detailed understanding of product heterogeneity is often expected by regulatory
agencies. Finally, although these charge-based intact protein mass methods (e.g.,
IEX-MS, CZE-MS, and cIEF-MS) are highly effective and can be applied in a relatively
high-throughput manner, they are all somewhat limited in revealing site-specific mod-
ifications that are the underlying causes for protein charge variants. Incorporation
of top-down techniques, as demonstrated in the previously discussed study [15],
might be beneficial for relatively small proteins, but can be challenging for large
proteins with abundant disulfide bonds (e.g., mAbs), as the protein ion fragmenta-
tion efficiency and sequence coverage can be significantly reduced. Therefore, the
traditional workflow, consisting of off-line fractionation and peptide mapping analy-
sis, is still the most effective approach to obtain site-specific information in order to
fully elucidate the charge heterogeneity.
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6.4 MS-based characterization of homodimer impurities
in bispecific mAbs

By engaging two different targets and/or offering novel mechanisms of action, a
rapidly growing number of bispecific mAbs (bsAbs) are currently being developed
and evaluated in clinical settings to target various human diseases. Containing two
different antigen-binding (Fab) arms, this new mAb modality is considerably more
complicated than traditional mAbs with respect to both production and characteri-
zation. Assembly of the bsAb construct requires both correct pairing of cognate
light and heavy chains and heterodimerization of two different half-molecules, a
process that can also lead to the formation of homodimer species (i.e., monospecific
mAbs). Regarded as product-related impurities, these homodimer species need to
be actively monitored, as they are not only unable to achieve the desired therapeu-
tic function, but also can pose significant safety risks (e.g., anti-CD3 antibody).
Comparing to size- and charge-variant characterization, where a wide variety of an-
alytical assays are readily available, characterization of homodimer impurities is a
relatively new field. In the following paragraph, we will cover some emerging MS-
based techniques specifically developed to study the homodimer impurities present
in bsAb products.

As homodimer impurities often have different molecular weights compared
to the corresponding bsAb, LC-MS based intact mass methods have been the
method of choice for their characterization. Early attempts of using RPLC cou-
pled to a high-resolution accurate-mass MS system have been successful and can
readily detect homodimer impurities down to 1% [23, 24]. However, further pushing
the limit of detection to even lower levels has proved challenging, largely due to the
lack of chromatographic separation between the homodimer impurities and the main
bsAb species. Alternatively, Phung et al. has shown that native IEX-MS method
could also be applied to facilitate the detection of homodimer impurities because
of improved chromatographic separation [25]. However, as suggested by Yan et al., to
achieve reliable MS-based quantitation of homodimer impurities, an LC method with
isocratic elution is highly preferred, as it eliminates the impact of varying solvent con-
ditions on ionization efficiency, a common issue present in gradient-elution methods
(e.g., RPLC-MS and IEX-MS) [2]. On this front, the authors developed a mixed-mode
size-exclusion chromatography (mmSEC) coupled with native MS method (mmSEC-MS)
to achieve highly sensitive detection and quantitation of the homodimer impurities in
bsAb samples. The undesired secondary interactions frequently present in a regular
SEC method, such as electrostatic interaction and hydrophobic interaction (vide
supra), were carefully modulated by applying different SEC columns and salt
concentrations, leading to improved chromatographic separation between bsAb
and homodimer impurities. As shown in Figure 6.4, the achieved chromatographic
separation is critical for successful detection of extremely low-abundance variants, as
it greatly improves the dynamic range of native MS analysis. This is particularly true
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for Orbitrap instruments, which allow the injection time to be effectively utilized to
accumulate signals from low-abundance impurities without automatic gain control
(AGC) being quickly filled by the main species. As a result, this method was shown
to be able to detect homodimer impurities down to 0.1% to 0.01%. Moreover, because
of the application of isocratic elution, this method also demonstrated excellent quanti-
tation performance of homodimer impurities down to 0.1% (Figure 6.5).

Figure 6.4: Sensitive detection of the homodimer impurities in bsAb1 (LOD: 0.01%, left panel) and
bsAb3 (LOD: 0.1%, right panel) by mmSEC-MS. The native MS spectra (a−f) were averaged across
the corresponding TIC regions, and the two most abundant charge states are shown. Adapted with
permission from Yan et al. [2]. Copyright 2019 American Chemical Society.
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6.5 Process-related impurities: MS-based characterization
of host cell proteins

In addition to the product-related impurities, the complex manufacturing workflow
for protein biopharmaceuticals can also introduce process-related impurities into
the final drug products, such as host cell DNA, host cell proteins (HCPs), as well as
microbial and viral contaminants. These impurities are required by the agencies to
be tested at product release and should meet pre-defined specifications to be used
in clinical studies and for commercialization. In particular, the HCPs, derived from
a mammalian expression system (e.g., Chinese hamster ovary (CHO) cells), can sig-
nificantly impact the product safety, efficacy and stability, and should be rigorously
monitored during process development. Although generally present at very low lev-
els (<100 pm), certain HCPs are known to elicit immune responses upon injection or
exhibit undesired biological activities. For example, many HCPs can exhibit prote-
ase activities that can degrade protein drugs under storage conditions. Moreover,
certain HCPs were also found to exhibit lipase activities that can readily break down
surfactants (e.g., polysorbate 20) used in the drug formulation, leading to reduced
drug stability and shelf life. Although enzyme-linked immunosorbent assays (ELISA)
have been routinely performed and generally accepted by regulatory agencies to
monitor HCPs, there is growing evidence that ELISA methods cannot provide a com-
plete coverage of HCPs and might leave many critical HCPs undetected. Indeed,
using polyclonal antibodies derived against HCPs, ELISA methods may exhibit lim-
ited detection capacity toward weakly immunogenic and non-immunogenic HCPs.
In addition, ELISA methods often provide quantitation of overall HCP levels, and
therefore are unable to provide necessary information to perform risk assessment
of individual HCPs.

To address these issues, LC-MS/MS based methods have been increasingly
applied to complement the ELISA analysis in order to get a more comprehensive
profiling of HCP impurities. In particular, because of the high specificity, LC-
MS/MS based methods provide both identification and quantitation of individual
HCPs. This information not only allows the risk assessment to be performed on
individual HCPs, but also offers important insights on how each HCP gets cleared
or even enriched through different process steps, and thus guides the process de-
velopment. The main challenge of analyzing HCPs by LC-MS/MS in protein drug
products is the large dynamic range presented by low levels of HCPs (e.g., low
ppm) and the overwhelmingly more abundant protein drugs. To tackle this chal-
lenge, one strategy is to apply more efficient LC separation steps to improve the
detection of HCP-derived tryptic peptides. For example, both online and off-line 2D
LC-MS/MS methods have been reported for successful detection of low abundance
HCPs [26, 27]. In particular, high pH RPLC has commonly been applied in the first
dimension due to the excellent orthogonality and compatibility with the second di-
mension low pH RPLC-MS/MS analysis. Alternatively, strategies focused on sample
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preparation have also been developed to either enrich HCPs [28] or deplete the pro-
tein drugs [29, 30] prior to LC-MS/MS analysis, with a goal to reduce the dynamic
range demands. Notably, Huang et al. have recently reported an interesting approach
to detect low abundance HCPs in therapeutic mAb products, which employed an un-
usual tryptic digestion procedure under near-native conditions [31]. Under this so-
called native digestion conditions, the mAb molecule, which is structurally compact
and rigid, largely remained intact, while the majority of HCPs were effectively di-
gested into tryptic fragments. After a simple heat-induced protein precipitation step,
the tryptic digests of HCPs could be readily analyzed by shotgun proteomics approach.
This elegant solution effectively overcame the dynamic range issue present in MS-
based HCP analysis and has been increasingly adopted in biopharma laboratories.

Variable

Primer design

PCR

Conserved Conserved

Base-composition
assignment

ESI MS

Figure 6.6: A flow scheme for Ibis T5000 analysis. The nucleic acids are purified from the sample, and
the target sites on microbial genomes that are common across broad groups of microorganisms and
that flank regions of high information content are selected for primer design. Broad-range PCR is
conducted and, following an automated desalting step, the masses of the amplified nucleic acids are
measured by ESI MS. The mass spectra are processed to identify the masses of the amplicons that are
present with sufficient mass accuracy to unambiguously calculate the nucleotide base compositions
present in each amplicon. A mathematical process known as triangulation is used to convert the base
composition data to a list of the organisms that are present and their relative and absolute quantities.
Adapted by permission from Springer Nature Customer Service Centre GmbH: Ecker et al. [32].
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It is also important to note that the presence of many residual HCPs in the final
products is believed to result from co-purification with protein drugs via a hitchhik-
ing mechanism. Therefore, disrupting such interactions between the protein drugs
and HCPs might be critical for a successful enrichment or depletion strategy. For
example, Wang et al. recently reported the use of HILIC to isolate and enrich HCPs
from protein therapeutics prior to LC-MS analysis [33]. The denaturing HILIC condi-
tions applied in this method facilitated the dissociation of HCPs from protein drugs
for subsequent enrichment. Alternatively, Chen et al. reported the use of an anionic
detergent to dissociate interactions between mAbs and HCPs followed by a molecu-
lar weight cutoff (MWCO) filtration step to enrich HCPs prior to LC-MS analysis [34].
This simple approach was demonstrated to be highly effective in enriching low-
abundance HCPs by up to 1,000-fold and showed successful detection of HCPs
down to 0.01–8 ppm.

6.6 Viral and microbial contaminants: adventitious
agents and bioburden

Ensuring the absence of pathogens in biopharmaceutical products is a very impor-
tant aspect of the drug safety testing. Viral contamination of the biologic products is
a particularly serious concern due to its repeated occurrence in the past. Although
in the majority of known cases it was the vaccine products that were unintentionally
contaminated with unwanted viruses, protein therapeutics can be affected as well
[35]. Perhaps the most dramatic example is the global shortage of recombinant glu-
cocerebrosidase triggered by viral contamination of one of the Genzyme’s drug
manufacturing facilities and the subsequent halt of production [36]. While pathogen
testing typically relies on biological methods of analysis, there are several options
that involve the use of MS-based techniques. The suitability of MS as a means of
rapid DNA sequencing was realized over two decades ago [37, 38]. Furthermore, the
dramatic expansion of the number of completed genomes for a variety of organisms
since the turn of the century [39] presented an opportunity to utilize these vast data
arrays in searches for genetic markers of pathogens in a variety of complex matri-
ces, including both raw materials for production of protein therapeutics and their
finished formulations. In particular, combination of the PCR technology with highly
sensitive detection by ESI MS emerged as a powerful platform capable of identifying
a wide range of pathogens not only in microbial isolates, but also in clinical sam-
ples [40, 41]. Initially developed as a microbial detection/identification tool [32],
this approach was later adapted for detection of RNA viruses by including a reverse
transcription step in the workflow [42]. This system, introduced in late 2000s as Ibis
T5000 (Figure 6.6), went through several stages of upgrades and was commercial-
ized as PLEX-ID, which was subsequently redesigned into a CE-marked IRIDICA sys-
tem [43]. The latter offered bacterial, fungal, and viral assays, with a typical assay
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turnaround time of 8 h (faster than 16S rRNA gene PCR/sequencing), and a maxi-
mum throughput of 15 samples per 24 h. Regrettably, production of new IRIDICA
instruments and test kits for the existing ones was terminated by the manufacturer
in 2017 despite a consensus opinion that the system had clinical utility and no obvi-
ous replacement [43]. Although this technology is no longer commercially available,
the increased demands placed on microbial and viral detection in a variety of fields,
including safety testing of biopharmaceutical products, make it almost certain that
a similar state-of-the-art diagnostic technology will emerge in the near future [44].
Another possible approach to detection of microorganisms in a variety of complex
matrices is based on application of analytical and bioinformatics tools from the ar-
mamentarium of proteomics [45]. Application of these tools to pathogen detection
in either raw materials of finished biopharmaceutical products would be conceptu-
ally similar to the HCP detection (vide supra).

Finally, as is the case for any pharmaceutical preparations, protein drug formula-
tions must be tested for endotoxins, the components of Gram-negative bacteria (lip-
opolysaccharides derived from their outer membranes) that are powerful pyrogens
and have a potential to precipitate septic shock when present in circulation [47]. It
is now recognized that even in the absence of the pyrogenic response, endotoxin
can activate the immune system and stimulate the production of anti-protein drug
antibodies [48]. MS-based characterization of endotoxins is a mature field [49, 50];
however, until recently MS analysis of endotoxins was mostly limited to purified li-
popolysaccharide (LPS) samples, while the ability to detect these molecules in com-
plex matrices remained wanting. Extensive structural heterogeneity exhibited by
most bacterial lipopolysaccharides further complicates the use of MS-based tools
for the purpose of endotoxin detection. Therefore, current protocols for endotoxin
detection continue to rely on traditional tests, such as a rabbit pyrogen test, a limulus
amebocyte lysate assay, a recombinant factor C assay, a bovine whole blood assay
and a monocyte activation test [51], despite their well-documented shortcomings
[52, 53]. Nevertheless, the continuous improvements in the sensitivity of MS meas-
urements and the emergence of novel highly selective LPS extraction/enrichment
techniques may lead to incorporation of MS into the endotoxin detection workflows in
the future. Specifically, MS-based approaches relying on detection of small-molecule
endotoxin markers derived from lipid A (the most conserved part of the LPS molecule
that serves as its membrane anchor, see Figure 6.7) were shown to be particularly
promising in this regard [46, 54, 55]. The majority of these studies are carried out
using LC-MS (with ionization by ESI) to detect the biomarker signal focusing on
fatty acids produced by either partial or complete O-deacylation of lipid A; how-
ever, sensitive detection of such molecules (following their derivatization) by means
of GC-MS (with ionization by electron impact) is also feasible [56]. Lastly, utilization
of the so-called ambient ionization techniques, such as direct analysis in real time
(DART MS) [57], for endotoxin detection in complex pharmaceutically relevant matri-
ces has also been reported [58].
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Figure 6.7: Evaluation of chemically modified β-hydroxymyristic acid as an endotoxin marker in
pharmaceutically relevant matrices. Top: high-resolution mass spectrum of modified β-
hydroxymyristic acid in LC-MS of a reference material. The inset shows the details of derivatization
of β-hydroxymyristic acid with a fluorescent label. Bottom: LC-MS chromatogram of β-
hydroxymyristic acid released from hydrolyzed LPS of E. coli. The inset shows a structure of lipid A
(the most conserved part of LPS) from S. enterica; β-hydroxymyristoate chains are highlighted in
gray. Adapted with permission from Mishra et al. [46] with permission from Elsevier.
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6.7 Formulation-related impurities

This chapter would probably be incomplete without mentioning another class of im-
purities, which are introduced into a protein therapeutic formulation as a result of
its interaction with the container, container closure or any other device used for ei-
ther its storage or administration. Even though the materials used to manufacture
the packaging/delivery systems for biopharmaceutical products are selected to be
both chemically and physically inert, certain chemical components (collectively
termed extractables) can be released from such materials as a result of solvent ex-
traction and/or heat exposure. Although most extractables require fairly aggres-
sive treatment of the packaging/delivery systems materials in order to be released,
a subset of them (termed collectively leachables) can leach into a drug product
formulation under normal conditions of storage/use. For the majority of pharma-
ceutical products (not limited to biopharmaceuticals), the interactions that result
in leaching are mediated by solvent; in fact, leaching is frequently presumed to
affect only liquid formulations. Nevertheless, there is evidence that leaching may
also affect lyophilized formulations [59], which are common among the biophar-
maceutical products.

Most leachables are either metal ions or small organic molecules, although cer-
tain polymers (such as silicone oil or polyethylene glycol) should also be included
in this category. While very few leachables are toxic by themselves, many can exert
a significant negative influence over safety profiles of biopharmaceutical products. For
example, tungsten (the metal used in manufacturing prefilled syringes and frequently
found as a contaminant in protein drug formulations) had been shown to trigger forma-
tion of the soluble protein aggregates in the pH- and metal concentration-dependent
fashion [60]. Other metal leachables frequently encountered in borosilicate vials are
aluminum and barium. These two metals form insoluble salts upon interaction with
phosphate and sulfate, respectively, and the presence of these anions in formulations
containing leached aluminum and barium results in formation of particles that may act
as seeds or nucleation sites for protein aggregation [61]. Organic leachables may also
have a profound effect on the stability of protein therapeutics. For example, disulfide-
containing leachables (such as thiuram disulfides, which are frequently used as accel-
erators in rubber stoppers) may directly react with proteins containing free thiol
groups, causing their degradation [61]. Protein stability can also be affected indi-
rectly, for example, by changing the pH of liquid formulations.

Perhaps the most notorious case of the protein drug safety being compromised
by small organic-molecule leachables is the spike in the occurrence of pure red cell
aplasia among anemia patients receiving recombinant human erythropoietin treat-
ment, which occurred 10 years after the introduction of this protein therapeutic [63].
The condition (worsening of the anemia, which becomes unresponsive to the in-
creasing doses of the drug and ultimately makes the affected patients transfusion
dependent [64]) was determined to be caused by erythropoietin-neutralizing antibodies
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and ultimately linked to one particular formulation of the protein therapeutic (Eprex)
[63, 64]. Ironically, the new formulation sought to minimize the risk of viral contami-
nation and other impurities by replacing albumin (used as a protein stabilizer) with
polysorbate 80 (polyoxyethylene-sorbitan-20 mono-oleate, or Tween 80) and glycine.
Although the initial studies of the root cause of the dramatic elevation of immunoge-
nicity pointed at erythropoietin monomers and oligomers trapped in the polysorbate
80 micelles as the culprits [65], further studies failed to confirm this conclusion [66].
Further extensive investigations led to identification of leachables, a set of small-
molecule aromatic compounds originating from the uncoated rubber syringe stop-
pers [62], which were shown to possess adjuvant-like properties in animal models
[67]. While a variety of analytical techniques were used to support identification
of these leachates, the critical contribution was made by LC-MS/MS (Figure 6.8).

In general, MS-based methods of detection and identification of leachables in bio-
pharmaceutical products are similar to those employed for the analysis of impurities
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Figure 6.8: Identification of a leachable in EPREX® pre-filled syringes with LC-ESI/MS/MS. Top: a
fragment ion mass spectrum of a reference material 2,2ʹ-thiobis[6-(1,2dimethylethyl)-4-methyl]
phenol and the proposed fragmentation pathways of the molecular ion atm/z 359. Bottom: a
fragment ion mass spectrum of one of the non-volatile leachables separated by reversed-phase LC
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fragment ions as shown on the diagram. Adapted from Pang et al. [62] with permission: PDA, Inc.
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and degradants present in small-molecule drug formulations. While detailed discus-
sion of these methods goes beyond the scope of this book, an interested reader is re-
ferred to a comprehensive collection on this subject edited by Pramanik et al. [68].
Detection and quantitation of metal contaminants in biopharmaceutical products is
best accomplished by inductively coupled plasma (ICP) MS, a well-established
technique that allows a range of relevant metals to be detected in pharmaceutical
preparations with unmatched selectivity and sensitivity (down to sub-ppb levels).
An interested reader is referred to several excellent reviews on this subject [69–72].
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Chapter 7
Quantitation of protein therapeutics in biological
samples

During protein therapeutics development, assays that can accurately, reproducibly, and sensitively
quantitate protein targets in various biological samples are required to support a wide range of
studies, such as toxicokinetic (TK), pharmacokinetic (PK), and biotransformation studies. Ligand-
binding assays (LBA) are long regarded as the gold standard for such analyses, which first utilize
capture reagents to pull down target molecules from biological matrices and then apply detection
reagents for target quantitation. However, mass spectrometry (MS) has also enjoyed a tremendous
growth in popularity as a protein quantitation tool, a process that was largely fueled by the dra-
matic progress of proteomics in the past two decades. Many of these tools proved useful in the
field of biopharmaceutical quantitation, and provide unique advantages over the classic assays. In
this chapter, we provide a brief overview of the most common MS-based quantitation tools em-
ployed in this field, discuss a few promising emerging approaches, and present several specific
examples of their uses.

7.1 What motivates the development of MS-based quantitation
strategies for protein therapeutics?

LBAs were traditionally considered indispensable protein quantitation tools in PK
applications, as well as other areas where reliable measurements of the amounts of
specific protein drugs in complex biological matrices are a necessity. Indeed, they
exhibit excellent sensitivity and can be applied in a high-throughput format using
96, 384, or even 1,536-well plates, making these methods ideally suited for large
sample sets from animal and clinical studies. However, development of LBAs can
often be a time-consuming and resource-demanding process, largely due to the dif-
ficulty in sourcing and developing suitable capture/detection reagents. In addition,
LBAs are generally limited in multiplexing capability (e.g., analyzing multiple tar-
gets in the same assay), due to the requirement for highly specific capture and de-
tection reagents to avoid cross reactivity. Therefore, application of these methods
for co-formulated or co-administered protein drugs can be challenging and requires
even longer development time. Other limitations include limited dynamic range, as
well as a possibility of endogenous antibodies interfering with the immunoassays
(an interested reader is referred to an excellent review on this subject [3]). Therefore, it
is not surprising that MS-based protein quantitation methods are frequently viewed as
an attractive alternative and increasingly applied at both preclinical and clinical stages
of the protein drug development. Compared to LBAs, MS-based methods exhibit advan-
tages in short development time, minimal requirement for reagents, high specificity,
and capability in multiplexing, which makes them ideally suited for programs on tight
timelines or with co-formulated or co-administered protein drugs. However, compared
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to LBAs, MS-based quantitation methods suffer from shortcomings such as lower
sensitivity and throughput. In the following paragraphs, different MS-based pro-
tein quantitation strategies will be discussed with an emphasis on limitations as
well as opportunities for further development.
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Figure 7.1: A schematic diagram of possible quantitation scenarios and uses of internal standards
for protein therapeutics in complex biological matrices. Quantitation not relying on internal
standards can be done at any stage.

184 Chapter 7 Quantitation of protein therapeutics in biological samples



7.2 Quantitation with and without internal standards

Generally speaking, the vast arsenal of protein quantitation strategies in the tool
chest of modern proteomics can be divided into two large groups: global (or system-
wide, multicomponent) strategies and targeted approaches [4]. While the former
can be used at the drug design/development stage (e.g., biomarker discovery and
assessment of the treatment’s impact on the host’s proteome), it is the second group
of methods that are most relevant to the quantitation tasks in PK studies. The targeted
(single-component or several-component) quantitation strategies focus on one or a
few proteins or proteoforms that are selectively isolated from the sample prior to the
quantitation step [4]. The latter could be achieved either directly or with the help of
an internal standard (IS), which can be executed in a variety of formats (Figure 7.1).
Although direct quantitation of specific proteins in complex biological matrices is fea-
sible, application of ISs almost always improves the quantitation performance, and
our discussion will be mostly focused on these methods.

Selection of an IS for protein quantitation is a very important step in the devel-
opment of the quantitation protocol. Since multiple options are usually available
(Figure 7.1), pros and cons of each should be carefully considered prior to making
the final selection. An ideal IS would have physical and chemical characteristics
that are nearly identical to those of the target protein, yet allow distinct signals to
be generated for the target protein and the IS. For example, stable isotope labeling
(SIL) can be used to generate variants of the target protein that have identical cova-
lent structure (both amino acid sequence and PTMs), but specific amino acids will
be isotopically labeled. This can be achieved by modifying the growth media such
that one of the amino acids is replaced with its isotopically labeled analog (13C, com-
bined 13C/15N or 18O labeling is strongly preferred to 2H labeling, as the latter results
in noticeable changes of many physical and chemical characteristics, and frequently
affects LC retention). Adding such “whole protein” SIL-IS to the unprocessed sample
will expose it to the same complete sequence of sampling handling and processing
events as the target protein (Figure 7.1). Since the physical and (bio)chemical properties
of the two proteins are nearly indistinguishable from each other, any losses encoun-
tered throughout the entire downstream procedure (e.g., due to imperfect recovery dur-
ing the purification step, or incomplete proteolysis) would affect them to the same
extent. Therefore, relating the MS signal of the target protein to that of the SIL-IS at the
final (MS measurement) step would allow accurate numbers to be obtained for the tar-
get protein quantity present in the original unprocessed sample, even if only a fraction
of the protein molecules “makes it” throughout the entire procedure.

The major downside of the strategy outlined in the preceding paragraph is the
cost/time of the whole protein SIL-IS production. A cost-effective alternative uses
synthetic peptides incorporating one isotopically labeled amino acid. The peptide
sequence is selected such that it matches the sequence of one of the proteolytic
fragments of the target protein generated prior to the LC-MS or LC-MS/MS analysis
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(Figure 7.1). This proteolytic fragment (frequently referred to as the surrogate peptide)
is then used as a single reporter of the entire protein. Obviously, the sequence of the
surrogate peptide must be specific to the target protein (e.g., a surrogate peptide cannot
be derived from the constant region of a mAb molecule, or else there would be signifi-
cant interferences from endogenous antibodies). The most significant downside of this

proteolysis 

(serine proteases)

proteolysis and

O18 labeling

LC/MS or
LC/MS/MS

reference
protein sample

clinical
sample

affinity 
purification

15 20 25 30 35 40 45
0

25

50

75

100

re
la

tiv
e 

ab
un

da
nc

e
elution time, min.

528 529 530 531 532 533 534 535 m/z
0

25

50

75

100
re

la
tiv

e 
ab

un
da

nc
e

Figure 7.2: A schematic diagram showing generation of 18O-labeled internal standard for protein
quantitation in complex biological matrices using a surrogate peptide approach. Left: affinity
purification is used to extract the target protein from the biological sample, followed by its
proteolysis and LC-MS or LC-MS/MS detection. Proteolysis of the internal standard is carried out in
H2

18O, which introduces an isotopic tag within each fragment peptide (by replacing 16O atoms with
18O at their C-termini) without changing its LC elution profile [5]. Right: a total ion chromatogram of
a tryptic digest of exogenous (recombinant) human transferrin extracted from serum (black trace);
the blue and red traces correspond to extracted ion chromatograms for ions representing tryptic
fragment peptides KPVEEYANCHAR derived from the target protein (blue) and the internal standard
(red). The mass spectrum at the bottom of the diagram shows isotopic clusters of these two
peptides (charge state +3). To avoid any signal interference, the spacing between the two isotopic
clusters was increased by acid-catalyzed 18O-labeling of IS tryptic fragments (which places
18O atoms on acidic side chains [6]) prior to LC-MS analysis. Adapted from Wang et al. [7] with
permission from Elsevier.

186 Chapter 7 Quantitation of protein therapeutics in biological samples



approach stems from the fact that this SIL-IS is introduced very late (following the com-
pletion of the sample work-up and processing), and would not compensate for the
losses of the target protein that have occurred upstream. However, some improvements
are possible, and will be discussed in detail in the following sections; we will also con-
sider some “compromise” strategies, in which IS introduction “mid-stream” allows
some (but not all) factors resulting in the target protein loss to be accounted for.

7.3 Protein quantitation using surrogate peptides

In this approach, a unique signature peptide, generated by enzymatic digestion of
protein target, is used as the surrogate for quantitation. Subsequently, a targeted
LC-MS method is applied to monitor the surrogate peptide at either the intact pep-
tide ion level or its fragmentation product ion levels. One cost-effective strategy that
is particularly useful in proteomic applications, but can also be applied for quanti-
tation of therapeutic proteins relies on peptide standards that are produced enzy-
matically. Carrying out protein digestion with serine proteases (such as trypsin and
Lys-C) in H2

18O for an extended period of time results in isotopic exchange of both
carboxylate oxygen atoms at the C-terminus of each proteolytic fragment [5]. This
produces a mass tag of 4 Da without any chemical modification of the peptide. The
extent of the exchange (and the magnitude of the resulting mass shift) can be increased
even more by involving carboxylate groups of the aspartic acid and the glutamic acid
side chains [6]. The 16O/18O exchange has minimal impact on the physical and chemical
properties of the proteolytic fragments apart from the mass change. Importantly, it
does not affect the chromatographic elution time, allowing both the unlabeled peptide
fragment derived from the target protein and the SIL-IS peptide to be co-eluted, while
their ionic signals in MS are clearly distinct from each other due to the mass difference
(Figure 7.2).

By far, stable isotope-labeled synthetic peptides are most frequently used due
to their relatively low cost and wide availability. However, as peptide IS can only be
added to the protein sample after the digestion step, variations occurring at any of
the prior sample processing steps cannot be accounted for and corrected. In particu-
lar, the digestion efficiency, which cannot be normalized using a peptide IS, might
contribute significantly to the variability of quantitation. One particularly effective
mitigation strategy to address this issue involves the use of a synthetically prepared
and isotopically labeled “pro-peptide,” whose sequence is extended at both N- and
C-termini by a few amino acid residues compared to the sequence of the surrogate
peptide representing a specific proteolytic fragment [9]. This SIL-IS pro-peptide is
introduced into the protein sample prior to the digestion step, and is proteolytically
processed concurrently with the target protein, thereby reducing the measurement
errors caused by incomplete digestion.
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Other modifications of the protein quantitation strategies based on surrogate
peptides that move the SIL-IS introduction point further upstream are also possible.
For example, a mass tag can be introduced at the intact protein level by chemically
modifying it with a stable isotope-labeled reagent. For example, the cysteine alkyl-
ation step, which is frequently done prior to the enzymatic digestion, provides an
excellent opportunity to introduce a stable isotope-labeled mass tag for the quanti-
tation purposes. Such reagents can be readily obtained from commercial sources,
such as irreversible isobaric iodoacetyl Cys-reactive tandem mass tag (iodoTMT) [10]
reagents and a variety of stable isotope-labeled iodoacetamide molecules. In addi-
tion, by incubating iodoacetic acid (IAA) in 18O-enriched water, 18O-labeled iodoace-
tic acid (IAA-18) can be readily prepared in house at low cost and used for protein
quantitation (Figure 7.3) [11]. In a workflow of LC-MS-based quantitation of a recom-
binant form of an 80 kDa protein human transferrin (hTf) in cerebrospinal fluid of
an animal model, the intact protein was alkylated with 18O-labeled iodoacetic acid
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Figure 7.4: A comparison of protein quantitation based on signal measurements for a surrogate
peptide using a high-resolution LC-MS (A) and multiple reaction monitoring with LC-MS/MS (B). The
internal standard (a surrogate peptide) representing a tryptic fragment of the heavy chain of
RituximabTM GLEWIGAIYPGNGDTSYNQK was synthesized as a pre-peptide
(PGRGLEWIGAIYPGNGDTSYNQK*FAG, where K* denotes a 13C6-,

15N2-labeled lysine residue) and
added to the protein sample prior to the proteolytic step to account for possible biases due to
incomplete digestion. Adapted from Mekhssian et al. [9]; permission conveyed through Copyright
Clearance Center, Inc.
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(IAA-18), and subsequently used as a protein IS to quantify exogenous hTf that was
subsequently alkylated with regular iodoacetic acid (IAA-16) during sample prepa-
ration. The two reduction protocols were otherwise identical, and the IS was added
to the target protein sample prior to the tryptic digestion step; a Cys-containing pep-
tide was selected as the surrogate for protein quantitation with LC-MS [12]. Although
the choice of surrogate peptides using this strategy is limited to Cys-containing pep-
tides, the frequent occurrence of Cys in therapeutic proteins makes this approach a
valuable alternative for protein quantitation.

By far, multiple reaction monitoring (MRM) assay conducted with a triple quad-
rupole MS system has been most commonly and widely applied for protein quantita-
tion due to its excellent specificity and robustness. In this assay, the precursor ion
of the surrogate peptide is first isolated in the first quadrupole (Q1), fragmented
within Q2, and a predefined product ion is then monitored in Q3. The two ion selec-
tion steps, along with the highly reproducible retention time from a modern LC sys-
tem, make MRM assays highly specific. Further improvements can be provided by
employing high-resolution mass spectrometers capable of executing MRM routines,
such as TOF/TOF MS. This is illustrated in Figure 7.4, which shows quantitation of
RituximabTM in human plasma using a surrogate peptide GLEWIGAIYPGNGDTSYNQK
(the SIL-IS was introduced to the target protein sample prior to its digestion with tryp-
sin as a pro-peptide PGRGLEWIGAIYPGNGDTSYNQK*FAG with the 13C6-,

15N2-tag at
the lysine residue). The high resolving power of the TOF mass analyzer allows the
extracted ion chromatogram to be plotted using a narrow ion selection window
(0.020–0.030 m/z unit); nevertheless, signal-to-noise ratios better than 10 cannot be
obtained in the LC-MS mode due to the presence of chemical noise (Figure 7.4A). In
contrast, switching to the LC-MS/MS mode and using MRM for quantitation (e.g., by
simultaneously monitoring the [GLEWIGAIYPGNGDTSYNQK+H]2+ → y11

+ and [GLEWI-
GAIYPGNGDTSYNQK* +H]2+ → y*11

+ transitions) results in a 20-fold improvement of
the signal-to-noise ratio despite the apparent loss of the absolute signal intensity
(Figure 7.4B).

Compared to LBAs, MRM-based methods are often less sensitive and offer signifi-
cantly lower throughput. The sensitivity of MRM assays can be significantly improved
by adopting a hybrid assay format, where an immunoprecipitation step is introduced
into the workflow to enrich the target protein. However, the throughput of MRM assays
remains the bottleneck that limits their broader applicability in preclinical and clinical
studies. Unlike LBAs, LC-MS-based protein quantitation can only be performed one
sample at a time. In addition, a lengthy LC separation step (>10 min) is frequently re-
quired in order to reduce the background of interfering species that co-elute with the
surrogate peptides. Furthermore, the run-to-run carryover is another concern for LC-MS-
based protein quantitation that often requires blank injections between sample runs,
leading to even longer cycle time. To improve the throughput, an attractive strategy is
to eliminate the LC separation step. Instead, the sample delivery to MS may be achieved
by various high-speed sample introduction techniques, such as RapidFire by Agilent
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and Echo MS by Sciex. However, without LC separation step, the method sensitivity
may be compromised due to increased matrix complexity. In a proof-of-concept study,
this issue was overcome by a combination of offline fractionation of surrogate peptide
with reversed-phase solid-phase extraction (RP SPE) and high-resolution MS/MS analy-
sis (Figure 7.5) [1]. By applying optimized wash and elution conditions, SPE frac-
tionation of the surrogate peptide reduced the complexity of the sample matrix and
therefore improved the sensitivity. In addition, SPE fractionation can be readily per-
formed in a 96 well-plate and therefore significantly improve the throughput. The
MS/MS data acquisition step can use a range of high-resolution MS instrumentation
(the high resolving power of the MS analyzer is essential, as it allows the surrogate
peptide signal to be resolved from interferences). This proof-of-concept study success-
fully demonstrated that high-speed quantitation of human mAb in monkey serum
(1 min/sample) can be achieved by eliminating the LC step and reach lower limits of
quantitation (LLOQ) of 1 µg/mL, comparable to conventional LC-MS/MS based meth-
ods [13]. Nevertheless, the throughput will remain in the near future one of the most
significant challenges for MS-based protein quantitation methods.

Another important factor that needs to be taken into account when considering
surrogate peptides as a means of protein quantitation is the sensitivity of this ap-
proach to post-production PTMs that occur within the protein segment represented
by the surrogate peptide, and insensitivity to PTMs occurring elsewhere in the se-
quence. In the example of RituximabTM quantitation considered earlier in this section,
the surrogate peptide GLEWIGAIYPGNGDTSYNQK contains a likely site of deamida-
tion; however, should this PTM affect a fraction of mAb molecules either in vivo or
during any of the sample handling steps prior to the protein digestion, none of the

Stable Isotope Labeled mAb Standard

Surrogate Peptide
IS Peptide

Tryptic Digestion SPE Cleanup & Fractionation

NanoESI

TriVersa NanoMate Based Direct Infusion Analysis
1 min / sample

High-Resolution
2-Plexed PRM Analysis96-Well Plate

Figure 7.5:Workflow of an LC-free approach for high-throughput bioanalysis of mAbs. Adapted with
permission from Zhang et al. [1].
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affected protein molecules will be counted, as the corresponding tryptic fragment
(GLEWIGAIYPGDGDTSYNQK) will have different elution time and mass compared to
the surrogate peptide. Only deamidation events occurring during the proteolytic step
will be accounted for, since this particular IS is introduced into the protein sample as a
pro-peptide prior to the digestion step (vide supra). On the flip side, any PTMs occur-
ring outside of the protein segment represented by the surrogate peptide will go unde-
tected and unreported. Likewise, any information on the possible differences among
the PK profiles exhibited by various proteoforms (e.g., mAb glycoforms) will be lost
when the surrogate peptide approach is used for quantitation.

7.4 Protein quantitation at intact and subunit levels

Historically, surrogate peptide-based strategy has been the method of choice for
MS-based quantitation of protein drugs in complex biological samples. It is largely
due to the fact that MS detection of small peptides is much more sensitive than that
of large proteins [14]. During MS analysis, the ionization, transmission and detec-
tion processes of relatively small peptide ions are generally more efficient compared
to large proteins. In addition, large proteins often exhibit a wide charge state enve-
lope that further dilutes peak intensity at any given charge state. The intrinsic mass
heterogeneity of intact proteins (e.g., glycan heterogeneity, N- and C-terminal het-
erogeneity) can further complicate the quantitation and significantly limit the detec-
tion capability. On the other hand, despite being significantly more sensitive, surrogate
peptide-based approaches require lengthy and complicated sample preparation. More
importantly, valuable information on the structural integrity of protein drugs is often
lost due to the proteolytic digestion. For example, quantitation of an antibody–drug
conjugate (ADC) in PK studies using the surrogate peptide approach is not able to re-
veal the possible changes in drug-to-antibody ratio (DAR), which is a critically impor-
tant attribute that can only be assessed at the intact protein level. Therefore, it is not
surprising that MS-based protein drug quantitation has been increasingly carried out at
the intact protein level, particularly during the preclinical stage of the drug develop-
ment. To compensate the reduced sensitivity compared to peptide-level analysis, MS-
based quantitation of intact proteins in complex biological samples is almost always
performed in combination with an immunoprecipitation step, where the target proteins
are isolated and enriched prior to MS analysis [15]. An example of such analyses is
shown in Figure 7.6, where magnetic streptavidin beads bound with a biotinylated goat
anti-human IgG Fc polyclonal antibody were used to capture both the “analyte” mAb
and its isotopically labeled version employed as an IS, allowing a quantifiable signal to
be observed for mAb concentrations in serum as low as 1 μg/mL.

A careful examination of the data presented in Figure 7.6 makes it apparent that
the quantitation efforts at the intact molecule level are negatively affected by struc-
tural heterogeneity of the protein, i.e., the presence of multiple glycoforms results in
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Figure 7.6: Deconvoluted mass spectra of antibodies extracted from mouse serum spiked with
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(13C6-,

15N4-arginine/
13C6-,

15N2-lysine)-labeled SILu mAb used as an internal standard. The analyte
and the SIL-IS were captured using magnetic streptavidin beads bound with a biotinylated goat
anti-human IgG Fc polyclonal antibody, followed by RPLC-MS (full scan) detection. Adapted from
Jian et al. [15]; permission conveyed through Copyright Clearance Center, Inc.
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the overall signal intensity being distributed among several protein species with dif-
ferent masses. This can be alleviated to a certain degree by employing various sample
treatment strategies that aim to reduce either the mass heterogeneity or the size of pro-
tein analytes (or both), thereby improving the sensitivity of MS-based quantitation. For
example, removing the Fc N-glycosylation from therapeutic mAbs by PNGase F is a sim-
ple and effective way to improve their quantitation by reducing the mass heterogeneity.
Similarly, compared to intact mAbs, quantitation of Fab2 (or Fab) fragments after IdeS
(or limited Lys-C) digestion is an attractive alternative, as it not only reduces the mass
heterogeneity (e.g., due to Fc N-glycosylation and incomplete C-terminal Lys proc-
essing) but also reduces the size of the analytes (Figure 7.7). These sample treatment
steps (e.g., deglycosylation and IdeS digestion), along with the immunoprecipitation
step, can now be readily implemented using various automated platforms in a high-
throughput manner [16].

While both examples discussed in the preceding paragraph utilized the stable
isotope-labeled ISs, quantitation of intact protein analytes can also be achieved di-
rectly, thanks to the continuous improvement in performance stability of LC-MS sys-
tems. The latter would eliminate the need for ISs, which would result in a significant
simplification of the quantitation protocol. This has been demonstrated by several
groups in studies of quantitating mAbs in matrices as complex as serum at both intact
mAb level [15] and its fragments that are generated by disulfide reduction and IdeS
digestion [18]. In a typical protocol, antibodies are extracted from the biological sam-
ple by means of affinity capture, followed by their minimal processing and LC-MS
analysis. Extracted ion chromatograms for the target mAb-specific ions are used to
obtain an absolute measure of the protein concentration (Figure 7.8). Although it is
possible to bypass the protein processing step altogether [15], the resulting sensitivity
is modest due to the signal split among multiple protein glycoforms (vide supra). Min-
imal processing of the extracted mAb molecules (disulfide reduction and digestion
with IdeS to generate large antibody fragments, such as the intact light chain, as well
as the Fc/2 and Fd segments) results in a 10-fold sensitivity improvement (when
using either the light chain or the Fd segment for quantitation). At the same time, it
still provides an option of making measurements in a glycoform-specific fashion (by
monitoring the signal of Fc/2, an IgG segment incorporating its glycosylation site).
Currently, the LLOQ values for the quantitation of intact mAb stand at 50 ng/mL [19],
and this figure of merit is likely to be improved due to the continuous technological
advances in both MS hardware and front-end protein handling methods.

By far, reversed-phase chromatography (RPLC) is most commonly used in con-
junction with MS for protein drug quantitation at intact levels. Although RPLC is
highly compatible with MS detection, limited separation efficiency is generally ex-
pected for large protein analytes. In fact, for protein quantitation purpose, RPLC
methods frequently use very fast gradients and are employed solely for online desalting
prior to the MS detection. When developing RPLC-MS based protein quantitation meth-
ods, it is important to find a balance between MS sensitivity and chromatographic
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performance. For example, formic acid (FA) is widely accepted as an ideal mobile
phase additive for RPLC-MS analysis, as it yields excellent MS sensitivity. However,
FA-based RPLC methods often exhibit broad elution profiles and poor recovery of
large protein analytes, even at elevated column temperatures. In contrast, trifluoro-
acetic acid (TFA) is a much more effective ion-pairing reagent that can significantly
improve both the peak shape and recovery of protein analytes. Unfortunately, TFA
is also notorious for its ionization suppression effect in ESI-MS, and therefore
compromising MS sensitivity. To overcome this dilemma, a common strategy is to
simply use a mixture of the two acids (e.g., 0.1% FA and 0.02% TFA) as mobile-phase
additives, although the exact recipe needs to be optimized on a case-by-case basis
[20]. An interesting alternative, as recently demonstrated in ADC analysis, is to use

Figure 7.8: Quantitation of mAb in serum without using IS illustrated by constructing an external
calibration curve based on LC-MS measurements of antibodies following their affinity capture from
human serum and IdeS digestion. Top: the standard curve for the light chain is shown along with
the light chain LLOQ LC-MS peak (inset). Bottom: the LLOQs peaks from the Fc/2 (left) and the Fd
(right) regions for the biotherapeutic mAb, respectively. Reproduced with permission from Kellie
et al. [18] Copyright 2020 American Chemical Society.
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difluoroacetic acid (DFA) as the mobile phase additive. In this study, DFA was shown
to increase the MS sensitivity by threefold while maintaining LC resolution compara-
ble to TFA-based analysis [21]. Capillary electrophoresis coupled with MS (CE-MS) is
another attractive alternative to quantitate intact protein drugs in biological samples.
Recent advances in both methodology and instrumentation of CE-MS have led to
significantly improved sensitivity and robustness that are critical for protein drug bio-
analysis. Compared to RPLC-MS, the limited loading capacity (nanoliter range) of CE-
MS has both advantages and disadvantages. First, the extremely low sample con-
sumption afforded by CE-MS allows replicate analyses to be readily implemented. On
the flipside, it also impacts the limit of quantitation of protein targets in complex bio-
logical samples, as only a small fraction of the sample can be utilized. To overcome
this issue, different strategies that aim at increasing the loading capacity in CE-MS
can be applied, such as the transient capillary isotachophoresis/capillary zone elec-
trophoresis (CITP/CZE, or t-ITP) technique [22] and the dynamic pH junction tech-
nique [23]. It is expected that novel strategies to increase the sample loading in CE-MS
will remain one of the key development areas to make this technique better suited for
protein bioanalysis.

By far, intact mass analysis-based quantitation of protein drugs is most frequently
carried out using conventional ESI-MS under denaturing conditions (low pH solvent
with high organic co-solvent content applied either as a mobile phase in RPLC-MS or as
sheath liquid in CE-MS). Indeed, intact mass analysis under denaturing conditions is a
much more established and widely applied technique in biopharmaceutical laborato-
ries compared to native MS, which has only recently started to gain popularity in the
biopharma sector (see Chapter 4 for more details). Comparing to conventional ESI-MS,
native MS generates far fewer charge states that in theory should be beneficial for the
method sensitivity, as the analyte signal is distributed among fewer charge states. How-
ever, it is also well known that ionization of large protein molecules in aqueous and
neutral pH solution, as well as the transmission and detection of low charge-density
(high m/z) ions generated by native MS are generally far less efficient compared to the
analysis of highly charged ions in conventional ESI-MS. Furthermore, more extensive
adduct formation in native MS frequently interferes with the detection of multiple
proteoforms. Therefore, at the moment, conventional ESI-MS is almost exclusively
employed in intact mass analysis-based protein drug quantitation workflow due to its
superior sensitivity and availability. Nevertheless, recent advances in both instrumen-
tation (e.g., commercial instruments designed for native MS applications) and meth-
odology have brought an exciting opportunity of employing native MS in protein
quantitation. For instance, using an online buffer exchange native MS workflow, van
Aernum et al. have recorded a detection limit of 39 ng of NISTmAb [24]. Although the
achieved sensitivity was still decidedly lower compared to the conventional RPLC-
MS-based approaches (e.g., LLOD ranging from picograms to low nanograms of neat
mAbs) [19], several unique advantages could be potentially offered by the native MS-
based workflow. First, although RPLC-MS analysis of intact proteins can be completed
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in a considerably shorter run time compared to analysis of digested peptides, a typical
RPLC method can still easily exceed 10 min per sample, considering the time needed for
column equilibration, protein elution and column cleaning. In addition, to minimize
protein carryover (which is a common issue for all RPLC methods, and especially those
targeting intact proteins), blank injections between sample runs are frequently required,
which further increases the cycle time. Conversely, native MS analysis of protein analy-
tes can be achieved in a significantly reduced run time with negligible concerns of pro-
tein carryover. This is demonstrated in Figure 7.9, where Yan et al. performed online
native MS analysis of mAbs on an SEC guard column (4.6 mm× 30 mm) using a range of
analytical flow rates [2]. At 0.8 mL/min, each analysis could be completed within 42 s
with excellent peak shape, highlighting potential applications in high-throughput pro-
tein quantitation. Furthermore, native MS-based protein quantitation methods might be
particularly advantageous for bioanalysis of Cys-linked ADC molecules, where the
structural integrity of the analytes can be maintained during MS analysis, and therefore

Figure 7.9: High-throughput online native MS analysis of a therapeutic mAb carried out with an SEC
guard column at a range of flow rates. Adapted from Yan et al. [2]; permission conveyed through
Copyright Clearance Center, Inc.
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possible changes in the drug–antibody ratio (DAR) can be readily determined at the
intact molecule level (as opposed to monitoring the heavy and light chain levels sepa-
rately by the RPLC-MS methods). Finally, because of the reduced number of charge
states in native MS analysis, it is possible that protein quantitation could be carried out
by monitoring a few selected charge states or their fragment ions, using strategies simi-
lar to the surrogate peptide analysis (e.g., selected ion monitoring or selected reaction
monitoring). The low charge density of protein ions produced in native MS has a nega-
tive impact on fragmentation efficiency, but it can be improved by using the super-
charging phenomenon [25, 26]. Such strategies are expected to significantly improve
both sensitivity and specificity, which has already been demonstrated in an RPLC-
based top-down intact mass workflow for protein quantitation [27]. In sum, although
native MS is an emerging technique in industry, we believe it presents an exciting
opportunity for protein drug quantitation in biological samples. A more detailed
discussion of the current practices, limitation, and future trends in quantitative
bioanalysis carried out at the intact molecule level can found in a recent review
articles [28, 29].

7.5 Protein quantitation using metal tags

A very different approach to quantitation of proteins in complex biological matrices
takes advantage of the ability of inductively coupled plasma (ICP) MS to measure
concentration of a range of metals with very high precision and accuracy, and at
very low levels (down to the parts per trillion level). Attaching a metal tag to a pro-
tein enables its detection by ICP MS at very low levels (as long as this metal is not
endogenously present in the biological matrix), eliminating the need for protein ex-
traction [30, 31]. However, labeling any protein with a metal tag invariably affect its
structure and, therefore, will have an impact on its biodistribution. It follows that
successful utilization of ICP MS as a tool for absolute quantitation of therapeutic
proteins in biological samples hinges on the availability of methods to place a metal
tag on a protein in a manner that would be minimally disruptive to its higher order
structure and the ability to interact with its physiological partners. Although this
task may seem trivial for metalloproteins (where substitution of the cognate metal
with an exogenous one will do the trick [32, 33]), such a strategy cannot be applied to
the vast majority of therapeutic proteins. It may be possible to circumvent this prob-
lem by taking advantage of the His-tag segments in recombinant proteins, as such
poly-histidine sequences can be selectively and irreversibly labeled with ruthenium,
enabling their detection with ICP MS [34]. While this approach offers sensitivity that
is far greater than what can be achieved with the LC-MS-based absolute quantitation
methods discussed earlier in this section, it suffers from two significant drawbacks.
First, the eventual catabolism of the protein by the organism will generate a population
of metal atoms (e.g., ruthenium) no longer associated with the protein. Second, even
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though the presence of a His-tag is not expected to have a significant effect on the pro-
tein higher order structure and its biodistribution, it has the potential to alter the PK
profile and, therefore, compromise the results of the quantitation work. Lastly, the reli-
ance on a single metal label as a means of protein detection will not allow the same
level of specificity to be achieved that is offered by the intact-molecule LC-MS analy-
ses (vide supra). It will be interesting to see if these shortcomings could be addressed
in the near future, paving the way for the ICP MS inclusion into the analytical toolbox
in biopharma.

7.6 Biodistribution study of protein drugs by mass
spectrometry imaging

Understanding the biodistribution of protein drugs in tissue after administration
plays a vital role during their discovery and development. Such knowledge not only
facilitates the understanding of pharmacological responses but also helps to iden-
tify off-target binding-induced toxicity. Biodistribution study of protein drugs often
relies on molecular imaging techniques, where the reporter labels (e.g., radionu-
clides or near-infrared fluorescent tags) are first introduced to the protein drug of
interest and used as the surrogate for subsequent detection [35, 36]. Because of the
high sensitivity and dynamic range, these approaches have been the industry gold
standards to study tissue distribution during drug discovery and development.
However, as the detection is performed indirectly and relied on the presence of
molecular labels, several shortcomings are inherent to these approaches. First,
the labeling process can potentially perturb the structure and function of a protein
drug molecule [37]. Therefore, the labeled drug might not fully represent its un-
modified counterpart. Second, the labels, due to the added properties (e.g., size, charge,
and hydrophobicity), might also change the protein biodistribution in certain tissues
[38]. Finally, as the protein drugs break down via catabolism, the remaining labels can
still be detected and can confound the data interpretation, as they no longer represent
the location and quantity of active drugs.

The ICP MS technique discussed in the preceding paragraph can be interfaced
with laser ablation (LA), offering an opportunity to obtain 2-D distributions of metal-
tagged proteins in tissue cross-sections [40]. While the use of LA-ICP MS imaging of
metal-labeled recombinant (exogenous) proteins within tissue sections of model ani-
mals has been reported [32], a more popular approach to obtaining 2-D distribution
maps of various proteins within tissue sections uses a different strategy, termed mass
spectrometry-immunohistochemistry [39]. In this approach (schematically illustrated
in Figure 7.10), detection of a particular protein is enabled by its interaction with an
antibody tagged with a rare earth metal. Antibodies targeting different proteins can
be used in a single assay, and as long as each antibody is labeled with a unique metal

200 Chapter 7 Quantitation of protein therapeutics in biological samples



Figure 7.10: A Workflow for quantitative multiplex imaging using a combination of rare-metal-
isotope-tagged antibodies and LA-ICP-MS. Sample preparation (A): the primary antibodies are
tagged with a complex consisting of a polymer chelated with a rare metal. The tissue sample fixed
in formaldehyde is embedded in paraffin, sectioned, placed onto a slide, and processed
(deparaffinization, epitope retrieval, etc.). Multiplex hybridization is then performed: tissue section
is incubated with a mixture of uniquely labeled antibodies. Data acquisition (B): the sample is
placed into the laser ablation chamber and the sample surface is scanned using focused laser
beam (line by line). The laser ablation process generates particles, which are transported to the
ICP. The released metal tags are detected and recorded as mass spectra. Data analysis (C): the
acquired data set is analyzed to create ion image reconstruction and obtain quantitative
information on localization of different proteins within the tissue section. Reproduced by
permission from Springer Nature Customer Service Centre GmbH: Ajakna et al. [39].
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tag, highly selective protein detection and localization can be achieved. While this
technique is rapidly gaining popularity in the field of pathology (as well as other
areas where immunohistochemistry is a commonly used tool), its applications as an
imaging tool for biodistribution studies of protein drugs are lagging. One of the likely
reasons is its reliance on highly specific antibodies, for example, those being able to
distinguish between exogenous antibodies (mAbs) and those produced by the host
organism.

Another emerging MS imaging (MSI) technique – MALDI-MSI [41] – also shows
a tremendous promise and a potential to overcome some of the limitations besetting
the “classical” imaging techniques. Because the MS detection in MALDI MSI is di-
rectly performed on the protein or its proteolytic digests, no labeling is required. In
addition, if performed at intact protein levels, it is possible that MALDI MSI can
even discriminate between the parent protein drug and its catabolites. Furthermore,
the multiplexing capability afforded by MS analysis makes it possible to trace many
different analytes simultaneously. Despite the great promise and notable success in
the field of small-molecule drugs [42], MSI is yet to demonstrate its true potential in
the biodistribution studies of intact protein drugs [43]. The slow progress is largely
attributed to the significant challenge of detecting and identifying large protein
molecules that are present in small quantities within complex sample matrices. To
date, only one successful MALDI MSI study of a protein drug biodistribution ex vivo
has been published [44]. In this work, unique fragments of Bevacizumab (AvastinTM)
produced by the top-down in-source decay (ISD) of MALDI-generated protein ions
were used as a means of detection of this monoclonal antibody across brain sections
and demonstration of its effective localization within the tumor areas. A similar ap-
proach (reliance on the ISD fragment ions as a means of mAb detection) was used to
map another growth factor-targeting antibody (Cetuximab) in colon cancer cell cul-
tures [45]. MALDI MSI has also been used as a small-molecule imaging tool to detect
and localize a cytotoxin (monomethyl auristatin E, MMAE) released from an ADC (anti-
tissue factor monoclonal antibody conjugated with MMAE) in tumor tissues [46].

Despite the modest record of MALDI-MSI applications in the field of protein
drug biodistribution studies, it is expected that the role of this technique will grow
in the coming years. One promising approach to overcoming the obstacles associ-
ated with the high mass of protein therapeutics is to perform on-tissue enzymatic
digestion prior to MSI analysis, as peptides are much easier to detect and identify
compared to proteins. Although this technique is currently developed and used in
the setting of biomarker discovery and clinical investigation [47, 48], we envision it
can also be applied in a more targeted workflow for protein drug biodistribution
studies. Further advances are also expected in the field of intact protein MALDI-MSI
analysis [49, 50]; and the recent emergence of other ionization techniques suitable for
the intact-protein MSI work [51–53] may further catalyze the progress in this field.
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Chapter 8
Non-protein biopharmaceuticals and related
macromolecular drugs

Proteins are not the only class of modern medicines that are produced using the means of bio-
technology, nor are they the only type of macromolecules/biopolymers used as therapeutics.
While the nucleic acid–based drugs are a relatively new addition to the armamentarium of mod-
ern medicine, the therapeutic use of certain polysaccharides (heparin and its derivatives) long
predates the introduction of protein drugs into clinical practice. Even though neither nucleic
acid–based medicines nor heparin are biopharmaceuticals in the strict sense of this word (the
former are usually produced synthetically, while the latter is a natural product), there is a great
deal of similarity between them and protein-based drugs vis-à-vis analytical characterization,
which warrants their inclusion in this book. Furthermore, the issues related to heterogeneity of
heparin extracted from animal sources continue to put significant pressure on the drug compa-
nies to develop biotechnological processes to produce this polysaccharide. In fact, it appears
likely that in the next decade we will be witnessing a shift toward biotechnological production of
heparin with better controlled “on-demand” structural features and biological properties, which
will place this medicine in the realm of biopharmaceuticals (a transition which is not dissimilar
to the fate of several early protein drugs, such as insulin and interferons). A switch from chemi-
cal synthesis to biological production for the majority of existing nucleic acid–based drugs
seems unlikely, but biotechnology is already playing a major role in production of delivery ve-
hicles for these highly labile biopolymers. Finally, nucleic acids are a major component of the
newest class of biopharmaceuticals, gene delivery products. Analytical characterization of all of
these classes of therapeutics will be considered in this chapter.

8.1 Nucleic acid–based therapeutics: MS characterization
of small nucleic acids (antisense therapeutics and aptamers)

A promise of oligonucleotides as potentially powerful therapeutics has been recog-
nized for a long time due to not only their ability to modulate gene expression, but
also a variety of other unique properties that can be exploited for therapeutic interven-
tions [2]. The first oligonucleotide approved as a drug was fomivirsen, a 21-nucleotide
phosphorothioate oligonucleotide developed for treating cytomegalovirus (CMV) retini-
tis in immunocompromised patients [3]. It inhibits replication of human CMV by
binding to complementary sequences on the messenger RNA transcribed from the
transcriptional unit of the virus [4]. This mode of action is common to a class of
oligonucleotide therapeutics that are referred to as antisense oligonucleotides (short
strands of modified nucleotides that target RNA in a sequence-specific manner, in-
ducing targeted protein knockdown or restoration) [5]. Another class of oligonucleo-
tide therapeutics is aptamers, short single-stranded oligonucleotides that bind to
specific target molecules (usually proteins) with high affinity and are used as analogs
of antibodies [6]. Several other classes of therapeutic oligonucleotides are currently in
development (Figure 8.1), but their detailed consideration is beyond the scope of this
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chapter (interested readers are referred to a recent comprehensive review [1]). The mo-
lecular weight of therapeutic oligonucleotides is typically in the range of several kilo-
daltons, but can exceed 50 kDa, as is the case for PEGylated oligonucleotide products
(such as pegaptanib [7]). Nevertheless, they are considered “small” when compared
to the gene delivery products, which will be considered in Section 8.3.

As is the case for protein therapeutics, intact mass analysis of oligonucleotides typi-
cally provides the most straightforward way of establishing the consistency of the oli-
gonucleotide mass and its presumed structure [8]. Isotopic resolution can be readily
achieved in many cases for smaller oligonucleotides (below 20 kDa, which covers the
majority of the currently approved products) using ESI as a means of ionization and
high-resolution mass analyzers (Figure 8.2), enabling mass measurements with high
precision and accuracy. Although MALDI MS can also be used for intact mass meas-
urements of therapeutic oligonucleotides [9, 10], it produces mostly singly charged
ions, which populate high-m/z regions of mass spectra, making it nearly impossible
to achieve isotopic resolution for all but the smallest oligonucleotides (unless FT-ICR
is used as the mass analyzer [11]). One distinct feature of oligonucleotides that clearly
sets them apart from peptide and protein therapeutics vis-à-vis MS analysis is their
polyanionic nature, which is frequently cited as a reason why the measurements
should be carried out in the negative ion mode. In practice, abundant ionic signals of
oligonucleotides can be readily generated in both positive and negative ion modes,
although the extent of multiple charging in ESI MS tends to be lower for positive ions.
Another important practical consequence of the polyanionic nature of oligonucleoti-
des is their acting as “cation sponges” upon transition from the condensed phase
to the vacuum, leading to extensive formation of Na+, K+, and other metal cation
adducts. This behavior is evident in both positive and negative ion modes, although
the extent of cationic adduct formation is obviously higher in the positive-ion ESI
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Figure 8.1: A schematic representation of various targeting strategies for oligonucleotides shown in
the context of the extended central dogma that includes the effects of downstream enzymatic
events. Strategies that have not yet reached the clinic are shown in gray. Reproduced from Smith
and Zain [1].
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mass spectra. Alkali metal adduct formation affects even relatively small oligonu-
cleotides, but becomes particularly problematic in larger ones comprising tens or
hundreds of bases. While the extent of adduct formation can be reduced in many
instances by employing robust ion desolvation conditions in the ESI interface, the
resulting oligonucleotide ions still contain dozens of Na and K atoms, as shown
in Figure 8.3 using a transfer RNA as an example. Furthermore, excessive colli-
sional activation can (and frequently does) lead to ion fragmentation in the gas phase,
a process that obviously compromises the reliability of the mass measurements. The
most reliable way of reducing/eliminating the signal of metal cation adducts in the
mass spectra of oligonucleotides takes advantage of a range of extensive desalting
procedures [8], which aim at replacing Na+ and K+ with NH4

+. The latter readily disso-
ciates from oligonucleotides in the gas phase in the form of a neutral ammonia mole-
cule, giving rise to ions in which the negative charge excess is compensated almost
exclusively by protons.

Direct-injection ESI MS analysis of synthetic oligonucleotides is suitable for
quality control and detection of major impurities in both drug discovery and process
development samples; however, combining ESI MS with online LC separation fre-
quently enables more thorough characterization [8]. The majority of LC‐MS analy-
ses of oligonucleotides are carried out with reversed-phase LC, although the use of
other chromatographic modalities, such as mixed-mode LC and HILIC, has also
been reported. HILIC provides an advantage of allowing the LC-MS analyses to be car-
ried out without ion pairing reagents [13], while the commonly used reversed-phase
LC typically relies on strong organic bases (such as trimethylamine and dibutylamine)

Figure 8.2: Intact mass measurement (ESI MS) of a short synthetic double-stranded DNA (10 μM in
aqueous 150 mM ammonium acetate, pH 6.8). Acquired by G. Wang at UMass-Amherst.
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to achieve optimal chromatographic resolution via ion-pairing effect [14]. The pres-
ence of ion pairing reagents is frequently detrimental to the quality of MS data,
mainly due to the ion signal suppression; however, in some cases their presence in
the eluate may prove beneficial, as they may reduce the extent of alkali metal ad-
duct formation [15].

Fragmentation of oligonucleotide ions can be readily triggered in the gas phase
using a variety of ion activation techniques, the most common being CAD. The frag-
mentation mechanisms have been studied in detail for chemically unmodified oligo-
nucleotides, and the fragment ion nomenclature was introduced nearly three decades
ago [16]. However, the complexity of the fragmentation pathways (which frequently
include base elimination in addition to the phosphodiester bond cleavage) limits the
use of tandem MS methods to relatively short sequences. Furthermore, the major-
ity of oligonucleotide therapeutics incorporate extensive structural modifications
(Figure 8.4) that are introduced to enhance their stability and pharmacokinetic
characteristics [12]. Structural modifications of oligonucleotides are known to exert a
significance influence on the fragmentation pathways [17], but such correlations re-
main poorly characterized for the majority of modifications (indeed, systematic stud-
ies of the mechanisms of oligonucleotide ions fragmentation in the gas phase remain
rare [18]). This certainly limits the practical utility of tandem mass spectrometry as a
means of examining the structure of therapeutic oligonucleotides; however, if the frag-
mentation pathways are known for a specific class of oligonucleotide therapeutics, the
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Figure 8.3: Intact mass measurements (ESI MS) of tRNAHis with low collisional activation of ESI-
generated ions (mild desolvation conditions, gray trace) and high collisional activation (robust
desolvation, black trace). Data courtesy of Dr. Cedric E. Bobst (UMass-Amherst).
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detection selectivity and sensitivity of oligonucleotide ions can be greatly enhanced in
LC-MS measurements by deploying the selected reaction monitoring mode of analysis
[19]. Lastly, several software packages and online tools are available to facilitate struc-
tural analysis of both modified and unmodified oligonucleotides based on MS/MS data
(reviewed by Sutton et al. [20]).

The development of MS characterization of oligonucleotides was inspired in large
measure by the successes enjoyed by mass spectrometry in the fields of protein and
polypeptide structural analysis. Therefore, many approaches that had been initially
developed as a means of obtaining information on various aspects of the protein
higher order structure (as discussed in detail in Chapter 4) had later been tested vis-à-
vis their utility to probe conformation of oligonucleotides. Unfortunately, several MS-
based tools that proved extremely useful in the field of protein analysis did not meet
with much success when applied to oligonucleotides. For example, earlier work on
the ionic charge state distributions of oligonucleotide ions yielded a paradoxical con-
clusion that the linear structures exhibit lower charge state distribution compared to
the hairpin strands of the same composition [22]. As far as HDX MS, the majority of
labile hydrogen atoms within oligonucleotides undergo H/D exchange reactions in
solution on a timescale that is too short to allow analytical exploitation with MS as a
means of probing conformation of these biopolymers. Other challenges include the
inability to “freeze” any group of labile hydrogen atoms within oligonucleotides to
afford their enzymatic processing prior to MS analysis (in a manner similar to quench-
ing the exchange of the backbone amides in polypeptides, which enables their diges-
tion with acidic proteases without a significant loss of the deuterium label, as
discussed in Chapter 4). As a result, until recently the oligonucleotide HDX MS
measurements were carried out almost exclusively in the gas phase, sometimes
supplemented with ion fragmentation to evaluate spatial distribution of the exchanged
hydrogen atoms within the oligonucleotide sequence [23] (inevitably raising questions
related to the possibility of the gas-phase hydrogen scrambling affecting the outcome
of the measurements).

Recently, there was a renewed interest in using the solution-phase H/D exchange
reactions as a means of characterizing the higher order structure of therapeutic
oligonucleotides. A systematic study by Largy and Gabelica [21] explored solution-
phase HDX of small DNA quadruplexes and evaluated the influence of the ESI process
(which was used to generate oligonucleotide ions for MS analysis) on the outcome of
the measurements (Figure 8.5). It was concluded that the bases (but not the phos-
phates) were isotopically exchanged proportionally to the solution deuterium con-
tent without in-source back-exchange. Importantly, the measured exchange rates
depended on the hydrogen bonding status of nucleobases, suggesting that this
technique may in fact allow the nucleic acid conformation to be probed by HDX
MS [21]. However, further studies in this field would be needed prior to HDX MS
becoming a reliable tool for characterizing the higher order structure of therapeu-
tic oligonucleotides.
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Unlike the charge state distribution analysis and HDX MS, native MS of oligonu-
cleotide non-covalent complexes has been used successfully in a variety applications
ranging from tasks as mundane as observing short DNA duplexes (see Figure 8.2) to
detection and characterization of macromolecular associations formed by oligonu-
cleotide drugs and their therapeutic targets. The stability of DNA duplexes under ESI
conditions that was initially noticed nearly three decades ago [25] is usually ascribed
to the nature of non-covalent interactions (hydrogen bonds) that effectively maintain
the integrity of such complexes both in solution and in the solvent-free environment.
Hydrogen bonds and ionic interactions also maintain the integrity of oligonucleotide
complexes with proteins, allowing ESI MS to be used as a means of detecting and
probing the composition of such assemblies. An example of using native MS for this
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task is shown in Figure 8.6, where association of a therapeutic oligonucleotide
(thrombin-binding aptamer) with its target (thrombin) is readily observed [24].
The remarkable stability of such non-covalent associations in the gas phase allows
fast-heating ion fragmentation techniques to be used as a means of localizing the oli-
gonucleotide-binding interface on the protein surface. This is done by comparing the
top-down fragmentation patterns of the protein backbone generated by ECD of ions
representing the free protein and its complex with the oligonucleotide [24]. The use of
ECD or another fast-heating method of ion activation (ETD or UVPD) is essential, as
slow-heating methods (such as CAD or IRMPD) result in a gradual increase of the
ionic internal energy, which results in the ligand dissociation from the protein prior
to fission of the covalent bonds.

α-Thrombin-TBA
MW 40730.15 Da

3705.2         3706.0               m/z

2600                   3000                    3400                   3800                    4200                  m/z

α-Thrombin
36006.34 Da

3275.6     3276.4          m/z

+ 4723.8 Da

11+

12+ 12+ 10+

11+

10+

Figure 8.6: A high-resolution native mass spectrum of human α-thrombin/thrombin-binding
aptamer (TBA) complex acquired in a 200 mM ammonium acetate solution. The mass difference
shows the association of a single TBA molecule with the protein. The insets show accurate mass
measurements for the 11+ ions. The blue circles indicate the number of TBA molecules in each
complex. Adapted with permission from Zhang et al. [24].
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8.2 Macromolecular natural products: heparin and related
medicines

Heparin is arguably the oldest macromolecular drug (discovered in the late 1910s [26]
and widely accepted in clinical practice as an effective anticoagulant within two deca-
des [27, 28], it still remains one of the most frequently used blood clotting prevention
agents). Heparin possesses a range of other biological activities that are extensively in-
vestigated with the hope of extending the therapeutic uses of this biopolymer beyond
coagulopathy [29–31]. These efforts have been intensified as a result of the COVID-19
pandemic, following the realization that the antithrombotic properties of heparin work
synergistically with its anti-inflammatory and anti-viral activities, bringing it to the
forefront of the fight against the novel coronavirus [32, 33]. Heparin is a highly sulfated
linear polysaccharide (Figure 8.7) that belongs to the family of glycosaminoglycans
(GAGs). Although all medicinal heparin is currently harvested from animals, there is a
concerted push toward replacing this animal-sourced natural product with the bio-
engineered heparin [34, 35], which is primarily driven by two factors. First, the
need to extract the raw material for heparin mass-scale production from animals
has resulted in two major crises in the past three decades, one associated with the
emergence and proliferation of bovine spongiform encephalopathy [36], which cul-
minated in a withdrawal of all bovine heparin from the market in 1990s, and another
one associated with the catastrophic instance of a massive contamination of porcine-
derived medicinal heparin with oversulfated chondroitin sulfate in 2000s [37, 38].
The second significant stimulus for the development of biotechnological production
of heparin relates to the enormous degree of structural heterogeneity exhibited by
this biopolymer obtained from animal sources (both the tremendous diversity of the
O- and N-sulfation and N-acetylation patterns, and the chain length polydispersity,
see Figure 8.7A). While this unmatched degree of structural diversity endows this bio-
polymer with the ability to interact with an impressive range of proteins [39, 40],
many of which are high-value therapeutic targets, it also means that a randomly se-
lected heparin molecule is unlikely to possess the structure optimized for interactions
with a specific target. For example, the canonical antithrombin-binding segment of
heparin comprises a pentasaccharide sequence [41] (Figure 8.7C) which appears to be
relatively rare and is found in only about one-third of the heparin chains in commer-
cial preparations [42]. The ability to bioengineer and produce heparin [43–46] that in-
corporates high-affinity “recognition elements” for a specific therapeutic target and
lacks structural segments that can trigger interactions causing undesirable physio-
logical effects would undoubtedly allow both efficacy and safety of this century-
old drug to be dramatically enhanced. In our opinion, emergence of bioengineered
heparin and/or related GAGs approved for clinical use is only a matter of time,
which warrants consideration of MS-based methods of analysis of heparin and hep-
arin-like biopolymers in this chapter.
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The physical size of heparin is relatively modest in comparison with the majority
of protein therapeutics (the average molecular weight is only 15 kDa for unfractio-
nated heparin, and does not exceed 8 kDa for low-molecular-weight heparin). Never-
theless, intact mass measurements that have become routine analyses for protein
therapeutics as large as mAbs (see Chapter 3 for more details) are not feasible for hep-
arin. The reason for this is the enormous structural heterogeneity exhibited by
heparin, with the structure of each chain being the result of a concerted action of
a number of enzymes as opposed to an imprint off a genetic template. While the
chain length is the single most significant source of heparin polydispersity, varia-
tions in the extent of sulfation and the number of incorporated N-acetyl groups
give rise to a significant number of distinct species with unique masses even in
the case of relatively short fixed-length heparin oligomers (Figure 8.8). While ESI
MS alone can readily detect all these species for each fixed-length heparin oligo-
mer (at least up to eicosamers), a mixture of even a small number of such oligom-
ers is going to result in a very crowded mass spectrum populated with overlapping
ionic signals from different heparin species. Using MALDI instead of ESI might
seem advantageous, as it would mostly generate singly charged ions, spreading the
signal of heparin oligomers of different lengths across the entire m/z scale (as op-
posed to concentrating it within a relatively narrow m/z range, as is the case for mul-
tiply charged ions) and thereby avoiding signal overlap. However, the lability of the
sulfate groups results in their facile cleavage in MALDI, giving rise to abundant frag-
ment ion signal [48]. The loss of sulfate groups in the gas phase would obviously inval-
idate the results of the intact mass measurements, and even though a judicious use of
matrices may minimize the occurrence of this phenomenon, there is still no consensus
as to what conditions provide optimal results. For example, a crystalline matrix no-
rharmane and an ionic liquid 1-methylimidazolium α-cyano-4-hydroxycinnamate
had been reported to cause minimal fragmentation [49], while another study con-
cluded that using norharmane as a matrix results in significant sulfate loss, and rec-
ommended the use of dihydroxy benzoic acid [50]. It appears that any protocol to
be employed for MALDI MS analysis of heparin and related products should be
tested using a homogeneous heparin mimetic fondaparinux, a synthetic pentasac-
charide incorporating eight sulfate groups, in order to determine conditions that
eliminate the specter of ion fragmentation in the gas phase. As a side note, it
should also be mentioned that the sulfate loss may also occur when ions are pro-
duced by ESI followed by excessively aggressive desolvation using collisional acti-
vation in the ESI interface region. In such situations acquisition of a fondaparinux
mass spectrum to prove that robust ion desolvation does not trigger sulfate shed-
ding in the gas phase also seems prudent.

An alternative option for intact mass analysis of heparin samples involves the
use of LC-MS [52]. Both SEC [47, 53–55] and reversed-phase LC [51, 56–58] have been
particularly popular choices vis-à-vis front-end separation. The use of SEC-MS for
the analysis of heparin products is relatively straightforward as long as the mobile

8.2 Macromolecular natural products: heparin and related medicines 217



phase does not include non-volatile salts and buffers (the restrictions that have been
already discussed in Chapter 4), although in some instances an online removal of ex-
cess ammonium from the eluate is required to eliminate ammonium adducts of heparin
anions and improve the ionic signal in MS [53]. Successful uses of reversed-phase
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Figure 8.8: Intact mass measurements of fixed-length heparin oligomers (hexamers, top;
decamers, middle; and eicosamers, bottom) carried out with ESI FT ICR MS. Shaded boxes identify
ionic species with a specific charge state, as shown on the graph. The insets show zoomed views
of m/z regions corresponding to the most abundant charge state in each mass spectrum.
Henriksen’s nomenclature [47] is used to label all detected heparin oligomers (each heparin
species is identified based on a number of saccharide units in the chain, a number of sulfate
groups and a number of N-acetyl groups, which are shown as a triad for each species). Data
courtesy of Yang Yang, a research assistant at UMass-Amherst.
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chromatography in LC-MS analyses of heparin and related glycosaminoglycans al-
most always utilize ion pairing (e.g., tripropyl ammonium acetate). Other (less fre-
quently used) options include anion exchange LC [59], HILIC [60], and capillary
electrophoresis [61] with online MS detection.

The appearance of total ion chromatograms is typically very convoluted, reflect-
ing the presence of dozens (and possibly hundreds) of different molecular species
with unique masses (an example is shown in Figure 8.9). While the majority of these
species can be readily identified based on mass measurements, any conclusions vis-
à-vis their relative abundance should be taken cum grano salis due to the very likely
influence of the heparin oligomer size, the number of sulfate groups, mobile phase
composition (if a gradient elution is employed), as well as the presence of other spe-
cies in the eluate that may be competing for charge during the ESI process.

Intact mass measurements, if carried out at sufficient resolution, provide informa-
tion on the chain length (the number of saccharide units), as well as the extent of
sulfation and the number of N-acetyl groups within each molecule. In most cases
these three numbers are sufficient for identification of heparin oligomers with unique
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Figure 8.9: Ion-pairing reversed-phase LC-MS chromatogram (TIC) of a medium molecular weight
heparin (prepared by limited digestion of intact unfractionated heparin). Mobile phases were H2O
(A) and 1:9 H2O/CH3OH (B); both phases contained 25 mM N(C3H7)3 and 30 mM CH3CO2H. The
gradient was 40–50% B in 15 min followed by 50–65% (B) in 50 min. The inset shows extracted ion
chromatograms corresponding to ionic species (charge state –6) representing three different
dodecameric species. Adapted from Henriksen et al. [51] with permission from Elsevier.
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masses, providing the basis for Henriksen’s nomenclature [47], which identifies all
species with a unique mass using a triad of integer numbers (a number of saccha-
ride units in the chain, a number of sulfate groups, and a number of N-acetyl groups,
as shown in Figure 8.8). Each of these species, however, comprises a large number
of isomers, which may display similar physico-chemical properties, but differ in
their biological activities. Precise localization of the sulfate and N-acetyl groups
within a heparin chain cannot be determined simply by “sequencing” heparin
(in a fashion similar to protein sequencing) due to the enormous degree of inter-chain
structural variability. Instead, the initial step in structure evaluation usually involves
heparin chain lysis with heparinase (an enzyme that cleaves the glycosidic linkage
between hexosamines and uronic acids) down to the di- and tetra-saccharide level.
The LC-MS analysis of the resulting small heparin fragments allows the overall sulfa-
tion level to be evaluated (e.g., see Figure 8.10, which shows that the majority of the
disaccharide fragments produced by lysis of the eicosa-saccharide heparin chains are
tri-sulfated disaccharides, although disaccharides incorporating fewer sulfate groups
are also present and can be quantified).
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If the heparin oligomer samples are extensively fractionated (usually by a combi-
nation of size exclusion and strong anion exchange LC), MS/MS analysis of such rela-
tively homogeneous samples can be carried out aiming at localization of the sulfate
and N-acetyl groups within the polysaccharide. One significant complication that is
frequently encountered in such measurements is the lability of sulfate groups in
the gas phase following collisional activation [62]. The extent of sulfate shedding
can be minimized by selecting precursor ions in which all acidic hydrogen atoms
are substituted with sodium atoms (which is achieved by adding mM-level NaOH
to the heparin oligomer solution). Such Na+ adducts exhibit enhanced stability vis-à-
vis sulfate groups upon collisional activation, while producing abundant structurally
informative fragment ions resulting from both glycosidic and cross-ring cleavages [63].
Sulfate shedding can also be minimized by using electron-based ion fragmenta-
tion techniques, such as electron detachment dissociation (EDD) [64] and negative
ion electron transfer dissociation (NETD) [65]; the recently introduced ultraviolet
photodissociation (UVPD) also shows a promise in this regard [66]. The presence
of cross-ring cleavages in the tandem mass spectra of heparin oligomers and re-
lated glycosaminoglycans allows in many cases precise localization of the sulfate
groups to be achieved, but at the same time it gives rise to convoluted mass spectra
which may be difficult to analyze and interpret manually. Spectral interpretation can
be greatly assisted by specialized software packages, such as GAGfinder [67]. Despite
all these advances, MS/MS analysis of glycosaminoglycans is currently limited to rel-
atively short oligomers, even when supplemented with online LC separation [68] or
ion mobility [69] to resolve isobaric species prior to the precursor ion selection.

Unlike proteins and nucleic acids, heparin and related glycosaminoglycans do not
appear to have stable higher order structures, unless associated with proteins. There-
fore, native MS analysis of these biopolymers is usually focused on characterizing their
non-covalent complexes. While detection and characterization of such complexes is
relatively straightforward in the case of short heparin oligomers [71–75], application of
this technique to heparin chains of even a moderate size (let alone intact heparin) is
challenging due to their extreme structural heterogeneity. As has been already dis-
cussed in Chapter 4, polydispersity gives rise to broad ionic peaks in ESI mass spectra,
which in the case of intact heparin becomes a continuum signal with very few discern-
able features (e.g., see the black trace in Figure 8.11 representing a mass spectrum of a
heparin/antithrombin mixture). Nevertheless, meaningful interpretation of such mass
spectra can be made possible by supplementing native MS measurements with limited
charge reduction, a technique that had been already discussed in detail in Chapter 4.
This is illustrated in Figure 8.11, where charge reduction of ionic populations isolated
from different m/z regions of a nearly continuum ion signal in the mass spectrum of
antithrombin/unfractionated heparin mixture reveals the presence of heparin/protein
complexes with different binding stoichiometries.
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8.3 MS in the analytical support of gene therapies

Gene therapy products are the latest-generation biopharmaceuticals, which are used
to modify or introduce genes into a patient’s body aiming at preventing or treating a
disease. When performed in vivo, the therapeutic genes are delivered to cells inside
the patient’s body using viral vectors (with exosome-based vectors also being actively
pursued, but not yet approved). Ex vivo gene therapy entails inserting therapeutic
gene into cells outside of the body followed by their (re)introduction into the body,
which makes it a form of the so-called cell therapy (in which new or modified cells are
introduced into a patient’s body aiming at treating a disease or repairing damaged tis-
sues, which is the subject of the following section).

The first gene therapies were not approved in the USA until 2017, but the current
list of approved biopharmaceuticals of this type already includes over a dozen entries,1

Figure 8.11: Native ESI mass spectrum of the antithrombin/ heparin mixture (black trace) and three
representative mass spectra of ions produced via limited charge reduction of precursor ions
whose m/z values fall within 4,450–4,550 (red), 5,950–6,050 (purple), and 6,850–7,050 (blue) m/z
regions revealing the presence of 1:1, 1:2, and 1:3 heparin/protein complexes, respectively.
Reproduced with permission from Zhao et al. [70]. Copyright 2016 American Chemical Society.

1 https://www.fda.gov/vaccines-blood-biologics/cellular-gene-therapy-products/approved-cellular-
and-gene-therapy-products
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with several hundred more currently in development [77–79]. According to the FDA‘s
Office of Tissues and Advanced Therapies, product testing and characterization is an
integral part of successful development of quality cell and gene therapy products.2

However, the complexity of these products requires new analytical approaches, as a
large number of tools developed for characterization of protein therapeutics no longer
meet the new demands. MS-based tools have been used very actively to address vari-
ous aspects of analytical characterization of the gene therapy products, and in this
section we will highlight both traditional MS-based approaches and novel meth-
ods that have been developed recently to address specific challenges posed by
this type of biopharmaceuticals. The scope of our discussion will be mostly limited
to the gene therapy products that use an adeno-associated virus (AAV) [76], the
most common vector at present.

AAV is a nonpathogenic parvovirus composed of a 4.7 kb single-stranded DNA ge-
nome within a nonenveloped, icosahedral capsid. In a recombinant version of AAV, a
gene of interest is inserted between the inverted terminal repeats (which function as
the viral origin of replication and the packaging signal), replacing the elements encod-
ing nonstructural proteins that have roles in viral replication, transcriptional regu-
lation, genomic integration, and virion assembly, as well as three structural proteins
(VP1, VP2, and VP3) that make up the 60-meic viral capsid (Figure 8.12). There are
several naturally occurring serotypes of AAV (commonly referred to as AAV1 through
AAV12) and over a hundred variants, which exhibit notable differences in amino acid
sequence of the three capsid proteins (mostly within the so-called hypervariable re-
gions, see Figure 8.13). In addition to the amino acid sequence variations, the capsid
proteins are also affected by a range of PTMs (vide infra), and many of these struc-
tural features are important determinants of the virus tissue tropism, making the con-
trol of the VP1-VP3 structure an important task.

Besides the identity test of the AAV serotype that is recommended for the AAV
vector product release (especially those manufactured in multi-product/multi-serotype
facilities), complete characterization of the constituent viral capsid proteins of AAV
vectors (both amino acid sequences and PTMs) is highly recommended to ensure AAV
product quality and consistency [80]. This task can be readily accomplished by carry-
ing out an LC-MS analysis of the intact viral capsid proteins (intact mass analysis, see
Chapter 3 for more details) and an LC-MS/MS analysis of their enzymatic digests. The
latter allows complete sequence confirmation of all capsid proteins to be achieved, as
well as PTMs to be detected and identified [80], such as the N-terminal acetylation (as
illustrated in Figure 8.14 for N-terminal proteolytic fragments derived from VP1-VP3 of
AAV2). Peptide mapping can also be used to profile other PTMs within the capsid pro-
teins, such as N-glycosylation. [81]. In addition to the N-terminal acetylation and

2 https://www.fda.gov/vaccines-blood-biologics/news-events-biologics/advanced-topics-successful-
development-quality-cell-and-gene-therapy-products
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N-glycosylation, a range of other PTMs can affect the structure of the capsid pro-
teins, with 1 recent study reporting over 50 modifications in AAV2–AAVrh10 capsids,
with at least 4 AAV serotypes exhibiting over 7 PTMs in their capsid proteins [82].

Above and beyond the qualitative analysis of the capsid proteins, quantitation of
their stoichiometric levels is an important task in the viral particle characterization.
The capsid proteins are typically present in a viral particle at a ca. 1:1:10 (VP1/VP2/
VP3) ratio. While VP3 is the most abundant protein, the viral particle loses its func-
tionality when it is composed exclusively of VP3 (note that a number of functionally
important elements, such as the phospholipase 2 domain – residues 52–97 – which is
critical for the virus release from the endosome, are not present in VP3, see Fig-
ure 8.13). A relatively straightforward way to obtain relative abundance of VP1, VP2,

A

B

C

Figure 8.14: Tandem mass spectra of the N-terminal peptides of AAV2 VPs. (A) N-terminal tryptic
peptide of VP1; (B) N-terminal Asp-N peptide of VP2; and (C) N-terminal Asp-N peptide of VP3.
Adapted with permission from Jin et al. [80].
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and VP3 relies on 18O labeling [83], a technique that has been already considered in
detail in Chapter 7. One unique challenge that arises when 18O labeling is applied
to quantitation of the capsid proteins relates to the fact that regardless of the spe-
cific protease employed for digestion of these proteins, there is always a single peptide
(the N-terminal proteolytic fragment) that is unique to each capsid protein. While this
is not a significant problem as far as stoichiometric measurements, it unfortunately
rules out a possibility of quantitating the protein isoforms in which PTMs fall outside
of the N-terminal proteolytic fragments. An elegant approach to addressing this prob-
lem that has been reported recently takes advantage of intact mass analysis using LC
with online detection by MS (for identification/assignment of the capsid proteins and
their isoforms) and by optical spectroscopy methods (for the straightforward quantita-
tion). For this type of analysis, hydrophilic interaction chromatography (HILIC) offers a
significant advantage over the traditional reversed-phase LC, as it allows improved
separation of VPs from a variety of AAV serotypes to be achieved using a generic
method prior to online MS detection [84]. HILIC is also ideally suited for capsid hetero-
geneity characterization due to its remarkable sensitivity vis-à-vis capsid protein var-
iants resulting from different PTMs, as well as protein backbone clippings. One unique
challenge in using intact mass LC-MS analyses of capsid proteins is the low protein
concentrations in AAV samples; this can be circumvented by increasing the HILIC col-
umn loading. Other issues that have to be dealt with in these analyses are common
in HILIC-MS characterization of proteins, for example, ion signal suppression by
trifluoroacetic acid (TFA); one possible way to address this problem is incorpo-
ration of a desolvation gas modification device in the experimental workflow [84].
Once all these issues are resolved, HILIC-MS method can be applied to character-
ize a wide variety of AAV serotype samples at low concentrations without any
sample treatment to achieve unambiguous serotype identification, PTM character-
ization (as illustrated in Figure 8.15), and stoichiometry assessment [84]. Impor-
tantly, quantitation can be carried out using online detection methods that are
complementary to MS (e.g., highly sensitive fluorescence detection [84]).

A typical payload for an AAV-based gene therapy is a single-stranded DNA con-
sisting of ca. 3,500 nucleotides (~ 1 MDa). It is quite heterogeneous (can be as large
as 4,300 nucleotides, and the genome size affects the potency). While the biopoly-
mers of such size and heterogeneity presently remain beyond the reach of tradi-
tional MS-based methods, exciting opportunities have arisen due to a recent revival
of a technique introduced a quarter-century ago [85]. This technique combines MS
measurements with ionic charge measurements, thereby enabling extraction of mass
distributions for large and heterogeneous ions generated by ESI [85], and provides an
opportunity to assess both the average size and the extent of heterogeneity of large
nucleic acids [86, 87] (an example is shown in Figure 8.16).

The ability of the AAV capsid proteins to assemble into a capsid hinges upon
their correct folding; at the same time there is a flexible domain within VP1, which
plays a role of a pH-sensing element during the endosomal uptake of the viral particle.
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HDX MS is now a mature technology commonly used to assess the integrity of the
protein higher order structure (see Chapter 4 for more details), and in fact is com-
monly used to study conformational dynamics of a range of viruses [88]. However,
this technique has not yet become a part of the analytical armamentarium supporting
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Figure 8.15: Top: Comparison of HILIC chromatograms with fluorescence detection (using
λex = 280 nm and λem = 348 nm) of AAV8 from Lots 1 and 2 (blue and red traces, respectively). The
peak identities were confirmed by accurate intact mass measurements. Red and green small circles
indicate the presence of oxidation and phosphorylation, respectively. Bottom: Deconvoluted mass
spectra from the online MS analysis of the two lots of capsid proteins. Adapted from Liu et al. [84]
with permission from Elsevier.
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development and production of the gene therapy products, and the emphasis is currently
placed on close monitoring the primary structure of the capsid proteins. In contrast, the
quaternary structure of the viral particles is a critical quality attribute that needs to be
closely monitored, necessitating intact virus characterization. This entails addressing a
range of questions, such as the fraction of the empty capsids in the final product, as well
as the presence and the level of clumps and aggregates. Empty capsids are usually pres-
ent in significant quantities and their level must be quantified. Likewise, aggregation is a
major limiting factor vis-à-vis concentration of viral particles in the final product (which
rarely exceeds 30 µg/mL, corresponding to only 0.7 nM for 4.6 MDa particles).

Despite the large size of the viral capsids, several successful attempts at using
native MS to assess their quaternary structure have been reported in the course
of the past two decades [89, 90]. However, the usual limitations of native MS, espe-
cially those related to the structural heterogeneity of the object of the intact mass
measurements (see Chapter 4 for more details), limit the utility of this technique to
relatively homogeneous viral capsids, such as those illustrated in Figure 8.17 (it is
also noteworthy that the capsid concentration used in that work exceeded what is
typically recommended for AAV by two orders of magnitude). Unfortunately, the
presence of three different capsid proteins (VP1, VP2, and VP3 in AAV viral particles)
of varying stoichiometries, as well as the frequent occurrence of PTMs within these
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Figure 8.16: Charge detection MS scatter plots of charge versus mass for a single-stranded
DNA plasmid M13mp18. Each point on the graph corresponds to an individual measurement.
Projection of the scatter plot on the mass axis provides the mass histogram (bin size = 0.1 MDa).
Solid red line is representative of the charge statem/z = 5,800. Adapted with permission from
Doussineau et al. [87].
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proteins (vise supra) gives rise to an extremely heterogeneous mixture of capsids (let
alone viral particles armed with the payload), which makes extraction of meaningful
data from native MS measurements next to impossible. The only feasible way to cir-
cumvent this problem is offered by supplementing the native MS measurements
with ionic charge measurements [91], a technique that has been mentioned earlier
in this section. Charge detection MS (CDMS) has been successfully applied to char-
acterize a range of heterogeneous viral particles, including AAV-based gene ther-
apy products, for which CDMS can quantitatively characterize diverse AAV particle
populations including particles packing the complete genome, empty particles, par-
ticles packing partial genomes, as well as particles with impurities [92]. This is il-
lustrated in Figure 8.18, which clearly shows the presence of several distinct ionic
clusters corresponding to the empty, partial, and full capsids, all having similar
charges (the gray box in Figure 8.18A). This indicates that both the complete ge-
nome and the partial genome are packaged inside the capsid, as the extent of mul-
tiple charging in ESI is determined by the physical size of the macromolecules in
solution, and is most closely correlated with the solvent-accessible surface area [93,
94]. Protrusion of the genome’s parts outside of the capsid should therefore result in an
increase of the number of charges accommodated by the viral particles, explaining the
charge distribution tailing observed for the loaded viral particles toward higher z val-
ues, but not for empty capsids.

Until recently CDMS measurements required specialized custom-built instrumenta-
tion [95–98]; however, at least one manufacturer is now actively engaged in implement-
ing charge detection capability on high-end commercial MS [99]. Above and beyond
assessing the integrity of the viral particles, CDMS provides an opportunity to monitor
their encounters with physiological partners, such as antibodies, as was recently dem-
onstrated for a canine parvovirus interaction with multiple (up to 60 per single capsid)
Fab fragments [100]. There is little doubt that the scope of this technique will continue
to expand in the near future to include interactions of viral particles employed in gene
therapy with their therapeutic targets (cell surface receptors) as well.

One disadvantage of CDMS as a single-ion measurement technique is the relatively
low speed of analysis. An alternative approach to characterizing viral particles and re-
lated nano-objects is offered by gas-phase electrophoretic mobility molecular analyzer
(GEMMA) coupled to an ESI source [101–103]. GEMMA is based on separation of sol-
vent-free analyte molecules at ambient pressure [104]. Singly charged large macromo-
lecules and/or nano-objects are separated according to their electrophoretic mobility
diameter (which has a straightforward correlation with the particle’s mass in the case
of spherical analytes). In addition to exceeding CDMS in the speed of analysis, GEMMA
provides an additional benefit of being less dependent on the sample purity [101]. A
disadvantage of GEMMA is its reliance on singly charged ions; the presence of doubly
and triply charged species in the ionic population results in crowding of the mobility
spectra and makes their interpretation less straightforward. Nevertheless, continuous
improvements of this technique are likely to make it a powerful complement to CDMS.
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So far, the discussion of the analytical methods supporting gene therapy product
development and production mostly focused on their structural aspects. However, a
range of other questions have to be addressed during various stages of the devel-
opment process, such as the fraction of the dosed product present in circulation
and in the target tissue, as well as the duration of time during which the product
remains there. A variety of quantitative MS-based approaches can be used to ad-
dress these questions; since they have been already covered in detail in Chapter 7,
no discussion will be provided here to avoid redundancy. These methods can also
be used to address another critical question related to the success or failure of a
specific gene therapy product, namely the change of the target protein expression
level. Lastly, MS-base quantitation can also be used to assess the possibility of the
vector genome being shed (released) from the patient, which is now falling under
increased scrutiny due to the possibility of the vector’s transfer to other humans.

partial collaple 
of viral particles

protrusion of the genetic 
material outside 

of the capsid

viral particles with
intact capsids

partially loaded
capsids

empty
capsids

fully loaded
capsids

over-loaded
capsids

Figure 8.18: (A) A charge versus mass scatter plot for AAV8 packaging an scDNA genome (formed by
joining two sequence-inverted vectors by a hairpin, so the effective length of the unique transgene
sequence is halved). The red diagonal lines are lines of constantm/z. (B) Anm/z histogram for AAV8
packaging an scDNA genome. Adapted with permission from Pierson et al. [92]. Copyright 2016 American
Chemical Society.
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8.4 MS in the analytical support of cell-based therapies

Cell therapies are another class of novel/emerging therapeutic approaches in which
new or modified cells are introduced into a patient’s body aiming at treating a disease
or repairing damaged tissues. While the chimeric antigen receptors (CAR) T-cell thera-
pies remain the best known (and so far the most successful) type of therapies of this
type, other cell-based immunotherapeutic strategies are being actively pursued as
well (T-cell receptor therapies, natural killer cell therapies, tumor infiltrating lympho-
cytes, and marrow-derived lymphocytes to name just a few) [105]. Analytical methods
supporting development and production of cell-based therapies have to address a
range of questions related to both distribution and persistence of the product. While
the specific set of analytical methods depends on a particular system that needs to be
tested, the common tools are flow cytometry, quantitative PCR and immunogenicity
measurements. Mass spectrometry has a tremendous potential in this field, and is al-
ready beginning to play a very visible role in analytical support of various stages of
design, development and production of cell-based therapies [106, 107]. For example,
the success of any cell-based therapeutic strategy is determined by the ability of the
transferred cells to survive, expand and function properly in vivo. Therefore, expres-
sion/production of the appropriate biomarkers [108–111] can be used as a means of
evaluating the status of the transferred cells. The levels of these biomarkers can be ef-
fectively measured using a vast arsenal of MS-based methods developed in the past
two decades for proteomics and metabolomics applications. While a detailed discus-
sion of these approaches is certainly beyond the scope of our book, an interested
reader is referred to several excellent reviews [107, 112–115], and books [116–118] on
this subject. Furthermore, the dramatic progress made in recent years in the field of
single-cell MS [119, 120], provides reasonable assurance that the MS-based methods of
analysis will soon become standard analytical tools supporting both optimization and
quality control in the production of a range of cell-based therapies.

8.5 MS in characterization of modern vaccines

A significant number of modern vaccines are produced using biotechnological tools,
and their fraction continues to expand [122]. These can be classified into several cate-
gories, including protein subunit-based vaccines, virus-like particles vaccines, virus
vectored vaccines, as well as mRNA and DNA vaccines (see Figure 8.19, which uses
COVID-19 vaccines as an example). Many of these vaccine types fall into the categories
that have been already considered in detail in this chapter. For example, mRNA vaccines
utilize a synthetically produced nucleic acid strand, analysis of which is considered in
Section 8.1, while both virus-like particle vaccines and virus-vectored vaccines resemble
gene therapy products in their structural organization (MS-based methods of their analy-
sis were considered in Section 8.3).
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Another approach to creating potent vaccines utilizes either synthetically or re-
combinantly produced antigens (e.g., protein subunits) that are chemically conjugated
to a recombinant carrier protein, which is typically chosen to elicit a strong T-cell re-
sponse [123] (such as a non-toxic mutant of a diphtheria toxin CRM197 [124]). Presenta-
tion of multiple copies of the antigen on the carrier protein surface causes the B-cell
immune receptors to cluster together, triggering a specific immune response to
the antigen. In many cases, this allows an immune response to be developed to
molecular entities – haptens – that are too small to be immunogenic on their own
(e.g., nicotine in smoking-secession vaccines [125]). Haptenation (conjugation of anti-
gens to a carrier protein) [126] gives rise to highly heterogeneous products due to the

DNA

Inactivated Live attenuated

Protein subunit

Virus vectored

Virus-like particlesmRNA

Figure 8.19: Vaccine strategies for SARS-CoV-2 (clockwise from the top). Inactivated: the viruses
are physically or chemically inactivated but the integrity of the virus particle is preserved, which
serves as the immunogen. Live-attenuated: the virus is attenuated by in vitro or in vivo passage, or
reverse-genetic mutagenesis. It becomes non-pathogenic or weakly pathogenic but retains
immunogenicity by mimicking the live virus infection. Protein subunit: only key viral proteins or
peptides are expressed and serve as immunogens. Virus-like particle: non-infectious particles
resembling real virions but lacking the virus genome act as the immunogens. Virus-vectored: Gene
(s) encoding pathogen antigen(s) are cloned into non-replicating or replicating virus vectors (e.g.,
adenovirus). The antigen(s) are produced by transduced host cells after immunization. mRNA
vaccines: synthesized by in vitro transcription; produce viral antigen(s) in the cytoplasm through
direct protein translation in vivo. DNA vaccines: viral antigen(s) encoded by a recombinant DNA
plasmid are produced in the host cells. Adopted by permission from Springer Nature Customer
Service Centre GmbH: Dai and Gao [121].
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variation of the extent of conjugation (the hapten load), as well as the presence of the
by-products representing non-productive (dead-ended) conjugation side-reactions.
Technically speaking, haptenated carrier proteins fall into the protein/small-molecule
conjugate category. Characterization of such products has been considered in detail in
Chapter 3 (covalent structure) and Chapter 4 (higher order structure), and will not be
repeated here. A more in-depth coverage of various MS-based methods used in vaccine
development can be found in a recent review by Sharma et al. [127].

8.6 MS in characterization of nanomedicines

The term “nanomedicines” is somewhat loosely defined, and is frequently applied
to a variety of objects that are grouped together solely on the base of their size (the
nanometer scale and up), and includes a variety of gene therapy products and func-
tionalized nanoparticles. A narrower definition excludes the objects that are pro-
duced by means of biotechnology alone (such as AAV-based gene therapy products
considered earlier in this chapter). Strictly speaking, the nanometer-sized particles
that are not produced with the biotechnology tools are nanomaterials (a class of
nano-objects that includes nanoparticles of various types, nano-tubes, liposomes,
DNA pyramids, and micelles, to name a few). Many of these objects possess unique
physical properties that are actively exploited for the drug delivery purposes, in-
cluding targeted delivery of a range of biopharmaceuticals. Because of the diversity
of the nanomaterial-based or nanomaterial-containing products, analytical charac-
terization of each subclass should be approached individually, targeting the prod-
uct-specific set of CQAs. Perhaps only one characteristic of this class of medicines –
the particle size distribution – is a CQA that is common to all such products. While
this task is usually accomplished by light scattering-based or high-resolution imaging
techniques [128], it seems that certain MS-based techniques considered earlier in this
chapter, such as CDMS and GEMMA, are likely to be included in the analytical arma-
mentarium of nanomaterials characterization as well (in fact, the potential of CDMS
in characterizing heterogeneous exosomes has been already demonstrated [129]). An-
other area of nanomedicine characterization, where the role of mass spectrometry is
already indisputable, is ex vivo imaging. MS-based imaging allows the spatial distri-
bution of nanomedicines within specific organs and tissues to be determined, and
their impact on the biochemical microenvironment to be evaluated. A detailed dis-
cussion of this field is beyond the scope of our book, but the interested readers are
referred to several excellent recent reviews on this subject [130, 131].
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Chapter 9
What is next?

This chapter provides a brief overview of emerging applications of mass spectrometry (MS) in
the biopharma and biotechnology sectors, focusing on the growing visibility of this technique
in process analytical technology (PAT). Also discussed are longer term prospects of MS in the
biopharmaceutical field using as an example the unique challenges put forward by the emer-
gence of personalized medicine.

9.1 The emerging role of mass spectrometry in process
analytical technology

The PAT initiative aims at encouraging the drug manufacturers to incorporate modern
analytical tools into both production and quality control [1]. FDA considers PAT as “a
system for designing, analyzing, and controlling manufacturing through timely meas-
urements (i.e., during processing) of critical quality and performance attributes of
raw and in-process materials and processes, with the goal of ensuring final product
quality.”1 The FDA‘s Guidance for Industry on PAT2 further clarifies that the goal of
this initiative is to “enhance understanding and control the manufacturing process,
which is consistent with our current drug quality system: quality cannot be tested
into products; it should be built-in or should be by design.” PAT is a holistic concept,
with the term “analytical” being viewed broadly and including chemical, physical,
microbiological, mathematical, and risk analyses integrated together. In practice this
concept is frequently reduced to specific aspects of the real-time process monitoring
(e.g., the use of sensors to monitor pH, dissolved O2, production of CO2, and key me-
tabolites) and data processing using the tools of multivariate modeling. However,
more complex analyses, such as impurity testing or glycan profiling of recombinant
proteins, are typically carried out off-line.

While the appropriateness of a particular analytical method for PAT is determined
by the length of the analysis time, not all PAT-compatible analyses have to be carried
in-line or even online. Indeed, a typical duration of a number of steps in the biophar-
maceutical production/formulation process (Figure 9.1) exceeds 10 h, and the appro-
priate decision time intervals could exceed 1 h. For example, a typical mammalian cell
culture production time frame is 240 h, with a typical decision time of 10 h, while these
numbers for the formulation stage are 6 and 0.5 h, respectively [2]. The critically impor-
tant parameter is the decision time/analysis time (td/ta) ratio [2], which actually
determines how useful the results of a particular analysis would be vis-à-vis timely

1 https://www.fda.gov/media/71012/download
2 ibid.

https://doi.org/10.1515/9783110546187-009
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decision-making. It appears that many MS-based assays would provide favorable
td/ta ratios (≫1), even if carried out at-line as opposed to in-line or online formats.

For example, glycosylation profile is one of the quality attributes that is tested dur-
ing the mammalian cell culture production step, and it is typically accomplished by
means of standard oligosaccharide profiling (an hour-long assay resulting in a td/ta
ratio of 10). MS analysis of the released glycans is fast and can be carried out in a quan-
titative format using isotopically labeled derivatizing agents (such as 13C-labeled an-
thranilic acid), and has been already employed successfully to achieve better process
control for production of recombinant proteins in mammalian cell culture (Figure 9.2)
[3]. The major bottleneck of this method is the enzymatic deglycosylation step (which is
typically accomplished over a period of several hours). Therefore, a streamlined proto-
col to assess glycosylation profiles based on the intact mass analysis would provide sig-
nificant time savings and offer better compatibility with PAT requirements. In addition,
intact mass measurements of the disulfide-reduced recombinant proteins allow multi-
ple attributes to be monitored, which in the case of mAb products include not only the
N-glycosylation profile of the heavy chain, but also identity and glycation status of the
light chain, as well as the presence of aglycosylated heavy chains (which are not de-
tected in both standard and MS-based glycan release assays) [4]. The disulfide reduc-
tion step prior to the LC-MS intact mass measurements takes only 15 min and has a
minimal impact on the td/ta ratio. Further acceleration of the glycan profiling of large
disulfide-rich glycoproteins can be achieved using the recently introduced cross-path
reactive chromatography (XP-RC)/MS platform [5], where disulfide reduction is carried
inside a chromatographic column. This format allows glycosylation profiles to be

Vial

Shake Flasks

Seed Expansion

Production Bioreactor

Harvest via centrifugation, 
depth filtration and/or 
membrane filtration

Chromatography Column 1 

Viral inactivation

Chromatography Column 2

Viral Filtration 

Chromatography Column 3 

Ultrafiltration/Diafiltration

Bulk filtration 

Drug Product Processing/Filling

Figure 9.1: A flow diagram for a typical production process of a protein therapeutic (after Rathore
et al. [2]).
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evaluated within the protein subunits that become metastable following disulfide re-
duction and would be difficult to analyze using conventional MS-based approaches
(Figure 9.3).

Higher order structure of recombinant proteins is another CQA that can be
monitored within the PAT format using MS tools [7]. For example, HDX MS-based
evaluation of the integrity of the protein conformation discussed in detail in Cha-
pter 4 can be implemented in fast formats that allow the entire measurement cycle
to be completed within half-an-hour. This time frame corresponds to a favorable
td/ta = 4 (a typical decision time for the downstream refolding step is 2 h [2]). An-
other attribute that is closely related to the higher order structure of cysteine-
rich recombinant proteins is the fidelity of their disulfide linkage patterns. While
the complete and definitive disulfide mapping is a time-consuming exercise (see
Chapter 3 for more detail), there are fast MS-based methods that can be used to
assess certain aspects of the disulfide connectivity patterns. For example, the re-
cent introduction of wide-pore UHPLC columns enabled development of UHPLC-MS
methods allowing free thiol variants of a recombinant protein (mAb) to be identified.
The chromatographic step is completed within five minutes [8], which certainly
makes this method compatible with the PAT format. The presence of multiple protein
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Figure 9.2: A negative ion MALDI‐TOF mass spectrum of glycans released from lysates of a cell line
at two different time points and mixed at a 1:1 ratio. The two groups of glycans were labeled with
12C7 anthranilic acid and 13C7 anthranilic acid, respectively, prior to MS analysis. The 13C7:

12C7
signal ratios are displayed for each of the most abundant glycan types. Adapted with permission
from Tep et al. [3].
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isomers differing from each other in their disulfide connectivity patterns can be
detected by monitoring protein ion charge state distributions in ESI mass spectra
and collisional cross sections in IM-MS acquired under denaturing conditions
(an approach similar to that described in Chapter 5 in the context of the biosimi-
larity studies). This approach appears to be sufficiently robust and fast, making it
compatible with PAT requirements and enabling its use as a means of monitoring the
progress of oxidative refolding of recombinant proteins during the downstream proc-
essing [9].

One technique that is poised to become an indispensable tool in PAT armamen-
tarium despite being underutilized at the moment is native SEC-MS [10]. It allows
the protein higher order structure integrity to be evaluated based on the appearance
of the ionic charge state distributions (see Chapter 4 for a detailed discussion), and
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Figure 9.3: The online mass spectrum averaged across a 10.5–11.5 min time window of the XP-
RC/MS chromatogram of haptoglobin (elution of the H-chain). The inset shows a zoomed view of
the ionic signal at charge state +11. The base peaks in the distribution shown in the inset
(identified with the dotted lines) correspond to a-fucosylated glycoforms. The red triangles identify
glycoforms that are related to the base peaks by addition of fucose residues (the number of
triangles indicates the extent of fucosylation). The dotted purple arrows identify glycoforms related
to the base peaks by a loss of sialic acid residues; fucosylation of such species is indicated with
red arrows. Adapted with permission from Yang et al. [6].
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the analysis can be completed within 10–20 min. Utilization of SEC as a front-end
separation technique not only solves the ESI solvent compatibility issues, but in
fact enables multi-attribute analysis (e.g., detection of size variants and soluble ag-
gregates). Lastly, wider utilization of the MS-based OMICS tools in characterization
of both metabolic profiles [11] and proteomes [12] of production cell cultures is likely
to be the key for optimization of their performance and achieving superior charac-
teristics of the recombinant proteins.

9.2 Mass spectrometry in personalized medicine

Another emerging and exciting area where MS will undoubtedly play a pivotal role
is the design and production of biopharmaceutical products to meet the needs of
personalized medicine. MS already lends itself as a powerful tool to facilitate critical
advances at the interface of biotechnology and personalized medicine, such as iden-
tification of the pericyte secretome components that can be used as templates for
the design of neuroregeneration medicines [13]. Personalized peptide vaccines are
another area where MS will undoubtedly play a decisive role by allowing the struc-
ture of tumor-associated peptides to be determined to enable discovery and devel-
opment of patient-tailored neoepitopes [14, 15]. Although a detailed discussion of
the recent developments in this field goes beyond the scope of this book, this is un-
doubtedly an area to be watched very closely in the coming years. Lastly, cell-based
therapies are another exciting example of personalized medicine, where the pa-
tient’s own body is used as a reservoir of therapeutic agents. As has been already
mentioned in Chapter 8 of this book, MS has a tremendous potential vis-à-vis ad-
dressing a range of analytical needs of cell-based therapies, and is likely to enjoy a
growing popularity in this field.

In our opinion, nearly all biopharmaceuticals will become an integral part of
personalized medicine simply because all medicine will be personalized. We envi-
sion a combination of OMICs screens (mostly genomic, but also proteomic and me-
tabolomic) applied to healthy individuals on a regular basis to identify potential
risks prior to the disease onset (Figure 9.4). Obviously, this (especially the proteo-
mic and metabolomic screens) cannot be accomplished without using MS; novel ap-
proaches to data analysis based on artificial intelligence (AI) are likely to be needed
to process these vast data arrays to not only identify credible individual susceptibil-
ity risks for specific diseases, but also quantify them. The tools of systems biology
would then be used to identify optimal prophylactic agents designed to prevent the
disease onset. It might also be possible at this stage to identify theranostic agents to be
used as highly specific and reliable reporters of the disease onset. A similar approach
could be envisioned for each step of the disease development/progression aiming at
achieving the optimal therapeutic outcome with minimal intervention/maximum com-
fort for the patient (Figure 9.4). Obviously, the specific therapeutic objectives, as well
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as the biomarker screens applied, would be specific to each stage, but one thing all of
them will undoubtedly have in common is the highest level of integration of powerful
MS-based methods to obtain comprehensive biomarker datasets and AI tools to process
these vast data arrays. Both therapeutics and theranostics are likely to be produced
using biotechnological tools, as this route offers the highest flexibility and versatility,
can be implemented on a variety of scales to meet the needs of an individual patient,
and may be executed within a short time frame. The latter would be particularly impor-
tant at the advanced disease stages, where the therapeutic intervention window is typi-
cally very narrow. MS is bound to become an indispensable part of personalized
medicine, acting both as a critical diagnostic tool at the earliest point of the informa-
tion flow, and as a terminal QC checkpoint allowing rapid yet reliable assessments to
be made not only for the quality of the made-on-demand medicines, but indeed for
the success of the entire therapeutic strategy.
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mobile phase additive 196–197
molecular modeling 129
molecular weight 54, 217
molecular weight cutoff 174
monoclonal antibody 4–5, 6, 24, 105, 202
monocyte activation test 175
monoisotopic mass 12, 15, 38, 69, 79,

84, 86, 150
monoisotopic peak 13–15, 38
monoisotopic species 12
monomethyl auristatin E 202
most abundant mass 15
MRM 28, 190, See multiple reaction monitoring
mRNA vaccine 233–234
MS/MS 18, 22–25, 28, 44–46, 49–50, 52, 65,

71–74, 81, 89, 133, 147, 149–150, 191, 212,
221, See tandem mass spectrometry

MS2 7, 11, 28–30, 45, 168, SeeMS/MS
MS3 28
MS-based OMICS 247
MS-based quantitation 169
MS-compatible condition 119
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MSI 202, See mass spectrometry imaging
MSn 28–30, Seemulti-stage tandem MS
multi-attribute analysis 247
multiply charged species 17
multiple charging 11, 17, 19, 21, 86, 103–104,

209, 231
multiple reaction monitoring 28, 189–190
multiplex hybridization 201
multiplexing 183, 202
multi-stage tandem MS 28
multi-unit protein assembly 102
multi-unit protein therapeutic 121, 149
multivariate modeling 243
MWCO 174, See molecular weight cutoff
myeloperoxidase 76

N(CH3)H3CHCl2CO2 120, See methylammonium
dichloroacetate

Na+ adduct 221
NaBD4 79, 82
NaBH4 79, 82, See sodium borohydride
N-acetylation 215
N-acetylglucosamine 53
NAN1 56–57, See α2-3 neuraminidase S
nano-electrospray ionization 22, See

nanospray
Nano-ESI 22, 106, See nanospray
nanomaterial 235
nanomaterials characterization 235
nanomedicine 235
nanomedicine characterization 235
nanometer-sized particle 235
nanospray 22, 166
nanospray ESI 166
native conditions 104, 149, 160–161, 165
native conformation 101, 153
native CZE-MS 168
native digestion 173
native HDX MS 213
native IEX-MS 169
native IM-MS 151–152
native LC-MS 117
native mass spectra 121
native mass spectrum 214
native MS 18, 29, 59, 103, 106–108, 110–114,

116–118, 120–123, 153, 161, 163–165,
167–170, 197–199, 213–214, 221–222,
229–231

native SCX-MS 60

native SEC-MS 161, 163, 246
natural killer cell therapy 233
natural product 1–2, 3, 5, 207, 215
near-infrared fluorescent tag 200
near-native conditions 48, 104–105, 168, 173
near-physiological conditions 82
near-UV circular dichroism spectroscopy 152
negative ion CAD 64–65
negative ion electron transfer dissociation 221
negative ion mode 17–18, 20–21, 24, 56, 63,

208–209
neo-epitope 101
NETD 221, See negative ion electron transfer

dissociation
neuroregeneration medicine 247
neutral loss 46, 79
N-glycan 53–57, 61, 78, 131
N-glycan structure 55–56, 80
N-glycopeptide 61
N-glycosylation 52–54, 58, 89, 161, 223, 226
N-glycosylation profile 244
N-glycosylation site 57–58, 78
NISTmAb 59–60, 129, 166, 197
2-nitro-5-thiobenzoic acid 50
N-linked glycosylation 53
NMR 101
nominal mass 12
non-consensus site 58
non-covalent aggregate 160–161, 165
non-covalent assembly 105–106, 120–121, 165
non-covalent association 107, 214
non-covalent complex 113–114, 120–121, 221
non-covalent interaction 5, 213
non-covalent intramolecular interactions 5
non-covalent protein aggregate 165
non-enzymatic backbone cleavage 83
non-enzymatic glycation 78
non-enzymatic modification 159
non-enzymatic PTM 52, 67, 69–70, 74, 78, 82,

88, 149, 165
non-globular protein 116
nonhuman mammalian cell 53
nonhuman monosaccharide 53
non-immunogenic HCP 172
non-native conformation 62, 104
non-native external disulfide 62
nonpathogenic parvovirus 223
non-reducing condition 46, 62, 147, 151
non-specific protease 40
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non-specific protein association 165
nonstructural protein 223
non-volatile buffer 120, 218
non-volatile electrolyte 120
non-volatile leachable 178
non-volatile salt 218
norharmane 217
novel therapeutic property 84
N-sulfation 215
N-terminal acetylation 223
N-terminal Asp-N peptide 226
N-terminal glutamic acid 82
N-terminal glutamine 82
N-terminal heterogeneity 192
N-terminal peptide 83
N-terminal primary amine 88
N-terminal proteolytic fragment 223, 227
N-terminal tryptic peptide 226
nucleic acid conformation 212
nucleic acid–based drug 207
nucleic acid–based medicine 2, 207
nucleophilic addition 77
nutrient 69

18O-enriched buffer 68
18O-enriched hydrogen peroxide 77
18O-enriched solution 74–75
18O-enriched water 58, 69, 73, 189
18O-labeled C-terminus 73
18O-labeled iodoacetic acid 66, 189
18O-labeled peptide 74
18O-labeled internal standard 186
18O-labeling 69, 74, 77, 227
O-deacylation 175
Office of Tissues and Advanced Therapies 223
off-line fractionation 163, 166, 168
off-target binding-induced toxicity 200
O-glycan 53–54, 61, 78
N-glycan structure 54
O-glycopeptide 61
O-glycosylated protein 62
O-glycosylation 131
O-glycosylation site 78
OH· radical 133
oligomer 110
oligomerization 107
oligomerization state 114
oligonucleotide complex 214

oligonucleotide drug 213
oligonucleotide HDX MS 212
oligonucleotide non-covalent complex 213
oligonucleotide sequence 212
oligonucleotide (-based) therapeutic/

medicine 2, 26, 207, 212
oligonucleotide-binding interface 214
oligosaccharide profiling 244
O-linked glycan 39
OMICs 247
online reduction of disulfide bond 64
on-tissue enzymatic digestion 202
16O/18O exchange 187
optical spectroscopy 102, 147, 227
Orbitrap 31–32, 38, 40, 62, 170
organic leachable 177
original biopharmaceutical product 146
originator 146, 148–150
orthogonal-action protease 65
O-sulfation 215
OTF 57, See α1-2,4,6 fucosidase O
oversulfated chondroitin sulfate 215
oxidant 74, 76
oxidation 5, 46, 54, 67, 69, 74, 76–77, 84, 105,

126, 133, 228
oxidation of methionine (Met) 46, 77
oxidation pathway 76
oxidative damage 77
oxidative degradation 79
oxidative stress 77, 104
oxidized peptide 76

P. gingivalis 48
partial genome 231
partial reduction 67, 89
partial reduction of disulfide bond 64
partial unfolding 103–105, 111, 122
partially unfolded form 111
particle size distribution 235
PAT 135, 243–245, See process analytical

technology
PAT-compatible analyses 243
pathogen 174
pathogen detection 175
pathogen testing 174
payload 84, 89, 91, 107, 227, 231
payload fragment 89
payload protein 91
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PCR 173–174
PD 1, 67, 146, See pharmacodynamics
PEG chain polydispersity 85
pegaptanib 208
PEG-IFNβ 85, See PEGylated interferon-β
PEGylation 1, 51, 84–86, 111–127
PEGylation site 85–88
pepsin 125, 131
peptic fragment 125–128, 131
peptide backbone fragmentation 79
peptide ion fragmentation 40, 42, 86, 88–130
peptide mapping 39–40, 42–48, 62, 65, 68,

73, 77, 79, 83, 86, 89, 147, 149, 151, 166,
168, 223

peptide separation 132
peptide sequence 74
pericyte secretome 247
peroxidase-catalyzed mechanism 77
peroxide 76
personalized medicine 247–249
personalized peptide vaccine 247
PGC 44, See porous graphitic carbon column
pGlu 82, See pyroglutamate
pH gradient 166
pharmacodynamics 1, 135
pharmacokinetics 5, 53, 67, 84, 135,

160, 183
Phase I clinical trial 7
Phase II clinical trial 7
Phase III clinical trial 7, 147
phosphorylation 228
photolysis 133
photo-stress 165
physical stimuli 69
physiological ionic strength 104
PK 67, 146, 183, 185, 192, 200, See

pharmacokinetics
PLEX-ID 174
PNGase A 131
PNGase F 55, 57, 66, 194
PNGase H+ 131
polyclonal antibody 172
polyethylene glycol 84, 177
polymer 177
polyoxyethylene-sorbitan-20 mono-oleate 178
polypeptide sequence 86
polysaccharide 2
polysaccharide antigen 3
polysorbate 20 172

polysorbate 80 178, See polyoxyethylene-
sor-bitan-20 mono-oleate

porcine-derived medicinal heparin 215
porous graphitic carbon column 44, 58
positional isomer 56, 84
positive ion mode 18, 20–21, 24, 209
post-column splitting 166
post-production PTM 191
post-translational modification 5, 37, 51, 66, 159
potency 5, 7, 101
pre-change product 145
preclinical evaluation 147
precursor ion 72, 86, 221–222
preparation-induced artifact 73
preparation-induced oxidation 77
pre-peptide 189
primary structure 37, 47–48, 47, 79, 113, 229
process analytical technology 135, 243
process consistency 51, 67
process development 210
process-related impurity 159, 172
product consistency 51, 67
product heterogeneity 168
product-related impurity 159, 172
product-related substance 159
product-related variant 159
prophylactic agent 247
protease 42–43, 46–48, 125, 130, 172, 227
protein aggregation 62, 107, 111, 129, 135,

160–161, 164–165, 177
protein backbone clipping 227
protein biopharmaceutical 37, 51, 53–55,

57–58, 61–62, 64–67, 69–70, 74, 159–161,
164–166, 168, 172

protein carryover 198
protein conformation 101, 104, 110, 116, 122
protein conjugate 166
protein deamidation 74
protein denaturation 103, 113, 120
protein digestion 46, 58, 73, 125, 187, 191
protein drug/therapeutic 2, 5, 26, 37–39, 42,

48, 50, 58, 61, 67, 69–70, 73, 76–77, 79,
83–84, 88, 101–102, 104–108, 110, 114,
116, 118, 121–123, 126–129, 131–133, 135,
145, 165, 172–174, 177–178, 184, 197, 200,
202, 207–208, 217, 223, 244

protein drug biodistribution 202
protein drug/therapeutic formulation 175, 177
protein drug safety 177
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protein glycation 78–79
protein glycosylation 53
protein isoform 84, 227
protein isomer 246
protein modification 51
protein modification database 51
protein oligomer 108–109, 112, 161
protein oxidation 76
protein quality attribute 47
protein quantitation 186, 189–191, 194,

197–199
protein sequencing 220
protein stability 177
protein subunit-based vaccine 233
protein translation 44
protein vector 89
protein/ligand complex 117–118
protein/protein interaction 107, 118, 120,

127–128
protein/small-molecule conjugate 235
protein–drug conjugate 111
protein–polymer conjugate 85–86
proteoform 5, 37–38, 118, 166, 185, 192,

197
proteoform separation 51
proteolysis 65, 78, 86, 125, 132–133, 185–186,

192, 202
proteolytic degradation 47, 84, 130
proteolytic enzyme 39, 83
proteolytic fragment/peptide 40, 57, 59, 66,

77, 86, 129–131, 149
proteome 247
proteomic screen 247
proteomics 8, 43, 45, 175, 183, 185, 233
PrtP proteinase 48, See gingipain K
Pseudomonas 43
PTM 5, 37, 46, 51–54, 67–69, 71, 73, 76–79,

82–83, 86, 89, 118, 147–148, 185,
191–192, 223, 226–227, 229, See post-
translational modification

PTM characterization 70
PTM profile 73
PTM-containing peptide 52
Public Health Service Act 145
purity 5, 7, 67, 83, 147, 155, 161
pyrogen 175
pyrogenic response 175

pyroglutamate 82–83
pyroglutamate formation 83
pyrrolidinone ring 82

QbD 5, 7, See quality by design
QC 51, 168, See quality control
QTPP 5, 7, See quality target product profile
quadrupole (3-D) ion trap 28
quadrupole 18, 27–28, 30–31, 63, 121, See

quadrupole mass filter
quadrupole ion trap 28, See quadrupole (3-D)

ion trap
quadrupole mass filter 27
quadrupole trap 28, See quadrupole (3-D) ion

trap
quality attribute 6, 51, 89, 101, 244
quality by design 5
quality control 51, 101–102, 133, 168,

209, 233
quality target product profile 5
quantitative multiplex imaging 201
quantitative PCR 233
quaternary structure 62, 103, 106–107, 111,

113–114, 229
quick LC 125

R 14 See mass resolution rabbit pyrogen test
175

radical 83
radical scavenger 133
radionuclide 200
rapid DNA sequencing 174
rare-metal-isotope-tagged antibody 201
Rayleigh limit 19
rCD4 69, See CD4 receptor
RCS 76, See reactive chlorine species
reactive chlorine species 76
reactive oxygen species 76
real-time process monitoring 243
receptor binding 127–128
receptor binding interface 84
receptor recognition 84
recombinant factor C assay 175
recombinant human arylsulfatase A 106
recombinant human platelet factor 4 38
red cell aplasia 177
reduced digest 62
reducing agent 50, 64, 125, 131
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reducing condition 147, 149, 151
reducing sugar 78
reduction of disulfide bond 48, 66, 149
reduction of glycated peptide 79
reference product 146, 148, 151
reference sample 148
reflectron 29–30
released N-glycan analysis 55–56
renal clearance 84
reporter ion 74
reporter label 200
resolving power 190–191
reversed-phase chromatography 21, 32, 40, 44,

51, 58, 68, 77, 113, 125, 160, 172, 178, 194,
210, 217, 219, 227

reversed-phase LC-MS 43, 64, 113, 219
reversed-phase solid-phase extraction 191
reverse-genetic mutagenesis 234
reversible unfolding 110
rhASA 106–107, 114–115, See recombinant

human arylsulfatase A
rhAT 109–110
rhPF4 37, See human platelet factor 4
ritonavir 3
Rituximab 189–191
RNA transcription 44
RNA virus 174
ROS 76, See reactive oxygen species
routine release testing 159
RP SPE 191, See reversed-phase solid-phase

extraction
RPLC 80, 160, 169, 194, 198–199, See stable

isotope-labeled
RPLC-MS 165, 169, 193–194, 196–197,

199
RPLC-MS/MS 172
rtPA 69, See Activase

safety 5, 61, 101, 129, 135, 215
safety profile 53, 61, 69, 78, 84, 159, 177
safety testing 175
salt bridge 120
salt gradient 166
salt-mediated pH gradient 166
sample processing-induced PTM 46
sanitizing agent 69
SARS-CoV-2 232
scDNA genome 234
Schiff base 78

scrambled disulfide bonds 64
scrambled disulfide species 65
SCX 59, See strong cation exchange
SDS-PAGE 67
SEC 48, 65, 85, 102, 108–109, 113–114, 116,

147, 160–161, 163–165, 169, 198, 217, 221,
247, See size-exclusion chromatography

SEC-MS 114–116, 118, 217, 220
secondary enzymatic digestion 42
secondary structure analysis 117, 152
SECUV 114, See in-source decay 22
selected reaction monitoring 27, 212
selective protease 57
sequence confirmation 40, 223
sequence coverage 44, 47–48, 50, 131
sequence gap 47
sequence heterogeneity 67
sequence substitution 69
sequence variant 37, 44–46
sequencing 24
sequential domain unfolding 111
serine protease 40, 48, 187
serotype identification 227
Sevenfact 3
sheath liquid 197
shelf life 172
shotgun proteomics 173
sialic acid 54
signature peptide 187
SIL 185, See stable isotope labeling
silicone oil 177
SIL-IS 185, 187, 189–190, 193
similarity 146, 150–151, 153
similarity assessment 152
similarity evaluation 155
similarity study 145, 149, 153
single-cell MS 233
single-ion measurement 231
single-stranded DNA 223, 227
single-stranded genome 224
singly charged ion 37, 86, 208, 217, 231
site-specific modification 168
site-specific oxidation 76
size heterogeneity 160
size variant 129, 159–161, 163, 247
size-based separation 160–161
size-exclusion chromatography 102, 113, 160
size-variant characterization 169
slow exchange condition 123, 125, 129–131
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slow-heating 214
small-molecule drug conjugation 127
small-molecule endotoxin marker 175
small-molecule imaging 202
small-molecule ligand 118
sodium borohydride 79
solid dosage 4
solid-phase extraction 123
solid-state HDX MS 129
solubility 89
soluble (protein) aggregate 108, 177, 247
solution-phase conformation 116
solvent accessibility/exposure 67, 102, 132
solvent extraction 177
solvent-accessible surface area 103, 231
space-charge effect 28–31
spatial resolution 130
SPE 191
SPG 56, See β1-4 galactosidase S
Sputnik V 4
SRM 27–28, See selected reaction monitoring
stability 61, 71, 76, 110, 123, 210
stability profile 53, 78
stable isotope labeling 79, 185
stable isotope-labeled antibody 195
stable isotope-labeled internal standard 194
stable isotope-labeled iodoacetamide 189
stable isotope-labeled mass tag 189
stable isotope-labeled reagent 66, 189
stable isotope-labeled synthetic peptide 187
stable oligomer 115
stationary phase 113, 161
stoichiometry 89, 227
stress condition 51, 67, 76, 77
stress oxidation 105
stressed biopharmaceutical 65
stressed vaccine component 113
stress-induced deamidation 72
stress-oxidized form 106
stress-related PTM 104–105, 107, 126
strong anion exchange 221
strong cation exchange chromatography

59, 167
structural analysis 101, 153, 212
structural comparability 103
structural fluctuation 122
structural heterogeneity 5, 51, 84, 111, 175, 192,

215, 217, 221, 229

structural isomer 56
structural modification 210–211
structural perturbation 133
structural variability 220
structure of lyophilized protein 129
structure of the glycan 55
sub-zero temperature chromatography 153
succinimide intermediate 70, 74
succinimide modification 74
succinimide pathway 73
sulfate shedding 217, 221
sulfation 217, 219
super-charging 199
surface charge 168
surrogate for protein quantitation 187, 190
surrogate peptide-based approach 186–187,

189–192, 199
systemic toxicity 89

tandem mass spectrometry 18, 22–24, 26–28,
30, 56, 58, 61, 64–65, 69, 78–79, 150,
210–221, 226

tandem-in-space 28
tandem-in-time 28
targeted quantitation 185
TBA 214, See thrombin-binding aptamer
T-cell receptor therapy 233
T-cell response 234
TCEP 46, 64, 125, 131
TCEP-induced chemical degradation 46
TEA 62, 86, See trimethylamine
Tecartus 3
temperature spike 69
temperature-controlled ESI MS 110–111
tertiary structure 61, 102, 152
tetanus toxoid 3
Tf 127–128, See transferrin
Tf receptor 128
TFA 196–197, 227, See trifluoroacetic acid
TfR 127–128, See transferrin
receptor theranostic agent 247
theranostics 249
therapeutic mAb 44, 51, 53–54, 67, 69, 119,

160–161, 165, 173, 194, 198
therapeutic oligonucleotide 207–208,

212–214
therapeutic protein 3, 5, 44, 53, 55, 65, 67, 69,

111, 127, 131, 166, 187, 199

268 Index



therapeutic transgene 224
thermal stability 110
thiuram disulfide 177
thrombin 214
thrombin-binding aptamer 214
thyroxine 2
thyroxine analog T2 117
TIC 41, 72, 115, 162, 167, 170, 219, See total ion

chromatogram
total ion current chromatogram 80
time-of-flight 17, 27, 29
time‐resolved ESI H/D exchange MS 153
t-ITP 197, See capillary isotachophoresis
TK 183, See toxicokinetic
TOF 16–17, 19, 29–32, 37–38, 85, 190, See

time-of-flight
TOF/TOF 30, 190
top-down analysis 24, 47–48, 50–51, 71, 73,

86–88, 130, 168, 202
top-down fragmentation 214
top-down HDX MS 130–131, 153
top-down intact mass workflow 199
total ion chromatogram 150, 167, 186,

219
toxicokinetic 183
transcriptional regulation 223
transcytosis 107
transferrin 63, 89, 127–128, 186, 189
transferrin/diphtheria toxin conjugate 91
transgene sequence 232
transient capillary isotachophoresis/capillary

zone electrophoresis 197
transient protein/protein interaction 118
transient unfolding 105, 122
transition metal 69, 76, 83
TransMID 91
trastuzumab 152
TRESI-HDX-MS 153, See time-resolved ESI H/D

exchange MS
triethylamine 61
trifluoroacetic acid 196, 227
trimethylamine 86, 210
trimethylammonium acetate 213
triple quadrupole 27–28, 190
tripropyl ammonium acetate 219
trisulfide bond 52, 67
tRNA 210 See also transport RNA
trypsin 40, 42, 44, 47, 66, 73–74, 187, 190
trypsin-catalyzed 18O-labeling 73

tryptic digestion 40–41, 63, 68–69, 73, 77,
150, 173, 186, 190

tryptic fragment 173, 186, 189, 192
tryptic peptide 40, 44, 150, 172
tryptic peptide map 40, 150
tryptophan oxidation 52, 77
tumor infiltrating lymphocyte 233
Tween 80 178 See polyoxyethylene-sorbitan-20

mono-oleate

UHPLC 245, See ultra-performance LC
UHPLC-MS 245
ultra-performance LC 45
ultraviolet photodissociation 23, 50, 130, 221
undesired biological activity 172
unfolding 111, 122
UNIMOD 51
UPLC 45, See ultra-performance LC
urea 43, 125
UV absorbance 108
UV detection 108, 114
UV irradiation 69
UVPD 23, 50, 65, 214, 221, See ultra-violet

photo-dissociation

vaccine 1, 3, 174, 233–235
vaccine component 111
validation characteristics 7
variant peptide 45–46
vector genome 232
vector payload 91
velaglucerase 106, See acid-β-

glucocerebrosidase
v-ion 23
viral antigen 234
viral assay 174
viral capsid 229
viral capsid protein 223
viral contamination 172, 174, 178
viral detection 175
viral ITR 224
viral particle 2, 226–227, 229, 231, 234
viral particle characterization 226
viral peptide 234
viral protein 234
viral replication 223
viral vector 222, 234
virion assembly 223
virus tissue tropism 223
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virus vectored vaccine 233
virus-like particle 234
virus-like particle vaccine 233
virus-vectored 234
virus-vectored vaccine 233
visible irradiation 69
volatile electrolyte 118
VP 226–227
VP1 223, 226–227, 229
VP2 223, 226, 229
VP3 223, 226, 229
VPRIV 104, 106, See acid-β-glucocerebrosidase

wide-pore amide-bonded column 161
W-ion 23

XIC 41, 50
x-ion 23, See x-type of fragment ion
XP-RC 48–50, 244, See cross-path reactive

chromatography
XP-RC MS 50, 246
X-ray crystallography 101–102, 127
x-type of fragment ion 23

y-ion 23, 49, 64, 73, See y-type of fragment ion

y-type of fragment ion 23

z-type of fragment ion 23, 81
Zolgensma 3
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