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Abstract

Higher order structure of protein therapeutics is an important quality attribute, which dictates both
potency and safety. While modern experimental biophysics offers an impressive arsenal of state-
of-the-art tools that can be used for the characterization of higher order structure, many of them
are poorly suited for the characterization of biopharmaceutical products. As a result, these
analyses were traditionally carried out using classical techniques that provide relatively low
information content. Over the past decade, mass spectrometry made a dramatic debut in this field,
enabling the characterization of higher order structure of biopharmaceuticals as complex as
monoclonal antibodies at a level of detail that was previously unattainable. At present, mass
spectrometry is an integral part of the analytical toolbox across the industry, which is critical not
only for quality control efforts, but also for discovery and development.

Introduction:

Higher order structure as a critical quality attribute of protein therapeutics

Higher order structure of a protein therapeutic is an important determinant of its function,
and a loss of native conformation even within a small subset of molecules has a negative
impact on its potency. Perhaps even more important is the safety aspect associated with the
integrity of higher order structure, as even a relatively small-scale loss of structure may
expose neo-epitopes that can trigger an immune response to the protein drug. The integrity
of higher order structure may be compromised at any stage during the product’s life cycle
from production to formulation to storage to administration, necessitating the need for
robust, sensitive and highly reliable methods to monitor the conformational integrity of
biopharmaceutical products. While modern experimental biophysics offers an impressive
arsenal of state-of-the-art tools that can be used for elucidating intimate details of protein
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higher order structure, many of them are poorly suited for the characterization of
biopharmaceutical products. For example, high-resolution NMR still suffers from rather
unforgiving molecular weight limitations which place detailed structural analysis of most
protein therapeutics with natural isotopic abundance outside of its reach, limiting the scope
of NMR in biopharmaceutical analysis to fingerprinting [1, 2]. The length of the typical
high-resolution NMR analysis, as well as high material quantity requirements are two other
important factor limiting the application of this technique in the field of biopharmaceutical
analysis. 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, analytical ultracentrifugation, calorimetry and size exclusion chromatography [3].
While being robust and free of molecular weight limitations, these techniques rarely provide
detailed structural information.

Mass spectrometry (MS) has been an indispensable tool for covalent structure analysis of
recombinant proteins from the early days of biotechnology, enabling the analysis of both
amino acid sequence [4] and post-translational modifications (PTMs), including tasks as
challenging as glycan analysis [5] and disulfide mapping [6]. Above and beyond being an
excellent tool for characterization of covalent structure of recombinant proteins and their
derivatives at a variety of levels, MS has the capability to provide information on higher
order structure [7, 8]. Therefore, it is not surprising that both academic laboratories and the
key stake holders in industry were keen on evaluating the capabilities of MS vis-a-vis
characterization of the higher order structure of biopharmaceutical products as early as
mid-1990s [9], with the first reports of successful use of MS for these tasks published in the
following decade [10, 11]. In the years since the publication of these initial reports, MS was
demonstrated to be a robust and reliable tool capable of characterizing 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, which not only proved critical
for quality control efforts, but is also indispensable at the discovery and development stages.
In fact, the majority of regulatory filings in the field of biopharmaceuticals are now
supported by MS-based characterization of the higher order structure.

Use of native MS in higher order structure characterization

The advent of electrospray ionization (ESI) MS [12, 13] provided an opportunity to obtain
mass spectra of intact macromolecules directly from solution with minimal distortion of
their structure. While the initial enthusiasm was understandably focused on the ability to
measure masses of intact polypeptides, nucleic acids and polysaccharides, it was soon
recognized that the gentle nature of ESI MS allows in many cases the higher order structure
of these biopolymers to be preserved as well [14, 15], giving rise to a technique which is
now known as “native MS.” This section examines in detail various aspects of the higher
order structure of protein therapeutics that can be probed using this approach.

Protein ion charge state distributions: conformational integrity of monomeric
proteins.—ESI as an ionization method for macromolecular analytes is unique in that it
generates multiply charged ions, and the extent of multiple charging is determined by the
physical dimensions of the biopolymer in solution [16] (with its solvent-accessible surface
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area having particularly strong correlation with the average ionic charge in ESI MS [17]).
Since even partial unfolding in solution results in a significant increase of the hydrodynamic
radius of the protein, a loss of conformational integrity is reflected in protein charge state
distributions [18]. An example is shown in Figure 1, where a mass spectrum of a monoclonal
antibody (mAb) acquired under near-native conditions in solution (physiological pH and
ionic strength, no organic co-solvent) exhibits a narrow distribution of charge states (+26
through +30) in the high-m/z range, while the very same protein gives rise to a dramatically
different ionic signal (charge states > +50) when placed in a strongly denaturing solution
(low pH/low ionic strength and 50% of organic co-solvent by volume). It is possible in many
cases to obtain more nuanced information on protein conformations from the charge state
distributions, as suggested by the appearance of the mAb mass spectrum acquired under
mildly denaturing conditions (pH 3.0, physiological ionic strength, see the black trace in
Figure 1). A subset of ions in this distribution (m/z > 5,000) clearly resembles the mass
spectrum acquired under native conditions, and likely represents 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/zregion is heterogeneous, and contains sub-populations with different
conformations. All these states retain a significant amount of residual structure, as the extent
of multiple charging displayed by these ions is still lower compared to that of mAb ions
generated under strongly denaturing conditions in solution.

An important 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 mass difference. For example, the mass spectra shown in
Figure 1 reveal the presence of multiple mAb glycoforms, including a glycan-free species
(labeled with circles in Figure 1). The charge state distribution of the a-glycosylated (glycan-
free) mAD 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
missing glycan does not result in a loss of the higher order structure. Alteration of the
appearance of the charge state distributions in the mass spectra of protein therapeutics
triggered by stress-related PTMs can be used to determine whether a particular modification
of the covalent structure compromises the protein conformation [10, 19].

Quaternary assemblies of multi-unit proteins and interactions of protein drugs
with therapeutic targets and physiological partners.—A unique feature of native
MS is its ability to preserve a large variety of non-covalent assemblies of proteins and other
biopolymers. Above and beyond the characterization of multi-unit protein therapeutics (for
which the integrity of the non-covalent quaternary assemblies can be evaluated under a
variety of conditions [20]), native MS provides clear advantages in the studies of protein
drug interactions with its therapeutic targets and physiological partners [21]. Continuous
improvements in MS hardware have allowed meaningful measurements to be made for
therapeutically relevant assemblies exceeding 1 MDa, such as mAb/antigen complexes
associated with complement component C1 [22, 23]. However, it must be remembered that
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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 hydrophobic forces become highly unstable in the absence
of solvent, which in most cases causes dissociation of these assemblies in the gas phase.
Fortunately, in the vast majority of cases the gas phase dissociation proceeds via a very
distinct mechanism (asymmetric charge partitioning [24, 25]) which generates an
unambiguous signature in the mass spectrum and allows data misinterpretation to be avoided
[26], although the existence of multiple dissociation pathways may complicate the data
analysis.

An example is shown in Figure 2, where mAb incubation with its antigen (the former
presented in a molar excess) followed by the acquisition of a mass spectrum with native ESI
gives rise to a very weak signal of the antigen/antibody (Ag-1gG) complex on the
background of abundant Ag and 1gG ions. A fraction of the free Ag ions exhibits a
significant extent of multiple charging (7.e., appear at an //zbelow 2,000 in the mass
spectrum shown in Figure 2), which would be typically indicative of gas phase dissociation
proceeding via asymmetric charge state partitioning [26]. At the same time, a significant
population of the antigen ions show a modest extent of multiple charging; this makes it
difficult to conclude whether the low abundance of Ag:1gG ions (and the absence of
Ag,lgG) in the native ESI mass spectrum is due to a low binding affinity in solution or due
to the complex dissociation in the gas phase. In such situations, a combination of size
exclusion chromatography (SEC) with on-line detection by native MS [27, 28] is likely to
provide a reliable answer. In the case of the Ag/lgG interaction, an SEC chromatogram of
the mixture (with UV detection) reveals the presence of two species with retention times
shorter than that of 1gG, consistent with the notion of Ag/IgG binding taking place in
solution. On-line MS detection confirms that Ag is a constituent of both of these species,
which are assigned as Ag-1gG and Ag,lgG complexes (the presence of free Ag ions at early
elution time can be only explained by the dissociation of these complexes in the gas phase).
Free Ag ions are also detected during the elution of a low-abundance, high molecular weight
(early-eluting) species, which may be indicative of the occurrence of Ag aggregation,
although in this case a definitive conclusion can be made only by obtaining information on
the molecular weight of these species using an orthogonal method of analysis, such as light
scattering.

Characterization of highly heterogeneous systems with native MS.—One
problem that is frequently encountered in native MS of protein therapeutics is the significant
extent of structural heterogeneity (e.g., due to extensive glycosylation and/or presence of
other PTMSs), which gives rise to broad, poorly resolved peaks in the mass spectra. In
extreme situations the extent of the peak broadening could be so high that even individual
charge states cannot be discerned from the ionic signal, rendering the native MS data
meaningless. Protein analysis in such cases can be greatly assisted by a recently introduced
technique of limited charge reduction [29]. The use of this technique is illustrated in Figure
3, where a mass spectrum of cross-linked oligomers of an 80 kDa protein (black trace)
shows a near-continuous distribution of ionic signal in the high-m/zregion, which prevents
confident mass assignment based on the native MS data alone. Mass selection of narrow
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ionic populations within this region followed by their charge reduction (induced by allowing
these polycations react with either electrons or small anions in the gas phase) generates
resolved charge state ladders (blue and red) that can be used to determine the ionic masses
with high confidence and identify all protein species in the sample.

While the example shown in Figure 3 illustrates the use of limited charge reduction to
determine masses of covalently linked protein oligomers, it can be readily applied to non-
covalent assemblies of structurally heterogeneous biopolymers as well. For example, a
combination of native ESI MS with limited charge reduction in the gas phase can be used to
study non-covalent assemblies ranging from large (> 0.5 MDa) ordered quaternary
assemblies [20] to small soluble protein aggregates [30]. Limited charge reduction can be
used in the on-line format in combination with either SEC or ion-exchange chromatography
(IXC). This provides additional benefits by allowing simultaneous detection and
characterization of various PTMs (e.g., glycosylation, PEGylation and deamidation) to be
achieved at the whole protein level, as was recently demonstrated for PEGylated interferon
pla[31].

Evaluation of thermal stability of protein therapeutics with temperature-
controlled MS.—A key environmental parameter that affects protein conformation is
temperature, and heat stress is frequently used to assess the stability of protein therapeutics
[32]. Aggregation propensity of mAbs has a strong correlation with their thermal stability
[33], and differential scanning calorimetry (DSC) is frequently used to provide quantitative
data on the latter [3]. Unfortunately, DSC does not provide much information on the
mechanistic aspects of heat-induced conformational 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 [34], various technical issues prevented wide adaptation 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, effectively erasing the memory of all/
most reversible unfolding events. While several approaches can be used to avoid this
problem [35, 36], a great deal of care must be taken to ensure that the measurements are not
affected by the heat loss in the ESI interface (e.g., by obtaining melting curves of well-
studied biopolymers whose reversible unfolding or dissociation had been previously
documented using orthogonal techniques [35]).

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. In this case
glucocerebrosidase (GCase, a protein used in enzyme replacement therapy treatment of
Gaucher disease [37]) displays a narrow charge state distribution in the high /m/zregion
when the protein solution is kept at room temperature, and little changes are evident in the
mass 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 gives
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rise to a dramatic change in the appearance of the ionic signal (see the panel labeled “50 °C”
in Figure 4). The charge state distribution of the GCase ions has a clearly bimodal character
(indicative of partial unfolding in solution), and the prominent ionic signal at /7/z above
4,500 shows the presence of protein dimers and trimers. Further increase of the solution
temperature (from 50 °C 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 continuously increased
(see the panels labeled “60 °C” and “70 °C” in Figure 4). While the value of the melting
temperature of GCase reported by DSC is in agreement with the behavior revealed by the
temperature-controlled ESI MS, 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 temperature. Recent reports
show that temperature-controlled ESI MS can be used to study multi-stage transitions, such
as sequential domain unfolding in mAbs [38].

The role of ion mobility measurements in characterization of protein
therapeutics.—lon mobility (IM) spectroscopy is a sister technique to MS, and can be
used on a stand-alone basis. In IM ions are separated and distinguished from one another
based on the differences in collisional cross-sections. While this information may provide an
important dimension in characterization of biomolecules that is orthogonal to MS, mobility
measurements alone are not sufficient for identification (let alone meaningful
characterization) of biopolymer ions. Consequently, in the field of biomolecular analysis IM
is almost always used in combination with (and in fact is considered to be either an
extension of or a front and for) MS analysis [39]. Above and beyond the ability to separate
isobaric ions based on differences in their shapes in the gas phase, IM measurements allow
collisional cross-sections (CCSs) to be determined. The CCS values of biopolymer ions
reflect their gas-phase conformations, naturally leading to suggestions that the higher order
structure analysis of proteins in general and protein therapeutics in particular should include
IM in its arsenal [40]. However, application of IM-based methods to characterize protein
conformations raises a range of questions (summarized in a recent review [41]), 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 conformations when
relying solely on the CCS values derived from IM measurements [41]. Another potential
caveat in using IM to assess the integrity of native (solution-phase) higher order structures
relates to the fact that these measurements are not sensitive to the secondary structure, and
compactness of protein ions in the gas phase does not guarantee their assuming correct
(native) conformations [41].

In contrast to this mixed record as a conformational analysis tool, IM enjoyed great success
as a means of ion separation in the analysis of complex and heterogeneous systems by

enabling separation that is orthogonal to both MS measurements and conventional LC [41].
Availability of this unique separation dimension also proved very useful in facilitating other
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methods of analysis of highly heterogeneous macromolecular medicines, such as limited
charge reduction (vide supra), allowing the scope of the latter technique to be dramatically
expanded to include macromolecules as heterogeneous as heparin [42, 43]. IM-MS has also
been shown to provide a significant benefit vis-a-vis monitoring transitions occurring within
monoclonal antibodies upon their thermal denaturation in solution [44].

Hydrogen/deuterium exchange to characterize higher order structure and
dynamics of therapeutic proteins—While native ESI MS is a powerful technique that
can be used very effectively as a means of detecting an offset of protein unfolding/
aggregation, as well as monitoring the interactions of protein drugs with their physiological
partners and therapeutic targets, it usually provides little structural information (e.g., what
segments of the protein are affected by unfolding processes or participate in ligand binding).
Answers to these questions can be provided in many cases by hydrogen/deuterium exchange
(HDX) with MS detection. HDX as a biophysical technique has a long history, which long
predates the advent of biological MS (as reviewed by Englander [45]). Another important
advantage of HDX MS is its tolerance to a range of solvent systems that cannot be used in
native ESI MS measurements (the latter are routinely carried out using volatile electrolyte
systems). This allows the protein behavior to be studied under conditions that mimic either
the physiological environment or the drug formulation very closely. If executed properly,
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 [10] this technique had become widely
adopted in the biopharmaceutical industry and is now routinely used not only in exploratory
studies [46], but also in filings with regulatory agencies [47].

Global HDX MS measurements to monitor conformational integrity of protein
therapeutics.—In HDX MS experiments the protein higher order structure is probed by
measuring the exchange rates 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 dynamic
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 appropriately buffered D,0O, and 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 (Figure 5). Such conditions result in a dramatic deceleration of the
exchange reactions of the backbone amide hydrogen atoms with the solvent, while the
exchange rate for other labile hydrogen atoms remains relatively high. As a result, the
isotope labels 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 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 residue and all proline
residues. Since each individual exchange event (substitution of hydrogen with deuterium)
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 acquired an isotopic label prior to the quench step.
Measuring the protein mass increase as a function of the time interval between the dilution
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step (initiation of the HDX reactions) and the quench step allows the kinetics of the
exchange reactions to be followed at the intact protein level (see the “Global HDX” box in
Figure 5). 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 [10].

Site-specific HDX MS measurements to identify instability hot-spots and
binding interfaces.—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 polypeptide
backbone to be determined by carrying out proteolysis prior to MS analysis (see the “Local
HDX” box in Figure 5). Pepsin is one of a handful of proteases that is active within the pH
range 2.5-3.0, and is most commonly used to probe backbone amide protection following
the quench of the exchange reactions [45, 48]. 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”). 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. The need to maintain the slow-exchange conditions during the disulfide reduction
places significant restrictions on the available repertoire of the reducing agents (with TCEP
being the most common reagent used in such applications [49]). The proteolysis efficiency
can also be enhanced by a judicial use of strong chaotropes, such as guanidinium chloride.
Elimination of all ESI-incompatible components from the protein digest solution prior to the
MS analysis is usually achieved during a quick LC separation step with on-line MS analysis
of the deuterium content of all produced peptic fragments [50].

An example of using HDX MS to localize unstable elements within a protein is shown in
Figure 6. Here the evolution of the isotopic distribution of a peptic fragment (88-102)
derived from intact (unmodified) interferon Bla 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 6). 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 affected, but the presence of even a
small number of such instability hot spots results in a significant increase of the aggregation
propensity [51].

In the example considered in the preceding paragraph, the covalent modification was
introduced intentionally and targeted a specific amino acid residue within the protein.
However, this strategy can be also applied to detect/localize the instability regions that arise
due to stress-related non-enzymatic PTMs targeting multiple sites within the protein, such as
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oxidation [19]. Above and beyond the detection and localization of instability hotspots,
HDX MS can be used to map binding interfaces for interactions between biopharmaceutical
products as complex as mAbs with their therapeutic targets [52, 53] and physiological
partners [54].

The measurements described in this section produce segment-specific information on
deuterium distribution along the backbone, and it is the length of the proteolytic fragments
that limits the spatial resolution. At least some improvement in the spatial resolution can be
achieved by analyzing the deuterium content of overlapping proteolytic fragments, but the
residue-level resolution remains out of reach for the majority of biopharmaceutical products.
Supplementing the experimental scheme depicted in Figure 5 with the gas-phase
fragmentation of the peptide ions as a means of localizing deuterium atoms is another
strategy that may in some cases reveal the backbone protection patterns at a single residue
level [55, 56]. 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 scrambling during the
ion activation process [57, 58]. 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-a-vis the needs of the biopharmaceutical sector.

Top-down HDX MS: a useful tool in biopharma?—An alternative approach to
obtaining site-specific information on deuterium distribution 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 [59]. Once again, the need to suppress/eliminate
hydrogen scrambling during the ion activation process places a very stringent limitation as
far as the type of ion fragmentation techniques that can be employed in such measurements.
Both electron capture [60] and electron transfer [61] dissociation can be used for this
purpose, as long as any collisional activation of protein ions (which is frequently used to
increase the dissociation yield) is completely avoided. More recently, ultra-violet photo-
dissociation had also been shown to be a viable choice for the top-down HDX MS work
[62].

An example of using top-down HDX MS to generate the protein backbone protection
patterns is shown in Figure 7, where the deuterium content for a set of ¢-ions of varying
length reveals the highly localized regions with elevated flexibility (such as segments (11—
16) and (32-38), which exhibit complete loss of the initial deuterium label upon short
exposure to the H,O-based solvent). This example also highlights a challenge that must be
dealt with when top-down HDX MS is used for characterization of protein higher order
structure and dynamics. A high degree of spatial resolution can only be achieved when
abundant fragment ions corresponding to dissociation of a large number of the N-Ca bonds
can be generated (e.g., the gaps in the histogram in Figure 7 are due to missing c¢-ions).
Since most fragment ions are produced at more than a single charge state, the resulting mass
spectra become very crowded even for proteins of a relatively modest size. The severity of
this problem is illustrated in the right-hand side panel in Figure 7, where an /m/zwindow as
narrow as 1 unit contains contributions from five different fragment ions! Such extreme
spectral crowding places a very stringent requirement on the type of instruments that can be
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used in top-down HDX MS work (mass analyzers with high resolution, such as Fourier
transform ion cyclotron resonance MS and Orbitrap MS). Nevertheless, extensive efforts
invested in this field in the past decade appear to begin bearing fruit, with several reports on
using top-down HDX MS to characterize proteins as large and complex as mAbs now
available [63, 64]. Another recently introduced approach that may solve the spectral
crowding/complexity issue (dubbed “middle-down” HDX MS) takes advantage of the
restricted use of pepsin (known to act specifically on antibodies to separate Fc from Fab
regions) prior to gas phase dissociation of the resulting large proteolytic fragments [65].

Other MS-based methods for higher order structure characterization

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 limitations of HDX is the labile
character of the deuterium label both in the solution phase (where the need to minimize the
back exchange dictates the solution conditions 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.

Chemical labeling and cross-linking: what limits their use in characterization
of biopharmaceutical products?—Chemical labeling [66] and cross-linking [67] are
among the oldest biophysical techniques that remain in continuous use in studies aimed at
characterization of protein (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-a-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
characterization, and in most situations this results in placing multiple labels on a single
protein molecule. However, chemical modification even of a single site within the protein
molecule can result in a significant change of 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 context 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 example presented in Figure 6, where alkylation of a
single residue within interferon fla 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
covalent 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 biopharmaceutical products (and
while the exceptions to that do exist [68], they remain extremely rare). Chemical cross-
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linking is affected by this problem to even a more significant extent, as placing even a single
cross-link within a protein or between two proteins necessarily requires two chemical
modifications. As a result, the use of chemical cross-linking in the biopharmaceutical
analysis also remain rare, although in some instances this technique had been shown to be
useful vis-a-vis complementing information obtained via use of orthogonal techniques, such
as HDX MS [69]. In such situations an argument can be made that once a specific method is
validated using orthogonal (and commonly accepted) means, it can be used routinely even in
the quality control settings.

Characterization of protein higher order structure with FPOP.—While classical
chemical labeling and cross-linking techniques remain largely on the periphery of the efforts
to characterize higher order structure of protein therapeutics, a new labeling approach
introduced by Gross and Hambly in the previous decade [70] gave rise to an experimental
tool that now enjoys unprecedented popularity both in industry and academia. This
technique (termed FPOP, of Fast Photo-Oxidation of Proteins [71]) provides an elegant
solution to the problem that makes the use of chemical labeling unpractical 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 time scale of 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
(despite placing multiple labels on single protein molecule). The labeling is irreversible
(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 significant advantage over
the HDX MS-based methods of the higher order structure analysis, where lability of amide
hydrogen atoms places rather unforgiving restrictions 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
may address this problem at least to some extent [72, 73].

The protein labeling in FPOP is triggered by a very short pulse of an excimer laser; the
wavelength is selected such as to maximize the photolytic production of radicals (e.g., OH’
via photolysis of H,O5, 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 complete elimination of these reactive species almost immediately after
the end of the laser pulse. The duration of the laser pulse (typically < 1077 sec.) 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 artefacts (the laser pulse
frequency and the protein solution flow rate are selected such as to avoid multiple 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 much longer time intervals
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(> 1072 sec.) [74], which would certainly be problematic vis-a-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 [75, 76] to mapping binding
epitopes [52, 77, 78]. FPOP has a potential to tackle a range of other relevant problems,
including assaying protein aggregation [79] and probing ligand-induced conformational
changes [80]; 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 measurements, which frequently
prompts the deployment of integrated FPOP/HDX MS strategies [52, 78, 81]. An orthogonal
approach to controlling the duration of the chemical labeling reactions may utilize a recently
introduced cross-path reactive chromatography (XPRC) platform [82].

Conclusions and outlook

Despite being a relatively recent addition to the experimental toolbox used to characterize
biopharmaceutical products’ higher order structure, MS is now commonly viewed as a
reliable platform capable of addressing the most challenging questions and dealing with very
complex systems. MS-based methods of assessing higher order structure are now routinely
used in characterization of systems as complex as mAbs, and have become increasingly
common in regulatory filings [47]. It will be interesting to see if the great success enjoyed by
MS as a tool for characterizing the higher order structure of protein therapeutics /n vitro
could be translated to /n vivo studies. Indeed, conformational changes suffered by protein
therapeutics post-administration should have significant impact on both efficacy and safety,
but reliable experimental tools capable of detecting and characterizing such events /n 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 /n vivo studies in primitive model organisms
[83] and human cells [84] look particularly promising in this regard). A related field where
mass spectrometry can make significant contributions in the future is process analytical
technology (PAT) [85-87] in the productions of protein therapeutics. This field has been
traditionally dominated by less technologically sophisticated, but rugged methods of
analysis due to the need to carry out measurements on-line (and ideally in-line) in real time
[88]. 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 [89].

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. The potential of native MS to characterize entities
as complex as viral capsids and intact viruses has already been demonstrated [90, 91], and
there is no doubt that the role of mass spectrometry in the field of gene therapy will become
as significant as it is today in the realm of protein therapeutics.
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Highlights

. Higher order structure of protein therapeutics is an important quality attribute,
which determines both potency and safety of these medicines

. A number of the state-of-the-art tools experimental biophysics (e.g., NMR
and X-ray crystallography) are poorly suited for routine analysis and
characterization of biopharmaceutical products

. Mass spectrometry enables characterization of higher order structure of
biopharmaceuticals as complex as monoclonal antibodies at an unprecedented
level of detail, and has already become an integral part of the analytical
toolbox in biopharma
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Figure 1.
Mass spectra of a monoclonal antibody acquired under strongly denaturing (red trace),
mildly denaturing (black trace) and near-native conditions (cyan trace). The inset (a zoomed

view of the latter mass spectrum) shows contributions to the ionic signal form all different
glycoforms of the protein, including the carbohydrate-free form (labeled with a circle).
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Figure 2.
Interaction of a monoclonal antibody with its antigen characterized by SEC/MS and direct

infusion (off-line) native ESI MS (inset). The three traces on the main panel show SEC
elution profiles of Ag (red), mAb (blue) and their mixture at 1:1 molar ratio (purple). The
color-filled curves show extracted ion chromatograms of Ag ions in SEC/MS analysis of Ag
alone (pink) and Ag/mAb mixture (red). While SEC/MS reveals formation of both 2:1 and
1:1 Ag/lgG complexes when the two proteins are mixed at a 1:1 molar ratio, only low-
abundance 1:1 species are detected by native ESI MS in the off-line mode due to facile
dissociation of the complexes in the gas phase. Adapted and used with permission [28].
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Figure 3.
Use of limited charge reduction for identification of cross-linked transferrin oligomers in

native MS. A high degree of structural heterogeneity causes ion peaks at different charge
states to overlap (black trace). Mass selection of narrow ionic populations followed by their
charge reduction via a gas-phase electron transfer from an anion to the protein polycation
generates resolved charge ladders (blue and red) that can be used to identify all protein
species in the sample (transferrin dimers and trimers, respectively).

J Pharm Biomed Anal. Author manuscript; available in PMC 2021 May 30.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Kaltashov et al.

Page 23

1300C

500C

‘ - . e s “- ona -
- « 130 By + 40 ) — 4. 30 14|

Figure 4.

700C

M N AN S SN T AR e

ESI mass spectra of GCase (1 UM 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 GCase monomers; the numbers in parentheses indicate the size
of the protein associations (the number of monomeric units in a single oligomer). Inset at the
top: the DSC profile of GCase (1 M in 20 mM ammonium acetate, pH 4.7) showing a
transition at 49 °C (brown trace); the black trace represents a rerun of the DSC experiment
for the GCase sample that already went through a single cycle of DSC measurements.

Adapted and used with permission [35].
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Figure 5.
A schematic diagram of the workflows for global and local HDX MS measurements.
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Figure 6.
Localization of an instability hotspot within the covalently modified (NEM-alkylated)

interferon pla 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 endpoint 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 and used with permission [51].
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Figure 7.

Left: backbone protection pattern of an 18 kDa protein (retinoic acid transporter) deduced
from the top-down HDX MS/MS measurements (electron transfer dissociation of intact
protein ions). The exchange reactions were initiated by exposing the fully deuterated protein
to 1H,O/CH3CO,N*H, for 5 min. followed by rapid quenching and acquisition of the
MS/MS data. Right: an example of raw HDX MS/MS data used to generate the protection
plot shown on the left-hand side diagram. Isotopic distributions of ¢;3 and ¢34 fragments
derived from the protein subjected to 5 min. HDX exchange in solution (red trace) and
protein at the HDX end-point (blue trace) were used to calculate the bar heights at 7= 12

and 35. Adapted and used with permission [59].
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