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ABSTRACT
Purpose Aggregation of monoclonal antibodies (mAbs) is a
common yet poorly understood issue in therapeutic develop-
ment. There remains a need for high-resolution structural
information about conformational changes and intermolecular
contacts during antibody aggregation.
Methods We used hydrogen exchange mass spectrometry
(HX-MS) to compare the aggregation mechanism and resultant
aggregate structures of the pharmaceutical antibody Bevacizu-
mab under freeze-thaw (F/T) and thermal stresses.
Results Bevacizumab aggregation increased with number of F/
T cycles and decreased with protein concentration. HX-MS
showed native-like aggregates. Conversely, thermal stress
triggered non-native aggregation at temperatures below
melting point of the least stable CH2 domain. Under these
conditions, HX was significantly enhanced in much of the Fab
fragment while being decreased relative to native HX in CDRs.
Analysis of intrinsic fluorescence Trp and extrinsic ANS dye
binding supported structural differences between two antibody
aggregates formed by F/T vs. thermal stresses.
Conclusions Reduced hydrogen exchange in three CDRs
suggests these residues may form strong intermolecular
contacts in the antibody aggregates; regions of enhanced HX
indicate unfolding. Residue level modeling methods with
varying levels of atomistic detail were unable to identify
aggregation patterns predictively.
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ABBREVIATIONS
ACN acetonitrile
ANS anilino-8-naphthalene sulfonate
D2O deuterium oxide
F/T freeze-thaw
HC heavy chain
HPSEC high performance size exclusion chromatography
HX hydrogen exchange
LC light chain
mAbs monoclonal antibodies
MS mass spectroscopy
SAP spatial aggregation propensity
TCEP tris(2-carboxyethyl)phosphine

INTRODUCTION

Monoclonal antibodies (mAbs) constitute a major class of
therapeutic proteins because of their definitive mechanisms of
action and high specificity (1). They are expected to grow in
popularity for the foreseeable future, as hundreds of mAbs
candidates are in different stages of preclinical or clinical
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development. Although mAbs are generally quite thermo-
dynamically stable relative to other protein therapeutics,
they also tend to degrade by different pathways, either
chemically or physically, when exposed to a wide variety of
external stresses (2), particularly in high concentration
formulations required for most mAb therapeutic products
(3). Therefore, a major ongoing challenge for developing safe
and potent mAb therapeutics is to design rational manufac-
turing processes and final dosage formulations that can
prevent or minimize antibody degradation and ensure
product quality within the required shelf life (1,3).

Among the various degradation pathways, aggregation
of mAbs into high molecular weight species has been an
increasing concern in therapeutic development, partially
because protein aggregates are generally believed to be a
potential cause of side effects and enhanced immunogenic
responses observed in clinical trials (4,5). Therefore, it is of
great significance to understand the aggregation mecha-
nism of mAbs exposed to different processing stresses as
well as the relationship between various types of mAb
aggregates and their potential biological implications in the
pharmaceutical industry.

As a major class of approved therapeutic protein
products and candidates, aggregation of IgG antibodies
has been extensively studied (1). The highly conserved
sequence and structure in the constant domains have
resulted in some common features observed for IgG
aggregation in the mounting literature. For instance, the
CH2 domain of antibodies has been generally suggested to
be more sensitive to pH change and can adopt a more
flexible conformation at low pH than the native state at
neutral pH (6). Consistent with this, IgG aggregation at low
pH has been proposed to be triggered by CH2 domain
interactions in previous studies (7). By contrast, the Fab
fragment of IgG antibodies has been observed to be more
susceptible to other environmental stresses, such as high
temperature (7,8), agitation (7) and high concentration
formulation (9). It is interesting to note that the Fab
fragment generally has higher thermal stability than the
CH2 domain, and yet Fab-Fab interactions have been
implicated in thermally induced antibody aggregation (7,8).
This may be partially because antibody unfolding and/or
aggregation associated with CH2 domain are reversible
when the thermal stress is removed (10).

Beyond these initial studies, there remain several open
questions about antibody aggregation. For instance, a wide
variety of aggregation behaviors and mechanisms have
been suggested for different antibody molecules exposed to
varying processing stresses in previous studies (7,8,11).
However, the aggregation mechanisms of the same anti-
body under different stresses or aggregation conditions have
not been carefully compared. Second, the molecular
structure of different antibody aggregates formed under

various conditions is generally characterized only at low
resolution and/or in globally averaged sense due to the lack
of experimental techniques. Thus, it remains difficult to
correlate aggregate types and structural features with
various biological implications, such as adverse side effects
and enhanced immunogenicity observed in clinical trials
(12). Third, antibodies are multi-domain proteins, and the
domain involved in unfolding and aggregation is challeng-
ing to identify. Previous attempts to do this have been based
mainly on the comparison of aggregation kinetics between
intact antibody and the isolated Fab and Fc fragments to
identify the responsible domain(s) (7,10,11). Evidence from
direct analysis of antibody aggregates is scarce. In a few
studies, molecular structure changes associated with the
aggregation process were monitored by CD, FTIR and/or
fluorescence (8); however, these spectroscopic techniques
have insufficient resolution to reveal the regions or domain(s)
involved in conformational changes during antibody
aggregation.

In this study, we compare the distinct aggregation
mechanisms of one antibody molecule under two common
processing stresses: freeze-thaw (F/T) processing and high
temperature. Freeze-thaw combines a number of stressing
factors that can potentially cause protein denaturation and/
or aggregation. These factors include cold denaturation
(13), generation of ice-solution interface (14), solute crystal-
lization (15) and pH shift (16). To date, determination of
the primary stress responsible for the observed protein
damage remains a challenge for rational F/T process
development. In contrast, high temperature usually leads
to sequential unfolding of individual domains in antibody
structure, and the accumulation of these partially unfolded
intermediates can trigger self-association (7,9). As a conse-
quence, thermally induced antibody aggregation usually
involves conformational changes (8). Further, the Fab
fragment has been indicated to play a critical role for
antibody aggregation under thermal stress (7,8). However,
to our knowledge, there are no studies identifying the
intermolecular contacts in the formed aggregates.

Hydrogen/deuterium exchange detected by mass spec-
trometry (HX-MS) is a useful technique to characterize
protein structure in both monomeric and aggregate state
(17). In combination with proteolytic fragmentation, this
technique also enables peptide level structure analysis for
protein monomers comprising the aggregates (17,18). In
this study, we investigate the structures and aggregation
mechanism of the pharmaceutical antibody Bevacizumab
(marketed as Avastin®) under freeze-thaw and thermal
stresses using HX-MS. Our results suggest that Bevacizu-
mab aggregates formed after a number of F/T cycles are
made up of monomers with native like structure. In
contrast, under thermal stress, significant disordering was
demonstrated by considerably increased HX in the Fab

Structural Mechanisms of Antibody Aggregation by HX-MS 237



fragment during aggregation. Notably, increases in solvent
protection relative to the native monomer were also
observed, perhaps identifying the regions involved in
intermolecular contacts in the aggregates.

MATERIALS AND METHODS

Materials

The pharmaceutical monoclonal antibody Bevacizumab
(Avastin®) was produced by Genentech and is commer-
cially available. Deuterium oxide (D2O) was obtained from
Cambridge Isotope Laboratories (99.9% Deuterium, And-
over, MA). Trehalose and 1-anilino-8-naphthalene sulfo-
nate (ANS) were obtained from Sigma. All other reagents
were HPLC purity grade and purchased from Sigma unless
otherwise specified.

Bevacizumab Sample Preparation

Monoclonal antibody Bevacizumab was purchased in
25 mg/ml stock solution containing 51 mM sodium
phosphate, 60 mg/ml a,a-trehalose dehydrate and 0.04%
polysorbate 20, pH 6.2. This is significantly lower than the
previously reported pI (8.4–8.5) (19) of the molecule. To
conduct aggregation studies in the absence of stabilizing
excipients and surfactant, a buffer exchange step was
performed using Protein A chromatography. Briefly, 1 ml
formulated Bevacizumab solution was diluted into 25 ml
PBS buffer (pH 6.2) and loaded onto a pre-equilibrated
Protein A column (1 ml, GE Healthcare). Bevacizumab was
eluted in 0.1 M citric buffer pH 3.0 and collected in
multiple 1.5 centrifuge tubes. The collected Bevacizumab
fractions were pooled and then dialyzed three times against
20 mM citric buffer containing 100 mM NaCl, pH 6.2.
The dialyzed Bevacizumab solution was centrifuged at
15,000 g for 20 min to remove possible preformed
aggregates. Following centrifugation, Bevacizumab super-
natant was stored at 4°C until use. Bevacizumab concen-
tration was determined by measuring A280 absorbance
using an extinction coefficient of 1.661 mL/mg-cm calcu-
lated by the ExPASy Proteomics Server ProtParam (http://
expasy.org/tools/protparam.html).

Freeze-Thaw and Thermal Treatments

In F/T-induced aggregation, buffer-exchanged Bevacizu-
mab solution was diluted appropriately to make desired
protein concentrations at 0.50, 1.00 and 2.50 mg/ml in
20 mM citric buffer, pH 6.2. The resultant Bevacizumab
samples (400 μL in centrifuge tubes) were frozen in liquid
N2 for 5 min followed by thawing in 25°C water bath for

5 min. Up to 30 F/T cycles were applied to produce
extensive aggregation. For thermally induced aggregation,
400 uL Bevacizumab samples (0.5 mg/ml after dilution)
were incubated at 65 and 70°C in a recirculating water
bath for different periods of time. Aggregation was
quenched by incubating samples in an ice bath for 3 min.

High Performance Size Exclusion Chromatography
(HPSEC)

HPSEC was performed on a BioLogic DuoFlow chroma-
tography system (BioRad, Hercules, CA) at room temper-
ature. Before being loaded to the SEC column, all the
aggregate samples were centrifuged at 15,000 g for 20 min
to remove large, insoluble aggregates. In each run, 150 μL
supernatants were applied to a pre-equilibrated TSKgel
SEC column (G3000 SWXL, 7.8 mm×30 cm, Tosoh
Bioscience, Bellefonte, PA). Bevacizumab was then eluted
with 0.3 M NaCl, 50 mM PBS (pH 7.0). The mobile phase
flow rate was 1 mL/min. For each sample, at least two
replicates were performed. The aggregation was qualita-
tively estimated by the loss of monomer peak after
normalization to the peak area of an untreated Bevacizu-
mab sample at the same protein concentration.

Trp Fluorescence Measurement

Trp fluorescence measurements of native Bevacizumab
monomer and aggregate samples after F/T and thermal
treatment were performed at room temperature on a
FluoroMax-3 spectrofluorometer (Horiba Jobin Yvon,
Edison, NJ). A quartz cell with 5 mm path length (Part
number 4ES5X5, Precision Cells Inc., Farmingdale, NY)
was used. In the measurement, 80 μL Bevacizumab
samples (0.5 mg/ml) were diluted 5-fold in 20 mM citric
buffer. The samples were excited at 295 nm, and the
emission spectrum was recorded over a wavelength range of
300–450 nm. Three scans were performed to obtain an
average spectrum for each sample.

ANS Binding Analysis

Fluorescence spectra of ANS binding to native or aggre-
gated Bevacizumab samples were obtained at room
temperature on a FluoroMax-3 spectrofluorometer (Horiba
Jobin Yvon, Edison, NJ). A quartz cell with 5 mm path
length (Part number 4ES5X5 Precision Cells Inc., Farm-
ingdale, NY) was used. In each measurement, 80 uL
Bevacizumab samples (0.5 mg/ml) were diluted 5-fold with
20 mM citric buffer (pH 6.2) and then mixed with 40 μL of
2 mM ANS stock solution. Samples were excited at
390 nm, and the emission spectrum was recorded over a
wavelength range of 410–600 nm. All the measurements
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were carried out within 5 min of sample mixing, and three
scans were performed to obtain an average spectrum for
each sample.

HX Analysis of Bevacizumab Structure in the Frozen
State

Antibody structure in the frozen state was analyzed using
the same protocol as described in our previous study for
model protein lactate dehydrogenase (Zhang A. et al.
Pharm Res, in press). Briefly, Bevacizumab stock solution
was diluted in H2O-based citrate buffer (20 mM sodium
citrate, 100 mM NaCl, pH 6.2) to make desired protein
concentrations. The sample was then mixed at 1:9 volume
ratio with D2O-based citrate buffer (the same solution
composition and pH 6.2 as read). The resultant Bevacizu-
mab solution had 90% deuterium in the solvent and
protein concentrations of 0.02, 0.05 and 0.10 mg/ml. To
minimize H/D exchange in the solution phase before
sample freezing, the mixing of Bevacizumab solution and
D2O-based buffer was carried out in the shortest time
possible for manual operation (less than 2 s), immediately
followed by flash freezing in liquid N2 for 5 min. Frozen
Bevacizumab samples were then transferred to a −10°C
freezer to allow H/D exchange for 24 h. Thawing of the
deuterium-labeled frozen sample was achieved by adding
twice the sample volume of 50 mM citrate buffer (pH 2.5,
ice cold) containing 6 M Guanidine HCl. Back exchange
was minimized by lowering the pH to ~2.8 during the
thawing period. Further, the time for complete thawing of
the frozen sample was reduced to 2 min by the high
concentration of Guanidine HCl.

HX Analysis of Native Bevacizumab and Two
Stress-Induced Aggregates in Solution

HX structure analysis of Bevacizumab aggregates formed
after F/T and thermal treatments were carried out in the
solution state. One hundred μL F/T- or thermal-treated
samples were centrifuged at 15,000 g for 15 min to pellet
aggregates, and 90 μL supernatant was carefully removed.
HX was initiated by adding 90 μL D2O into the aggregate
pellets. HX in solution was carried out at room temperature
for durations of 0.17, 1, 10, 60 and 180 min, and then
arrested by adding ice-cold quenching buffer (50 mM citrate
buffer containing 6 M Guanidine HCl and 0.5 M tris(2-
carboxyethyl)phosphine (TCEP), pH 2.5). In this protocol,
6 M Guanidine HCl was effective for dissociating Bevacizu-
mab aggregates back into fully unfolded monomers, while
0.5 M TCEP reduced antibody disulfide bonds to facilitate
subsequent online digestion using immobilized pepsin.

For LC-MS analysis, quenched Bevacizumab sample
was diluted 5-fold into 0.1% formic acid (pH 2.5) before

loading into the sample loop. Proteolytic fragmentation of
antibody was achieved by flowing the sample through an
on-line immobilized pepsin column. The resulting peptide
mixture was desalted on a peptide-trapping column (1 mm
ID×8 mm, catalog No. TR1/25108/01; Michrom Bio-
resources, Auburn, CA) for 6 min and then separated in a
second peptide-resolving column (Kinetex 2.6 μm C18,
2.10×100 mm, Phenomenex, Torrance, CA). For good
peptide separation, a shallow ACN elution gradient (from
15 to 40% over 20 min) was used for the resolving column.
All the reporter peptides used for HX analysis were
assigned by performing tandem (MS/MS) mass spectrom-
etry, followed by analysis with TurboSEQUEST software.
To minimize artifactual isotope exchange during the
analysis time, all the columns, loops, and lines were
immersed in an ice bath during all the experiments.

The deuteration level for each reporter peptide was
calculated by the following equation:

D% ¼ m � m0

ðm100 � m0Þ � 100% ð1Þ

where m is the measured centroid mass of the deuterated
molecule or peptide after a particular labeling time, and m0

and m100 are the two centroid mass limits of a molecule and
reporter peptide from zero-deuteration and full-deuteration
control experiments, respectively.

Spatial Aggregation Propensity (SAP) Calculation

The starting structures for simulations for Bevacizumab
were generated by MOE (Chemical Computing Group,
version 2008.1), modeled from antibody PDB structures
1HZH and 1IGY, with 1334 total residues and 20336
atoms for each of the two structures. No glycosylation was
introduced. All simulations were performed using the
Python interface pyopenmm (http://www.simtk.org/
home/pyopenmm) to the GPU simulation code OpenMM
(http://www.simtk.org/home/openmm) (20) on the NCSA
Lincoln GPU cluster. Four simulations were performed.
Two simulations were started from each of the two
modeled pdb structures using different random number
seeds for velocities. The proteins were simulated with
AMBER ff99sb force field (21) with the Onufriev-
Bashford-Case generalized Born/surface area implicit
solvent model (22) with no cut-offs. Numerical integration
was performed with Langevin dynamics with a collision rate
of parameter of 5 ps−1 and a 2 fs time step with hydrogen
atoms constrained by SHAKE (23). Temperature was
maintained by the Langevin dynamics at 298 K.

Structures were minimized using L-BFGS minimization,
with less than 1Å deviation from the modeled structure,
and a total of 15 ns of simulation was performed for each
structure, with the first 1 ns discarded as equilibration.
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Structures were collected every 5 ps, and all averages are
over the 2800 structures collected during the last 14 ns of
the simulation. Because of the use of GPU accelerated
code, simulation data were collected at a rate of 5.0 ns/day
for each simulation, meaning these simulations are not
particularly constrained by the wall clock time required.

Spatial aggregation propensity is defined as described
previously (24,25), though we express it mathematically in a
slightly different form here for clarity. SAP is a function of
some user-specified cut-off distance R and is defined for
each atom i of the structure as

SAPðR; iÞ ¼ 1
Nstructures

X

All structures

X

Side chain atoms j
with distance rij <R

SAAj � Hj

TSAAj

� �
8
>><

>>:

9
>>=

>>;

ð2Þ
where rij is the distance between atoms i and j, SAAj is the
solvent accessible surface area of atom j, Hj is the normalized
hydrophobicity of the type of residue atom j belongs to (see
Table S1), and TSAAj is the total maximum solvent accessible
surface area of the type of residue atom j belongs to (see
Table S1 for parameters).

For the current study, surface area was determined per
heavy atom using default parameters of POPSc (26). Since
the surface area calculation was performed using heavy
atoms instead of all atoms, the sum over all side chain
atoms in Eq. 2 was replaced with a sum over all side chain
heavy atoms, and SAP was calculated for only the heavy
atoms. Because the calculation used heavy atoms, we
recalculated the maximum surface area per side chain
instead of using the tabulated numbers from previous
studies (24,25). Maximum surface area per side chain was
determined by building each amino acid trimer Ala-X-Ala
in Pymol (commercialized version of 1.12r1) in an extended
conformation. If the first side chain dihedral angle, χ1,
defined by N-Cα-Cα-Cγ, was not present in the side chain,
the maximum surface area of the side chain was calculated
from this extended structure. If χ1 was present, then the
maximum surface area was calculated by rotating χ1 by 1 °
intervals and choosing maximum surface area of the side
chain atoms generated over the entire 360-degree rotation.
As in previous studies, a cut-off of 5Å was used for
identifying potential aggregation sites (24,25). SAP is a
statistical quantity, and our analysis reveals that SAP
appears to be statistically accurate enough to identify
regions that have high SAP independent of the simulation
starting conditions. We can check the consistency of the
SAP calculation as a function of separate simulations by
comparing sets of data that should give identical SAP values
in the infinitely long simulation limit. For example, in the
infinite limit, SAP for the same sequence with two different
templates, two chains related by symmetry, and runs with

the same structure and different random number seeds
should all be the same.

For cut-off R=5Å, we find that the average standard
error in SAP of corresponding residues over all four
simulations is less than 0.024 for both chains of the
1HZH template structure and 0.025 for both chains l the
1IGY template structure. The average standard error in
SAP for corresponding resides over all eight runs is less
than 0.027 for all chains. In previous studies, peaks in SAP
greater than 0.15 are correlated with aggregation prone
regions. This statistical analysis demonstrates that these
different simulations should be sufficiently consistent across
all runs and templates to identify regions with high SAP
values. We can also compare the reliability of the data sets
in terms of Pearson’s correlation coefficient. The average
correlation coefficient between data sets from the same
template and chain, differing only by a random number
seed, is 0.95. The average correlation coefficient between
all pairs of residue-averaged SAPs, including symmetry-
related copies from different simulations but the same
template is 0.90. The average correlation coefficient
between all pairs of residues from different templates is
0.83. These statistics indicate again that the trends in SAP
are very consistent, though there is moderate uncertainty
due to protein fluctuations.

Additionally, we also found that the correlation coeffi-
cient between our SAP values with a modified protocol and
previous SAP calculations (24,25) for the conserved Fc
domain is 0.82 over all models and chains, approximately
the same as exists between simulations run with different
templates. However, there exist some differences in the
characteristics of SAP calculated, because of differences in
the protein parameters, the solvent model, and the solvent
accessible surface area calculation. We found that our
modified protocol had a tendency to underestimate large
negative (hydrophilic) SAP values compared to the previ-
ously published protocol (see Figure S1). However, most
peaks matched quantitatively, and virtually all residue level
trends were replicated, as must be the case because of high
correlation.

RESULTS

HX Analysis of Bevacizumab Structure in the Frozen
State

Trehalose is a commonly used cryoprotectant which has
been shown to protect protein from freezing-induced
structure denaturation previously (27). Therefore, Bevaci-
zumab frozen in the presence of 1 M trehalose was
regarded to be the most stable condition, presumably
representing native antibody conformation in the frozen
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state. To detect any potential structural perturbations to
Bevacizumab caused by freezing, the HX pattern of
Bevacizumab frozen in the absence of cryoprotectant was
measured and compared to that of native control with 1 M
trehalose. In Fig. 1, it can be seen that for both LC and
HC, the majority of reporter peptides from two frozen
Bevacizumab states with and without 1 M trehalose showed
very similar deuterium labeling (as indicated by the same
color for the same reporter peptide). A few reporter
peptides that were mapped by different color bars between
two samples were denoted by the specific values of
deuterium labeling in the HX pattern for both LC and
HC. These values indicated that this group of reporter
peptides also had similar deuterium labeling, differing by
~10% or less. The close HX patterns measured for two
frozen Bevacizumab samples with and without trehalose
protection suggested that the freezing process had minor
impact on the antibody structure.

The impact of freezing on Bevacizumab structure integrity
was analyzed using the same HX-MS protocol in the frozen
state as previously described (28). Figure 1a, b shows the
peptide level HX patterns of Bevacizumab light chain (LC)
and heavy chain (HC), respectively, under a variety of
designed freezing conditions. From top to bottom in each
panel, the analyzed samples include Bevacizumab frozen in
the presence of (a) 1 M trehalose, (b) without any additives
to the citrate buffer, and (c–e) with the addition of 25, 100,
and 200 mM guanidine HCl, respectively. Each set of
five horizontal bars under the sequence represents one
corresponding reporter peptide. The color of each bar
indicates the degree of hydrogen/deuterium exchange (scale
shown in the right of Fig. 1a) measured after 24 h labeling in
the frozen state (−10°C) in 90% D2O-rich solvent. The
numbers adjacent to horizontal bars in Fig. 1 denote the
quantitative values of deuterium labeling calculated by Eq. 1
for the corresponding reporter peptides.

To further examine antibody stability against freezing
stress, we increased the denaturing stress in the frozen state
by adding 25 to 200 mM guanidine HCl to the initial
sample solution. After freeze-induced concentration, the
denaturant could reach approximately 0.25 to 2 M in the
frozen state according to the estimation described before
(29). The HX patterns measured for frozen Bevacizumab
samples with increasing guanidine HCl concentration were
also shown in Fig. 1. For the LC in Fig. 1a, it can be seen
that increasing guanidine HCl from 0 to 200 mM did not
result in significant changes in deuterium labeling for all the
reporter peptides across the sequence. It suggested that
Bevacizumab LC could maintain its native-like structure in
the presence of ≤2 M guanidine HCl in the frozen state. In
contrast, for the HC in Fig. 1b, reporter peptides from
multiple regions showed significantly increased deuterium
labeling as the guanidine HCl concentration increased up

to 2 M in the frozen state. Four regions with most
prominent increase in deuterium labeling (>20%) are
highlighted by red ovals in Fig. 1b. These regions are
located in different domains, suggesting freezing process
with increasing denaturant partially denatured all the HC
domains simultaneously.

F/Tand Thermally Induced Bevacizumab Aggregation

Bevacizumab aggregation induced by F/T and high temper-
ature was qualitatively analyzed by HPSEC. In F/T-induced
aggregation, the effect of protein concentration and the
number of F/T cycles on Bevacizumab aggregation was
investigated. Figure 2a shows the degree Bevacizumab
aggregation at three different protein concentrations at 0.5,
1.0 and 2.5 mg/ml after subjecting to 10 F/T cycles. The
HPSEC elution profiles of three Bevacizumab samples were
normalized to samples at identical protein concentrations that
were not freeze-thawed. In Fig. 2a, all three aggregate
samples after 10 F/T cycles showed one single peak eluting
at the same retention time as native Bevacizumab, indicating
the aggregates species was completely removed by centrifu-
gation in the loaded samples. The normalized monomer peak
was observed to increase with protein concentration, suggest-
ing that F/T-induced aggregation was inversely dependent on
protein concentration. The effect of F/T cycle number on
antibody aggregation is shown in Fig. 2b. Here, a low protein
concentration (0.5 mg/ml) was used to reduce F/T cycles to
get a similar degree of Bevacizumab aggregation at high
concentration. As expected, the monomer peak decreased
with increasing F/T cycles. After 30 F/T cycles, there was
only a small fraction of native Bevacizumab (< 30%)
remaining in the sample. To prepare F/T-induced aggregates
for structure analysis below, we applied 30 F/T cycles to
0.5 mg/ml Bevacizumab sample.

Thermal stability of intact Bevacizumab and its isolated
Fab and Fc fragments has been carefully analyzed using
DSC in a previous study (30). The study revealed two
unfolding transitions for intact Bevacizumab that were
attributed to the overlapped unfolding of CH2 domain
(70.1°C) and Fab fragment (74.1°C) in the first major
transition, and CH3 domain unfolding (80.2°C) in the
second small transition. For thermally induced aggregation
study here, incubation temperature of a few degrees below
the unfolding point of the least stable CH2 domain was
used to retain the majority of native structure during
antibody aggregation. Bevacizumab concentration was the
same (0.5 mg/ml) as used in F/T-induced aggregation
analysis.

Bevacizumab aggregates produced by incubation at two
elevated temperatures 65 and 70°C are shown in Fig. 2 c
and d, respectively. In contrast to F/T-induced aggrega-
tion, one obvious difference in the SEC profiles for
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thermally induced aggregations is the presence of an
additional peak eluted before native monomer at 6–
8 min. This elution peak increased at early incubation
times and then decreased with further aggregation at both
incubation temperatures, suggesting soluble oligomers of
Bevacizumab accumulated at the intermediate time before
converting to large insoluble aggregates. Aggregation
kinetics at two elevated temperatures can be qualitatively
compared by looking at the monomer peak loss. Clearly,
higher temperature led to faster aggregation. At 70°C,
almost complete aggregation was observed within 10 min,
while at 65°C a similar degree of aggregation took longer
than 180 min. However, the structure of Bevacizumab
aggregates formed at two incubation temperatures
appeared to be similar, as suggested by both Trp fluores-
cence and ANS binding (data not shown). Therefore, only
the aggregates prepared at 70°C for 10 min were used for
more detailed structure analysis using HX-MS below.

Structure Analysis of F/T-Induced Bevacizumab
Aggregates by HX-MS

F/T-induced aggregates were isolated and characterized by
peptide level HX as described in the Materials and Methods
section. Figure 3 shows the peptide level HX patterns of both
LC and HC measured versus labeling time for native
Bevacizumab and F/T-induced aggregates. In Fig. 3, each
horizontal block under Bevacizumab sequence shows the
time course of deuterium labeling for one reporter peptide.
Five color bars comprising the horizontal block represent the
degree of deuterium labeling at labeling times of 10 s, 1, 10,
60 and 180 min (from top to bottom), respectively. For each
reporter peptide, two blocks of HX are shown, comparing
the local deuterium labeling between native Bevacizumab
(top) and F/T-induced aggregates (bottom).

In Fig. 3a, it can be seen that native Bevacizumab and F/
T-induced aggregates exhibited very similar deuterium

Fig. 1 Peptide level HX patterns
of light chain (a) and heavy chain
(b) of Bevacizumab frozen in
different conditions. From top
to bottom: condition, with 1 M
trehalose in the sample solution;
b, no additives to the sample
solution; c–e, with 25, 100 and
200 mM guanidine HCl in the
sample solution. Each set of five
bars under the sequence shows
the degree of deuterium labeling
for corresponding reporter pepti-
des with the color scale in the
right of (a). The numbers in (a)
denote the deuterium labeling
values for neighboring reporter
peptides. The red ovals indicate
the regions in the HC with
dramatic increase in HX
after including guanidine
HCl in solution.

242 Zhang et al.



labeling patterns over the exchange time across the whole
sequence. No significant difference in deuterium labeling
was observed for any of the reporter peptides. This indicated
that the LC in F/T-induced aggregates had molecular
structure similar to that in the native state. Likewise, the HC
HX patterns between native Bevacizumab and F/T-induced
aggregates were generally quite similar, suggesting the HC of
Bevacizumab F/T aggregates also had native-like structure.
However, small but measurable increases in deuterium
labeling (~10% or less) were observed for multiple reporter
peptides, as shown in Fig. 4. The small differences suggest
that the HC portion of the aggregates is largely native-like,
but there may be a subtle conformational change occurring
after F/T-induced aggregation.

Structure Analysis of Thermally Induced
Bevacizumab Aggregates by HX-MS

Thermally induced Bevacizumab aggregates were also
analyzed by peptide level HX-MS. Figure 5 compares the
HX patterns of both LC and HC between native
Bevacizumab and the aggregates formed by incubation at
70°C. In contrast to F/T-induced aggregates, the antibody
aggregates formed by exposure to elevated temperature
exhibited pronounced changes in HX patterns relative to
the native state in both the LC and HC. Notably, both
significant increases and decreases in deuterium labeling of
the aggregates relative to native protein were observed in
different parts of the antibody sequence. They are
highlighted in red and blue ovals, respectively, in Fig. 5.

In the LC of Bevacizumab, dramatically increased
deuterium labeling in thermally induced aggregates was

observed in six different regions, as shown by the portions
of primary sequence circled in red in Fig. 5a. The regions
of increased labeling span ~50% of the LC, indicating that
substantial unfolding occurred in the LC after aggregation
induced by thermal stress. Conversely, only one short
reporter peptide covering residues 48–54 showed decreased
deuterium labeling in the aggregates relative to the native
state. This reporter peptide was in the second complemen-
tarity determining region (CDR, sequence highlighted in
red) in the LC. For the HC in Fig. 5b, increased deuterium
labeling after thermally induced aggregation was also
observed in six regions, while decreases in deuterium
labeling were observed in two reporter peptides that were
also located in the CDRs (residues 27–35 and 54–64).
Interestingly, except the reporter peptide from the C-
terminus at residues 430–452, all the other regions with
pronounced changes in deuterium labeling for thermally
induced aggregates are located in the variable domain VH

and the first constant domain CH1 (or the Fab portion) in
the HC. In combination with the HX changes observed
across the LC, the HX analysis suggested that most of the
increases in conformational flexibility caused by thermally
induced aggregation took place in the Fab fragment. On
the other hand, three peptides within the CDRs (LC 48–54,
HC 27–35 and HC 54–64) in the Fab fragment showed
increased solvent protection after aggregation, indicating
they might contribute to the intermolecular interactions
responsible for antibody aggregation under thermal stress.
Figure 6 shows the spatial distributions of regions of
increased (red) and decreased (blue) deuterium labeling in
aggregates relative to native antibody. From the figure, it is
apparent that a majority of the regions with increased

Fig. 2 HPSEC analysis of Bevaci-
zumab aggregation induced by F/T
and high temperature. (a) Effect of
total protein concentration on the
monomer eluted for samples
treated with 10 F/T cycles.
(b) Effect of number of F/T cycles
on Bevacizumab aggregation for
samples prepared at 0.5 mg/mL.
(c, d) Aggregation under two
incubation temperatures at 65 and
70°C, respectively. All the elution
peaks are normalized to a control
sample of native protein at the
same concentration.
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solvent accessibility after aggregation are located in the
interface between the variable and constant domain in the
Fab fragment.

Structure Comparison of Bevacizumab Aggregates
by Fluorescence

As described above, peptide level HX analysis indicated that
the two kinds of aggregates possess distinct monomer
structures: native-like under F/T stress vs. an unfolded Fab
domain under thermal stress. To further confirm this
finding, intrinsic Trp fluorescence and extrinsic dye ANS
binding measurements were performed. In Fig. 7a, intrinsic
Trp fluorescence showed that the aggregates after 5 to 30 F/
T cycles had no significant difference in the emission spectra
relative to that of native sample, consistent with native-like
HX patterns shown in Fig. 3. In contrast, the aggregate

sample formed by incubation at 70°C for 10 min exhibited
both red shift and dramatic signal increase in the emission
spectrum, indicative of more unfolded structure in the
aggregated state. Notably, the fluorescence signal associated
with thermally induced aggregate sample was higher than
the fully unfolded control in 6 M guanidine HCl.

Consistent results were also observed in the ANS binding
assay, which is a measurement of solvent-exposed hydro-
phobic patches on protein surface (30). In Fig. 7b, native
Bevacizumab and the aggregate samples after F/T cycles
both had fluorescence spectra very similar to the ANS
buffer, suggesting Bevacizumab molecules in two states
were highly folded, precluding ANS binding. Conversely,
the aggregate sample prepared at 70°C exhibited dramati-
cally increased ANS binding, as suggested by the fluores-
cence signal increase as well as the significant blue shift. This
result suggested that the thermally induced Bevacizumab

Fig. 3 Peptide level HX labeling
patterns of LC (a) and HC (b) for
native Bevacizumab and F/T in-
duced aggregates. The labeling for
each reporter peptide is shown by
the two sets of five colored bars
underneath the corresponding
portion of the primary sequence.
For each reporter peptide the
labeling of native protein is shown
by the top five bars, and the
labeling of aggregates is shown by
the bottom five bars. Each set of
bars represents the labeling at five
different labeling times (from top
to bottom, 10 s, 1 min, 10 min,
60 min and 180 min). The per-
centage of deuterium labeling for
each reporter peptide at each
labeling time point is color coded
using the scale shown in (a).
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aggregates were comprised of monomers with more unfold-
ed structure relative to the native structure, consistent with
HX analysis and Trp fluorescence measurements.

Aggregation-Prone Region Prediction by SAP
Calculation

Prediction of aggregation-prone regions for monoclonal
antibodies has been attempted from two computational
approaches using sequenced-based calculators TANGO and
PAGE (31) and simulation-based spatial aggregation pro-
pensity (SAP) analysis.(25) However, only the latter has been
correlated with experiment by introducing mutations into
predicted aggregation-prone regions to reduce antibody
aggregation propensity (25). Here, we performed a similar
SAP analysis as that described previously (25) to Bevacizu-
mab to see if the reporter peptides with reduced HX labeling
relative to native are predicted to be aggregation prone. SAP
was defined and calculated as described in the Materials and
Methods section. Figure 8 shows the residue-specific SAP
profiles calculated for Bevacizumab LC, HC Fab and HC Fc
in three panels, respectively. The SAP values were averaged
over 8 data sets: two simulations for each of two starting
structures modeled with antibody structures 1HZH and
1IGY, with each simulation generating two data sets for two
identical chains. The bars below the SAP profile in each
panel show the pattern of changes in local solvent protection
after thermally induced aggregation. HX experiments
showed three segments (LC 48–54, HC 27–35 and HC
54–64) with increased solvent protection in thermally
induced aggregates relative to native state. Thus, these were
considered as regions contributing to intermolecular contacts

in Bevacizumab. The residue-averaged SAPs for these three
segments are 0.040 (LC 48–54), 0.012 (HC 27–35) and
−0.003 (HC 54–64). A two sample t-test using the statistical
variance from the simulations was performed and suggested
that the SAP values for the three aggregation forming
segments are not statistically higher (i.e. more aggregation
prone) than the rest of reporter peptides at the confidence
level p=0.05. The result suggests that an SAP analysis as
carried out in this study does not reliably predict the
aggregation-forming segments within Bevacizumab. Al-
though there is one small spike with SAP 0.140 at Leu54
of the LC, it is statistically indistinguishable from other
similar or larger spikes in regions not experimentally
implicated in intermolecular interations, and thus does not
provide predictive ability in this situation. The major
difference between the current SAP calculation and previous
calculations is the use of an implicit rather than an explicit
solvent model. However, the structural stability of the
simulations performed in this study and the high statistical
correlation between SAP calculated in this study and with
the original SAP (see Figure S1) suggest that SAP calculated
using the methods in this paper should be equivalent to
previous SAP calculations at a qualitative level.

Aggregation-Prone Region Prediction
by Sequence-Based Predictors

Algorithms predicting self-association based on primary
sequence alone were also evaluated in terms of their ability
to identify the residues exhibiting reduced solvent accessi-
bility in the thermally induced aggregate. The consensus
prediction of five different sequence-based methods,

Fig. 4 Deuterium labeling of four
representative reporter peptides
versus labeling time for native
Bevacizumab and F/T-induced
aggregates.
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AmylPred, was used for this purpose (32–36). The results
are shown in the Supplementary Material (Tables S1 and
S2). The stretches of primary sequence identified by four or
five of the methods included light chain residues 46–50,
135–136 and heavy chain residues 281–285, 409–413.
There was very little overlap between these residues and the
observed segments within the antibody that had reduced
solvent accessibility in the aggregates (LC 48–54, HC 27–
35 and HC 54–64). Calculations of TANGO (32) and
PAGE Z-score (8) identified a portion of the light chain
segment, but only with the latter metric (Table S3).

DISCUSSION

mAb aggregation under different processing stresses repre-
sents a major challenge in therapeutic development. The

distinct behaviors observed for different antibodies or
different stressing conditions complicate the analysis of
mechanism underlying antibody aggregation (1,7,11).
Moreover, the detailed structural analysis of protein
aggregates remains challenging because of their heteroge-
neous and disordered nature. In this study, HX-MS with
proteolytic fragmentation was applied to characterize the
molecular level structure of antibody aggregates formed
under F/T and thermal stresses. By comparing the
structural difference between native antibody and the
monomers comprising two aggregates, distinct aggregation
mechanisms were demonstrated for antibody Bevacizumab
under F/T and high temperature aggregation conditions.

To our knowledge, this is the first application of HX-MS
to analyze antibody aggregation. Although it is challenging
to carry out HX-MS analysis with antibodies because of
their large molecular size and numerous disulfide bonds, it

Fig. 5 Primary sequence repre-
sentation of HX-MS labeling.
Peptide level HX labeling patterns
of LC (a) and HC (b) for native
Bevacizumab and thermally in-
duced aggregates. The labeling for
each reporter peptide is shown by
the two sets of five colored bars
underneath the corresponding
portion of the primary sequence.
For each reporter peptide the
labeling of native protein is shown
by the top five bars, and the
labeling of aggregates is shown by
the bottom five bars. Each set of
bars represents the labeling at five
different labeling times (from top
to bottom, 10 s, 1 min, 10 min,
60 min and 180 min). The per-
centage of deuterium labeling for
each reporter peptide at each
labeling time point is color coded
using the scale shown (a). The
regions with dramatic increased
and decreased deuterium labeling
after thermally induced aggrega-
tion are circled in red and blue,
respectively. The gray block in
(b) indicates the reporter peptide
that was not detectable in the
aggregate analysis.
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has recently been successfully accomplished for monomeric
antibody conformation analysis in solution (37). In this
study, we have developed new HX-MS procedures to
analyze antibody structure perturbations upon freezing in
the frozen state as well as monomer structure in the
aggregated states after exposure to different stresses.

For antibody in the frozen state, the similar HX patterns
between the sample of interest (in the absence of trehalose)
and native control (in the presence of trehalose) suggested
that Bevacizumab retained its native-like structure in the
frozen state (Fig. 1). The structure integrity of Bevacizumab
in the frozen state suggests that the antibody molecule was
highly stable to the combined stresses introduced by the
freezing process, such as low temperature, ice-solution
interface, and freeze concentration of protein and solutes.
This behavior differed from lactate dehydrogenase (LDH),
a labile model protein for which a fraction of protein
molecules became partially unfolded as suggested by
increased deuterium labeling in HX-MS analysis upon
freezing consistent with prior studies of LDH (29). Such a
different behavior is also consistent with the higher

conformational stability generally observed for antibody
molecules relative to enzymes (38).

The high stability of Bevacizumab to freezing stress was
further manifested with increasing chemical denaturant
guanidine HCl in the frozen state. Up to ~2 M after freeze-
induced concentration, Bevacizumab could still maintain its
native-like structure in the LC. Interestingly, the HC was
relatively more sensitive to the freezing stress than the LC and
became partially denatured in the presence of Guanidine HCl
as suggested by increased solvent accessibility in multiple local
regions (Fig. 1b). These denatured regions (residues 3–18,
36–80, 248–268 and 430–452) presumably represent the
local structure in Bevacizumab antibody that are least stable
to the freezing stress. More interestingly, these unfolded
regions were identified from different domains of the HC,
rather than in one single domain. This pattern of unfolding
observed in the frozen state contrasts to the pattern generally
observed for antibody structure unfolding in solution which
typically shows sequential unfolding of individual domains
(30). This different pattern in unfolding may indicate distinct
mechanisms causing antibody denaturation between the
frozen and solution states.

Repeated F/T cycles induced Bevacizumab aggregation,
the extent of which was influenced by protein concentration
and F/T cycle number (Fig. 2a, b). The decrease in fraction
of unfolded, aggregated protein with increasing protein
concentration is consistent with the idea that as protein
concentration increases, the fraction of protein required to
cover the ice-water interface decreases. This observation
has been made previously (29).

The fact that F/T cycling leads to oligomers that are
stable to dilution and chromatography suggests that such
oligomers may be composed of monomers with altered
conformation. However, peptide level HX analysis of
isolated aggregates showed that the F/T-induced antibody
aggregates were made up of monomers exhibiting native-
like deuterium exchange patterns (Fig. 3). Likewise, Trp
fluorescence and ANS binding analysis also could not
distinguish the structure of monomers in aggregates from

Fig. 6 Three-dimensional representation of regions of Bevacizumab
showing significant increases and decreases in HX-MS labeling. The
reporter peptides from Fig. 5 that showed significant increases (red) and
decreases (blue) in deuterium labeling after thermally induced aggregation
are indicated. The Bevacizumab structure was created by homology
modeling using 1IGY as a template.

Fig. 7 Trp fluorescence (a) and
ANS binding (b) of two
Bevacizumab aggregates formed
under F/T and thermal stresses.
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those under native conditions (Fig. 7). Thus, if conforma-
tional changes are involved, they must be subtle. This
agreed with the high structure stability of antibody
molecule against the freezing stress described above. In a
previous study, we have also demonstrated that labile
protein such as LDH with low structure stability to the
freezing stress would accordingly produce non-native
aggregates consisting of more unfolded monomers after
F/T cycles (28). For antibody aggregation caused by F/T
stress, similar conclusion has also been made for a different
antibody in a different study (8), but the evidence was based
on the analysis of global antibody structure by CD and
FTIR.

As described above, F/T-induced antibody aggregates
were made up of native-like monomers. However, subtle
structural changes were also indicated associated with the
aggregation by the small but detectable HX changes in
some regions (Fig. 3), mainly with increases in local solvent
accessibility for the aggregates relative to the native state.
Interestingly, these HX increases were mainly found across
the HC rather than the LC. This observation suggested that
the subtle structural changes caused by Bevacizumab
aggregation mainly occur to the HC, which might be
consistent with the lower freezing stability observed for the
HC described before (Fig. 1). Further, the subtle structural
changes after Bevacizumab aggregation were found across the
HC sequence instead of in a particular domain (Fig. 3),
suggesting that the native molecule self-association may be
mediated by intermolecular interactions occurring to all the
HC domains, which is in contrast to the specific Fab-Fab
interactions implicated in a previous study of native antibody
self-association in highly concentrated formulation (9).

By contrast to F/T-induced aggregation, incubation at
elevated temperature triggered non-native aggregation with
the major substantial structural changes detected only in
the Fab portion of Bevacizumab molecule by HX-MS
(Fig. 5). Trp fluorescence and ANS binding, though only
providing global structural information, suggested a more
unfolded monomer structure in thermally induced aggre-
gates (Fig. 7), consistent with the dramatic increases in local
solvent accessibility in the Fab portion. It is also interesting
to note that the HX patterns for the Fc portion were very
similar between native Bevacizumab and the thermally
induced aggregates except the C-terminal region 430–452.
This observation suggested that the Fc fragment of
antibody molecule retained its native-like structure; there-
fore, it may not be involved in the intermolecular
interactions critical for protein aggregation. It should be
noted that the experiments here cannot identify the details
of the kinetic mechanism of the nonnative self-association
that occurred. While aggregation may have occurred while
the protein was held at elevated temperature, it is also
possible that some of the structural perturbation was due to
an inability to refold when the protein was returned to low
temperature. Because the structural measurements were
performed only after both heating and cooling steps, we
cannot distinguish between these possibilities.

In Fig. 5, the substantial structure changes observed in
the Fab fragment implicated its critical role during
thermally induced aggregation. In previous studies, the
Fab fragment has also been identified as the responsible
domain for antibody aggregation under thermal stress.
However, the employed experimental approaches were not
based on the direct analysis of antibody aggregates; thus,

Fig. 8 Comparison of SAP ag-
gregation-prone region prediction
with peptide level HX measure-
ment for Bevacizumab. The SAP
value for each residue was aver-
aged over eight data sets, four for
each of two starting antibody
structures modeled from 1HZH
and 1IGY, respectively. The hori-
zontal bars in each panel repre-
sent reporter peptides with
changes in measured solvent pro-
tection by HX after thermally
induced aggregation. Three re-
porter peptides exhibiting reduced
labeling indicative of intermolecu-
lar contacts in aggregates are
shown in black columns.
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the conclusion regarding the responsible domain for
antibody aggregation was not supported by direct and
strong evidence. For example, Garber et al. concluded the
critical role of the Fab fragment in aggregation based on
the correlation between thermal stability of Fab fragment
and molecular aggregation propensity for multiple anti-
bodies under thermal stress (39). Other researchers identi-
fied the aggregation responsible domain based on the
similarity of aggregation behavior between intact antibody
and isolated fragments (7,8). By contrast, we demonstrated
the critical role of Fab fragment in aggregation by
illustrating the occurrence of substantial structural changes
only to this portion for the thermally induced aggregates.

In thermally induced antibody aggregates, in addition to
the major increases in the measured HX patterns,
significantly decreased solvent accessibility (or increased
solvent protection) was also observed in three short CDRs,
LC 48–54, HC 27–35 and HC 54–64. Increase in local
solvent protection relative to native state has been indica-
tive of intermolecular contacts formed in protein-protein
complexes and/or aggregates previously (18). Therefore,
the three CDRs with more solvent protection in the
antibody aggregates were believed to form intermolecular
interactions responsible for Bevacizumab aggregation un-
der high temperature. To our knowledge, this is the first
time residues likely to be involved in antibody aggregate
intermolecular contacts have been identified.

In pharmaceutical development, identifying the aggre-
gation-prone regions in protein sequences could be of great
interest, as it can provide the potential targets for protein
engineering to enhance protein stability against processing
stresses (25). However, to date, a well-established experi-
mental approach that could effectively map the aggregation-
forming regions from the given protein sequence has not
been available. Computational predictions developed based
on two general strategies utilizing either protein physico-
chemical properties (32) or molecular simulation (25) seem
to be a promising method for this purpose. However, their
accuracy in predicting the aggregation-prone regions has
not been extensively tested by experiment, particularly for
full-length large proteins such as monoclonal antibody (25).
As demonstrated in this study, HX-MS can be a useful
experimental tool to identify the regions forming intermo-
lecular contacts in aggregates based on increased solvent
protection relative to native monomer. It thus provides a
method to test the ability of computational predictors. For
the case of Bevacizumab, the combined use of two
sequence-based aggregation calculators PAGE and TAN-
GO suggested four short aggregation-prone regions in the
LC and three in the HC (31), but none of them were
coincident with LC 48–54, HC 27–35 and HC 54–64 that
were identified by HX analysis in this study. Similar
sequence-based calculations performed in this study showed

little coincidence of predicted hot spots with regions of
reduced solvent accessibility in the aggregates (Tables S1–
S3). Similarly, in simulation-based SAP analysis, the three
aggregation-forming segments were not predicted to be
more aggregation prone relative to the other reporter
peptides. The poor correlation between prediction and HX
measurement suggested that neither the sequence-based
calculators nor SAP could reliably predict the regions to
form intermolecular contacts for antibody at least for our
aggregation system.

In summary, we demonstrated the use of HX-MS as a new
approach to explore the structural mechanism of antibody
aggregation under two different stresses. In particular,
Bevacizumab was shown to exhibit native aggregation under
F/T stress vs. non-native aggregation under thermal stress.
The high resolution associated with peptide level HX
analysis further enabled identification of three polypeptide
segments from CDRs as the likely regions to form
intermolecular contacts during high temperature aggrega-
tion. HX-MS therefore provides valuable detailed structural
information for biophysical analysis as well as potential input
for protein engineering efforts to reduce aggregation.
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