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Antibody aggregate is a common issue in therapeutic antibodies, which may compromise product efficacy
and cause adverse effects. Antibody aggregate level is normally controlled in bioprocessing by polishing
steps after Protein A capture. This paper studied the Higher Order Structures (HOS) of antibody aggre-
gates (dimer H1 and H2) and their adsorption on Protein A resin and thus elucidated the mechanism
using Protein A capture for enhanced aggregate removal. The HOS of antibody aggregates and their com-
plex with Protein A were characterized using HDX-MS combined with SEC-MALS, Protein Conformational
Array (PCA), and molecular modeling. The aggregate size and Protein A binding ratio suggested that H2
has much more compact structure than H1. HDX-MS and PCA further revealed that H1 was formed by
single Fab-Fab interaction while H2 formed by Fab-Fab and likely Fc-Fc interaction. On Protein A resin,
both the molar binding ratio and the correlation between protein size and ligand distance support that
each monomer can only bind one Protein A ligand, while each dimer can bind two ligands, thus result-
ing in stronger resin binding. Furthermore, dimer H2 binds stronger than dimer H1 due to its compact
structure. By integrating biophysical analysis and molecular modeling with process development, this
study revealed the antibody aggregate structures and the mechanism of aggregate removal using Protein
A chromatography. It also provided a general strategy for in-depth product and process understanding
in antibody and other biologics development.
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to lack of understanding of aggregates and their interaction with
Protein A.

Antibody aggregate is a common issue in antibody therapeutics
[4]. Antibody aggregate poses the risks of compromised product
efficacy due to different biological activity from monomer, and
generation of adverse effects such as immune response caused by
neutralizing antibodies [5-8]. Therefore, antibody aggregate needs
to be removed to a low level in antibody purification. However, this
is more difficult than removal of process related impurities due to
the biophysical similarities between the aggregate and monomer,
the multiple sources and types of aggregate, and less understanding

1. Introduction

Understanding a biopharmaceutical product and process at the
molecular level can help the design of a more efficient process and
support the correlation of critical quality attributes with clinical
performance. This paper studies the HOS of antibody aggregates
and their adsorption on Protein A resin, which leads to in-depth
understanding of antibody aggregates and their removal by Protein
A chromatography.

Protein A chromatography is critical for platform-based anti-
body purification. Due to the specific adsorption of antibodies, it

is widely used for antibody capture from harvest and removal of
process-related impurities including HCP, DNA and viruses [1-3].
However, it is rarely used for removal of an important class of
product-related impurities, antibody aggregates from harvest, due
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of aggregation mechanism. From the bioprocessing point of view,
antibody aggregates could be formed during cell culture expression
and downstream purification. Due to the different unit-operations
and process conditions, the aggregates could be soluble/insoluble,
covalent/non-covalent, and reversible/irreversible. In antibody
processing, aggregate removal generally relies on polishing steps
after Protein A capture. However, the aggregate removal capability
of polishing steps is limited for both total aggregates and specific
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species. Furthermore, the trend of using only one polishing step
increases difficulties in aggregate removal.

Cell culture harvest usually contains the highest level of aggre-
gate in the process. If aggregate level can be reduced in the Protein
A step, it will significantly improve the overall process robust-
ness for aggregate removal. Separation of antibody aggregate by
Protein A chromatography was explored in a few reports [9,10].
One report demonstrated aggregate removal by linear pH-gradient
using POROS Protein A for a few higG1 and higG2 [9]. Another
one used similar strategy to remove antibody aggregate and other
impurities with different resins [10]. However, none of these
reports studied the mechanism of aggregate removal using Protein
A chromatography. To utilize Protein A for aggregate removal in a
process, it is important to understand the structures of aggregates
and how they interact with Protein A resin, which is the focus of
this study.

HOS determination is challenging for large proteins like anti-
bodies. It is even more challenging for antibody aggregates due
to their formation through multiple possible interactions between
monomers. Therefore, structure determination of antibody aggre-
gate requires a variety of orthogonal biophysical tools to make a
complete picture. Multi-Angle Light Scattering (MALS), Dynamic
Light Scattering (DLS) and analytical ultracentrifugation are used
to determine protein size and molecular weight [11-14]. Differen-
tial Scanning Calorimetry and Circular Dichroism are traditionally
used to monitor stability and protein structure changes [15-17].
These traditional methods only provide global changes in HOS with
low resolution. X-ray Crystallography and Nuclear Magnetic Reso-
nance can provide high resolution structural information but they
are very time-consuming or not suitable for large proteins like anti-
bodies, aggregates, or complexes [18,19]. Hinge region flexibility
also makes antibody crystallization very difficult. MS, on the other
hand, has been widely used to characterize protein sequence and
structure for large glycosylated proteins such as antibodies [13].
Hydrogen/Deuterium Exchange Mass Spectrometry (HDX-MS), a
unique MS-based protein footprinting strategy, has been used to
determine protein conformation and conformational dynamics by
monitoring the hydrogen-deuterium exchange rates. The level of
HDX depends on the solvent accessibility of backbone amide hydro-
gen atoms and the protein hydrogen bonds [20-23]. HDX-MS has
successfully revealed the protein interface in reversible antibody
self-association, and in a structural investigation of site-specific
antibody drug conjugate [19,24]. Protein Conformational Array is a
new and complementary technique to determine protein HOS. This
ELISA-based method can detect the epitopes on an antibody using
a panel of 34 antibodies raised against peptides derived from the
full length protein sequence of eight commercial monoclonal anti-
body drugs [25,26]. It is relatively straightforward to perform the
analysis. Recently, the IgG1 mAD high order structures, specifically
dimers, were studied using Transmission Electron Microscopy and
hydroxyl radical footprinting but the interface information was not
discovered [27,28].

Molecular modeling and simulation are useful tools to construct
protein structures and design new proteins [29]. They are especially
useful for the characterization of antibodies, antibody aggregates,
and complexes because obtaining the full-length structures of these
large proteins at the atomic-level is difficult if solely based on
experimental approaches. Crystallohydrodynamics modeling was
used to determine IgG domain orientation and solution confor-
mation [30,31]. Using molecular dynamics simulation, an all-atom
model for trastuzumab was established for representative structure
in aqueous solution from the crystal structures of antibody frag-
ments [18]. More recently, homology modeling was used to design
and select therapeutic antibody candidates using developability
index, an aggregation propensity indicator combining hydrophobic
and electrostatic interaction [32,33].

In this study, antibody aggregates demonstrated stronger bind-
ing than monomer on Protein A resin while two types of aggregates
also bound differently. To understand the aggregates and their
adsorption on Protein A resin, the monomer and aggregates were
purified and characterized by a set of biophysical tools for structural
information and also reacted with Protein A ligand to determine the
binding ratio. MALS was used to determine the sizes and molecular
weights of aggregates and antibody-Protein A complexes. The pro-
tein interfaces in aggregates were characterized by HDX-MS and
PCA. Molecular modeling and simulation synergized the structural
information from different angles to predict the three-dimensional
(3D) structures for monomer, aggregates and antibody-Protein A
complexes. The structural information combining with quantita-
tion of Protein A binding on resin was then used to elucidate
aggregate adsorption on Protein A resin. Our finding reveals the
aggregate structures and the mechanism of aggregate removal
using Protein A chromatography for in depth product and process
understanding.

2. Experimental

2.1. Preparation of monomer, aggregates and their complex with
Protein A

Superdex 200 Increase 10/300 GL column (GE Healthcare) was
used to prepare monomer and aggregates from Protein A purified
antibody (Supplementary Experimental). 0.5 mL Protein A puri-
fied mAb (20 mg/ml) was loaded to the column and eluted using
200 mM potassium phosphate, 150 mM NacCl, pH 6.8 buffer (PBS).
The elution was collected with 0.5 mL fractions. The aggregate and
monomer peaks were pooled separately based on the order of elu-
tion and named H1 for HMW Species 1, H2 for HMW Species 2,
and M for monomer. Multiple runs were performed to increase the
amount of aggregates. Purified monomer, H1 and H2 were mixed
respectively with Protein A ligand for MabSelect SuRe (Repligen)
with a monomer: Protein A molar ratio of 1:1.1 for monomer and
1:1.4 for H1 and H2. The mixture was incubated at room tem-
perature for half an hour and the samples were then analyzed by
SEC-MALS.

2.2. SEC-MALS and DLS

The antibody species and their complex with Protein A were
analyzed by SEC using a tandem column of TSKgel G 3000SWxI
(TOSOH Bioscience) on Waters HPLC e2695 Alliance. The mobile
phase of PBS was applied at a flow rate of 0.5 mL/min. The sig-
nals of UV, light scattering and refractive index were respectively
monitored by 2489 UV/Vis detector (Wyatt), miniDAWN TREOS
(Wyatt) and Optilab T-rEX (Wyatt). The data was processed by
ASTRA 6.1(Wyatt). The antibody species in PBS were analyzed at
25 °Cfor hydrodynamic diameter (Dy,) in disposable folded capillary
cell (DTS1070) using Zetasizer Nano ZSP (Malvern Instruments).

2.3. Protein Conformational Array

PCA was performed to study the 3-D conformational differ-
ence between monomer and aggregates using InnoBridge ELISA
kit (ArrayBridge) following vender’s instruction. Briefly, the ELISA
plate was coated with incubating 100 pL of 5 pg/mL monomer or
aggregates solution for 1 h. After washing away unbound monomer
or aggregates, 100 wL biotin-conjugated capture antibody was
added and incubated for 1 h. After washing away unbound capture
antibody, Horse Radish Peroxidase (HRP)-conjugated streptavidin
was added and incubated for 45 min to bind to biotin-conjugated
antibody. After washing, TMB substrate was added and converted
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by the captured HRP to a colored product. After a 15-min incuba-
tion for color developing, the reaction was stopped by adding acidic
stop solution and the intensity of the generated yellow color was
detected at 450 nm wavelength in a microtiter plate reader. Each
antibody species was carried out in duplicate. The histogram repre-
senting signals from 34 antibodies was achieved for monomer and
aggregates.

2.4. HDX-Mass Spectrometry

HDX differential studies of purified mAb C monomer, H1 and
H2 were conducted using continuous labeling approach. HDX was
initiated by diluting 5 L of the protein stock solution into 55 L
of D20 buffer (10 mM phosphate in D20, pD 7.0). After continuous
labeling for 20s, 1 min, 10 min and 4 h at 4°C, the exchange reac-
tion was quenched by adding quenching buffer (100 mM phosphate
buffer with4 M GdnCl and 0.4 M TCEP, pH 2.5, 1:1, v/v). 50 w.L of the
quenched solution was then injected into a Waters HDX system.
Proteins were digested inline using an immobilized pepsin column
(Waters, 2.1 x30mm) at 20°C for 3 min. The resulting peptides
solution was desalted with a Waters VanGuard C18 trapping col-
umn (2.1 x 5mm). Peptides were then separated in areverse-phase
column (Waters BEH C18 column, 1.0 x 50 mm) with a 9min LC
gradient. The gradient settings were: 8—40% solvent B for 6 min, iso-
cratic flow at 40% solvent B for 1 min, 40-85% solvent B for 0.5 min,
isocratic flow at 85% solvent B for 1 min, and then a return to 8% sol-
vent B for 0.5 min. Solvent A was water containing 0.1% formic acid,
and solvent B was acetonitrile containing 0.1% formic acid. Peptide
capture and separation were carried out at 0°C, and the peptide
analysis was conducted on a Synapt G2-Si mass spectrometer run-
ning in the ESI positive mode with ion-mobility switched on. The
instrument parameters were set as following: ESI voltage 3.5kV,
cone voltage 35V, source temperature 80 °C, desolvation gas- nitro-
gen at 175°C and 600 L/h, IM Triwave velocity at 650 m/s and wave
height at 40V. Each experiment was carried out in duplicate.

Prior to HDX experiments, non-deuterated experiments were
conducted and acquired with MSE fragmentation to generate a list
of common peptides for mAb C. The MS/MS data were analyzed
using Waters ProteinLynx Global Server, providing 88% sequence
coverage for heavy chain, and 97% sequence coverage for light
chain. HDX data were analyzed by Waters DynamX software to
generate differential HDX plots.

2.5. Binding capacity test of antibody species on Protein A resin

96-well plate format of Protein A resin was used to test binding
capacity for monomer, H1 and H2. 40 L of 10% well-mixed MabS-
elect SuRe resin suspension was loaded into plate wells. Monomer
was first used to test the impact of incubation time (1,4 and 20 h) on
binding capacity at representative 35 mg/ml resin loading. Purified
monomer, H1 and H2 were then respectively added into the plate
wells at duplicate with 35 mg/mL resin loading and incubated with
the resin for chosen 4 h at 900 rpm shaker speed. After incubation,
the resin was settled down by centrifuge and the supernatant was
tested by UV280 to determine remaining protein concentration.
The binding capacity of each antibody species on Protein A resin was
then determined by (Loading amount - Remaining amount)/Resin
volume.

2.6. Molecular modeling and simulation

Homology model of mAb C were generated using the Discov-
ery Studio software package (Accelrys Inc.). Full length antibody
structures, 1IGY and 1IGT [34,35] were selected as templates for
homology modeling, as they have over 80% sequence identity to
mAb C, and most sequence differences are restricted to the CDR

region. Sequence alignments were optimized and 3D homology
models built using MODELER [36]. The homology models were sub-
mitted to side chain optimization and energy minimization steps,
followed by model validation.

Possible H1 and H2 dimers were first generated with Chimera
[37] according to the predicted structures by gyration radius and
Protein A binding ratio and then confirmed by PCA results and the
interfaces provided by HDX-MS experiments. The dimers under-
went energy minimization using GROMACS [38] force field to
remove unrealistic side chain contacts.

The homology model of Protein A was generated with Chimera
using the structure of Protein A Z domain (2SPZ) [39] as a template.
The complexes of antibody and Protein A were generated using the
pdb file of Fc and Protein A complex (1L6X) [40] as a template.
The gyration radius of monomer, dimers, and their complexes with
Protein A were calculated using Pymol (V1.7.4 Schrodinger LLC).

3. Results and discussion
3.1. HMW binding on Protein A resin and SEC-MALS analysis

During mADb process development, we found in different anti-
bodies including higG1 and hIgG4, Protein A elution pH has a
significant impact on aggregate level in elution pool. To understand
the impact, pH gradient was used for antibody elution to profile
the distribution of aggregates. For mAb C, an higG4 focused in this
study, Protein A elution pool was found by SEC-MALS analysis to
contain two major species of HMW named as H1 and H2 (Fig. 1A).
The MW of monomer is 148.7 & 0.4 kDa, very close to the theoreti-
cal 146.5kDa. The MW of H1 is 304.4 + 4.3 kDa and the MW of H2
is 280.3 +£11.7 kDa. Both MWs of H1 and H2 are close to the the-
oretical 293.0kDa for dimer. However, the gyration radius of H1
(8.8+0.6 nm) is much bigger than H2 (5.94+ 1.4 nm) while H2 is
only slightly bigger than monomer (5.0 + 1.1 nm). Fig. 1C and 1D
show the HMW and monomer composition in each gradient frac-
tion. Monomer eluted earlier, while HMW eluted later. The elution
of Monomer, H1 and H2 started from eluate fraction pH 5.0, 4.6
and 4.2 respectively, which clearly demonstrated stronger bind-
ing of HMW than monomer, and stronger binding of H2 than H1.
To prove that the aggregate in elution originated from harvest, the
mass balance of aggregate in the load and elution pool was ana-
lyzed by SEC-HPLC. H1 was fully recovered at 102% in the elution,
while 74% of H2 was recovered in the elution, with the remaining
H2 presumably still bound to the column due to its stronger binding
than H1. No increase of H1 and H2 and no other aggregate species
were observed in elution. Furthermore, the stability study (Fig. 1B)
showed mAb C only started to aggregate at pH < 3.4 while the frac-
tion pH ranged from 3.6 to 5.0. Both experiments demonstrates that
the aggregate originated from the harvest instead of formation by
low pH.

3.2. Preparation, MALS analysis and molecular modeling of HUW
and their Protein A complexes

To study HMW structures, monomer, H1 and H2 were purified
from Protein A elution pool using semi-preparative SEC. The purity
of monomer, H1 and H2 are 99.6%, 91.6% and 81.9% respectively
by SEC-MALS (Fig. 2). Protein A ligand stock was found to have
53% of dimer and only 43% of monomer by SEC-MALS. Protein A
ligand for MabSelect SuRe contains a cysteine residue for immo-
bilization on resin [41,42], which could cause ligand dimerization
in solution. The Protein A ligand was reduced by DTT and alky-
lated by iodoacetamide to increase Protein A monomer to 77.3% by
SEC-MALS. The molecular weight of Protein A monomer was found
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Fig. 1. Analysis of Protein A eluate fractions using SEC-MALS. (A) SEC-MALS analysis of Protein A eluate fractions; (B) HMW level of mAb C in pH stability study; (C) Correlation
of monomer and HMW level with eluate fraction pH, and (D) Enlarged figure for H1 and H2. M, monomer; H, HMW; H1 and H2, two dimer species; LS, light scattering; dRI,

differential refractive index.

Table 1

Comparison of MW and Gyration radius by MALS with predicted values.

MW by MALS (kDa) MW Predicted (kDa) Rg by MALS (nm) Rg Predicted® (nm)

A 27.6+1.1 26.7° / /

M 150.5+1.6 146.5° 5.0+0.3 5.3
H1 3103+104 293.0° 8.7+0.7 8.0
H2 290.2+10.8 293.0° 56+0.2 5.8
MA 179.8+1.6 178.1° 6.2+02 6.5
H1A4 467.6 +£32.5 420.7° 11.5+1.6 9.9
H2As3 3723 373.0° NT 7.8

Notes: (Mean value + Standard error) from three samples. NT: Not tested.

A, Protein A; M, monomer; H1 and H2, two dimer species; MA, monomer-Protein A complex at 1:1 molar ratio; H1A4, H1-Protein A complex at 1:4 molar ratio; H2As,

H2-Protein A complex at 1:3 molar ratio.
2 Theoretical MW from amino acid sequence.
b Calculated MW from the MW of reactants by MALS.
¢ Predicted by molecular modeling.

to be 27.6 + 1.1 kDa, which matches well the theoretical 26.7 kDa
[41-43].

Since monomer, H1 and H2 bind to Protein A resin at different
strength, antibody-Protein A complexes were prepared to study
the Protein A binding ratios. The complex peaks were identified
by molecular weight and gyration radius from MALS analysis. As
shown in Fig. 2, monomer-Protein A complex with 1:1.1 molar ratio
demonstrated complex peaks with all monomer and Protein A con-
sumed. The complex at 33.0 min is MA composed of one monomer
and one Protein A (179.8 kDa by MALS vs 178.1kDa by calcula-

tion). The monomer binding two Protein A ligands (AMA) is easy to
grow into bigger complexes, one of which is A(MA); at retention
time of 26.1 min (583.4 kDa by MALS vs 561.9 kDa by calculation).
The H1-Protein A complex (1:1.4 monomer-Protein A molar ratio)
demonstrated an apparent species at 26.5 min, H1A4 composed of
one H1 dimer and four Protein A (467.6 kDa by MALS vs 420.7 kDa
by calculation). The big size of H1 might enhance the collision
with Protein A ligands with some bigger complexes observed. The
H2-Protein A complex (1:1.4 monomer-Protein A molar ratio) con-
tained a major species at 28.8 min, H2A3 composed of one H2 dimer
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lapped with monomer; (B) H1-Protein A complex overlapped with H1; (C)
H2-Protein A complex overlapped with H2.

and three Protein A (372.3kDa by MALS vs 373.0kDa by calcu-
lation). Very likely the compact structure of H2 caused the steric
hindrance of one Protein A binding site. As summarized in Table 1,
the experimental molecular weight and gyration radius of major
complexes were compared with calculated molecular weight from
reactants and predicted gyration radius from molecular modelling
(Fig. S1). For MA, the MW and radius by MALS matches the pre-
dicted ones very well. For H1A4, both MW and radius by MALS are
slightly bigger than predicted ones, probably due to the structure
flexibility of four long Protein A ligands in solution. For H2As3, the
MW by MALS matches the predicted one very well.

The SEC-MALS analysis of monomer, dimers and their complex
with Protein A provided a big picture for the distinctive structures
of two dimers based on molecular weight, protein size, and Protein
A binding ratio. The apparently bigger size of dimer H1 than H2
indicates an extended structure for H1 but a very compact one for
H2.Furthermore, H1 binding up to four Protein A ligands in solution
indicates all four Protein A binding sites from two monomers are
fully exposed, while H2 binding three Protein A ligands indicates
the steric hindrance for one Protein A binding site. Based on above
information, molecular modeling was used to predict H1 and H2
structures (Fig. S1). H1 structure with one Fab-Fab interaction (Fig.
S1B) is fully extended and matches well the gyration radius and
four potential Protein A binding sites. H2 structure has two options
matching the compact size. One has cross-linked four Fabs with
upper hinge region interaction (Fig. S1C), which may bind up to four
Protein Aligands. Another structure (Fig. S1D) based on Fab-Fab and
Fc-Fcinteractions could bind potentially three Protein Aligands due
to the steric limitation in the cavity between two monomers. Both
H2 structures match the compact protein size but the structural

model with Fab-Fab and Fc-Fc interactions is more supported by
the 1:3 Protein A binding ratio.

3.3. HMW interface characterization by HDX-MS and PCA

HDX-MS and PCA were used to reveal the monomer interfaces
in dimers. PCA as a simple tool was used to provide preliminary
information for structure change between monomer and dimers.
As shown in Fig. 3, similar signals were detected between the
monomer and two dimers for most of the 34 epitopes examined.
The systematic slightly higher signal in monomer is likely caused
by the normalization of molar amount. The apparent signal differ-
ences between the monomer control and dimers are observed on
Ab 6, 15, 17 and 20. Ab 6 represents the epitope on LC variable
region (Light Chain, CDR3), Ab 15 and 17 the LC constant region,
and Ab 20 the end of HC constant region 1 (Heavy Chain). The
epitopes on LC represented by Ab 6, 15, and 17 have significantly
increased exposure in H1 and slightly increased exposure in H2.
The conformational changes across variable and constant regions
on LC indicates that dimer formation might occur through the Fab
domain. Furthermore, the interactions on H1 Fab are stronger than
those on H2 Fab. The exposure of Ab 20 epitope in H2 but not in H1
further indicates the different dimer interface between H1 and H2.

HDX-MS was used to elucidate the interaction details at molec-
ular level. Peptide regions that display more deuterium uptake in
monomer indicate HDX reductions upon the formation of dimers
due to protein self-association. This pinpoints the potential protein
aggregation interfaces. In HDX analysis of M and H1 (Fig. 4), sig-
nificant HDX reductions (>3x STD) were observed in five peptide
regions (residues 27-32, 54-58, 69-79, 123-140 and 202-205) in
the Fab domain of heavy chain from H1. Peptide region 196-214
in light chain also exhibited significant HDX reduction. Interest-
ingly, two peptide regions (residues 33-49 and 162-175) in light
chain showed more deuterium uptake, suggesting protein self-
association-induced conformational changes.

In HDX analysis of M and H2 (Fig. 5), unlike H1, the levels of HDX
reduction observed in H2 were relatively low. However, two pep-
tide regions (residues 27-32 and 54-58) in heavy chain CDRs, that
showed significant HDX reductions in H1, also displayed significant
HDX reductions in H2, indicating their importance in protein-
protein self-association. Interestingly, peptide region 33-49 in light
chain also showed reversed trend of HDX upon H2 formation. This
suggests that the conformational change of peptide region 33-49 in
light chain was mostly induced by the protein-protein interactions
in residues 27-32 and 54-58 in heavy chain CDRs.

To correlate the HDX results with the structures of H1 and H2,
the peptides showing significant HDX reduction (red and orange)
or reversed trend (green) were mapped onto an in-house crystal
structure of Fab (Fig. 6). As expected for H1 (Fig. 6A), peptides that
showed significant HDX reductions are all located in the same inter-
face of Fab, including part of the CDRs, and are mostly comprised
of B sheet-loop-f3 sheet structure. The residues 27-32 and 54-58
combined with residue 69-79 on HC are one of the key protec-
tion sites on top of Fab (Site 1). They form a compact 3D region
which facilitates their interaction. Due to the Site 1 interaction on
HC, the corresponding residues 33-49 on LC are more exposed. On
the lower part of Fab, residues 123-140 and 202-205 on HC and
196-214 on LC forms another key interaction site (Site 2). Corre-
spondingly, this interaction site caused the exposure of residues
162-175 on LC, which matches well with Ab 15 exposure (residues
152-175 on LC) by PCA. HDX results clearly yield good correlation
with the predicted structural model of Fab-Fab interactions in H1
(Fig. S1B).

The low levels of HDX reduction observed in H2 suggest that
the protein-protein associations in H2 mainly involve protein side
chain-side chain interactions on the top of Fab, which have limited
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Fig. 3. Protein Array analysis of M, H1 and H2. Samples were run on duplicate using InnoBridge ELISA kit. A panel of 34 Abs targeting antibody epitopes was used to probe

the structure difference between monomer, dimer H1 and H2.
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that showed reversed trend of HDX were colored in green. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

impact on the solvent accessibility of protein amide backbone. As
shown in Fig. 6B, during H2 formation there is similar protection
on the top of Fab composed of residues 27-32 and 54-58 but no
protection on the lower part of Fab. This interaction site caused
the exposure of residues 33-49 on LC. Although HDX results do
not show direct evidence for Fc-Fc interactions in the predicted

structural model of H2 (Fig. S1D), detailed molecular-level infor-
mation of potential protein aggregation interfaces on the top of
Fab are revealed by HDX experiments. Therefore, the structural
model with upper Fab-Fab and lower Fc-Fc interaction (Fig. S1D)
is more supported than the model with strong interaction at hinge
region (Fig. S1C). Furthermore, although not a strong signal from
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HDX-MS results, there is an increasing reduction signal on residues
436-447 indicating potential weak interaction at the end of Fc (Figs.
5 and Fig.S2B). This Fab-Fab and Fc-Fc model correlates well with
the compact structure of H2 and the 1:3 Protein A binding ratio.
Combining HDX with PCA and molecular modeling data, dimer
H1 is most likely formed by the interaction of Fab Site 1 on one
monomer with Fab Site 2 on the other (Figs. 6 A, Fig. S1B and Fig.
S2A).H2 is most likely formed by symmetrical interaction between
the top of Fabs from both monomers with weak interaction at the
end of Fc (Figs. 6 B, Fig. S1D and Fig. S2B). Therefore, the structural
information from combined biophysical tools was integrated with
molecular modeling and provided a complete picture of H1 and H2.

3.4. Interaction of antibody species with Protein A on resin

The above structure information of monomer and HMW pro-
vides insights into their binding and elution behavior on Protein
A resin. Fig. 7 depicts the most possible interaction model of
monomer and dimers on Protein A resin. IgG monomer, although
with two Protein A binding sites, can only interact with one Protein
A ligand on resin. The dimer H1 can bind up to four free Protein A
ligands in solution but only interact with two on the resin due to
the steric hindrance. For the same reason, the dimer H2 also inter-
acts with two ligands on the resin, less than three it can bind in
solution.

To quantitatively determine Protein A binding ratio on resin,
binding capacity of Monomer, H1 and H2 was tested using batch
mode adsorption. The loading of 35 mg/mL was the same as the col-
umn mode and representative in processing. Four hours incubation
was chosen since incubation study using monomer demonstrated
highest binding at 4h (30.7+0.7, 33.34+0.3 and 29.2 + 1.9 mg/ml
for 1, 4 and 20 h respectively). Slightly lower binding at 20 h might
be caused by protein degradation and method variation. Using
batch mode adsorption on the same plate, the binding capacity
of monomer, H1 and H2 was determined to be 31.5, 32.1 and
31.5mg/mL respectively (Table 2). With Protein A ligand density
of 5.7 mg/mL (average of 5.6, 5.6 and 5.9 mg/mL from 3 lots) [42]
and the molecular weights of Protein A and antibody species by
MALS (Table 1), the Protein A: Antibody species molar ratio was
determined to be 1.0, 2.0, and 1.9 for Monomer, H1 and H2 respec-
tively (Table 2). The binding ratio demonstrates that on average, one
monomer interacts with one Protein A ligand while both H1 and H2
interact with two Protein A ligands on the resin, which correlated
well with the model (Fig. 7).

Table 2
Protein A binding ratio on resin per antibody species and their hydrodynamic
diameters.

Antibody species M H1 H2

Binding capacity (mg/ml resin)? 31.5+0.1 32.1+0.1 31.5+0.0
Protein A to Antibody species molar ratio® 1.0+0.005 2.0+0.009 1.9+0.000
Hydrodynamic diameter (nm)P 12.6+0.1 204+03 21.1+£06

Notes: (Mean value + Standard error) from two samples (a) and three samples (b).

The Protein A binding ratios for monomer, H1 and H2 are
further supported by correlating the hydrodynamic diameters of
monomer, H1 and H2 with the Protein A ligand distribution on the
resin. The average distance between two adjacent Protein A lig-
ands is calculated as 19.7 nm based on the surface area of 50 m2/mL
and ligand density of MabSelect SuRe resin [42,44| (Supplemen-
tary Results). The D, of monomer, H1 and H2 are 12.6, 20.4 and
21.1 nm respectively (Table 2). Dy, indicates the apparent size of
the dynamic hydrated molecules, which includes both hydration
and shape information. Previously gyration radius was used for
structure analysis because it indicates molecular shape informa-
tion. Although H1 and H2 have different Rg reflecting different
structure, their similar Dy, suggests similar diffusion behavior on
resin surface when interacting with Protein A ligands. Monomer
has two Protein A binding sites on the same Fc and thus can only
bind one Protein A ligand. However, due to the bigger D, of H1 and
H2 than the ligand distance and the spread of Protein A binding
sites on both end of the dimers (Fig. S1B and S1D), the dimers most
likely bind two adjacent Protein A ligands whose flexibility can also
contribute to the interaction. Due to the diffusion limitation, the
accessible surface area for Protein A ligand should be smaller than
the total 50m?2/mL and thus, the actual ligand distance is shorter
than 19.7 nm. This will make H1 and H2 more accessible to interact
with two adjacent Protein A ligands.

Both Protein A binding ratio on resin and the size correlation
between antibody species and ligand distance support the interac-
tion of both dimers with two Protein A ligands on resin. Therefore,
H1 and H2 bind stronger than monomer which only interacts with
one Protein A ligand. However, H2 binding is stronger than H1,
as demonstrated by the elution order of monomer, H1 and H2 by
pH gradient. This binding difference between H1 and H2 could
be attributed to two factors with regard to their structure differ-
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ence. The compact structure of H2 makes its interaction with two
Protein A ligands more rigid than the flexible extended structure
of H1 (Fig. 7). Furthermore, the Fab-Fab and Fc-Fc interaction of
H2 exposes more of Protein A binding site between CH2 and CH3
domains for stronger Protein A interaction (Fig. S2B).

The mechanistic understanding of HMW structures and their
interaction with Protein A resin provides a strong rationale to uti-
lize Protein A chromatography for HMW removal. The stronger
binding of HMWs than monomer makes it feasible to optimize
the elution pH and collection signal to remove HMWs. Using this
strategy, HMW removal has been achieved in Protein A step for
different antibodies, which leads to improved drug substance qual-
ity. Furthermore, the HMW structures and associated charge and
hydrophobicity properties could be utilized to improve polishing
steps including ion exchange, hydrophobic interaction and multi-
modal chromatography. In addition, the potential impact of these
aggregates on clinical safety and efficacy may be also derived from
the structure knowledge, especially the protection and exposure of
CDRs and other important surface regions.

4. Conclusions

This study discovered the structures of two distinct antibody
aggregates from clarified CHO cell culture by integrating biophys-
ical analysis and molecular modeling with process knowledge.
Protein A pH gradient elution demonstrated the stronger binding
of HMW than monomer and H2 than H1. The molecular weight,
protein size, and Protein A binding ratio by SEC-MALS guided the
structure modeling of monomer, HMW and their complex with Pro-
tein A. HDX-MS and PCA provided the molecular level interface
information in H1 and H2 to support their higher order struc-
tures. Dimer H1 has an extended structure formed by Fab-Fab
interaction while Dimer H2 has a compact structure formed by
Fab-Fab and very likely Fc-Fc interaction. These structure differ-
ence caused stronger binding of H2 on Protein A resin than H1
although both dimers can bind two Protein A ligands. The monomer
can only interact with one Protein A ligand on the resin and thus
weaker binding than both dimers. The knowledge of the antibody
aggregate structures and their interactions with Protein A pro-
vides mechanistic understanding for HMW removal by Protein
A chromatography. The structure and properties information of
aggregates and monomer could be further used to improve polish-
ing steps and study their impact on clinical effect. The methodology
of integrating biophysical analysis and molecular modeling with
process development can be used for in-depth product and process
understanding of biopharmaceuticals.
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