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The impact of forced degradation conditions on mAb dimer formation and
subsequent influence on aggregation propensity
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ABSTRACT

Monoclonal antibody (mAb) aggregation can present major challenges for the development of biother-
apeutics. An understanding of the molecular mechanisms of mAb aggregation is highly desirable both
because it allows the performance of informed risk assessments regarding the criticality of mAb aggre-
gates and because it may facilitate rational stabilization of aggregation prone regions. Here, we report the
generation and isolation of dimer species of an IgG4 mAb (mAb?1) that were present in stressed material
under differing levels of temperature stress. We demonstrate the power of combining established higher
order techniques with non-routine analysis, such as small-angle X-ray scattering, hydrogen/deuterium
exchange mass spectrometry (HDX-MS), and protein conformational array enzyme-linked immunosorbent
assay (PCA ELISA), and show that dimer species formed under temperature stress are structurally distinct
from those present in unstressed mAb1. Specifically, stress-induced dimers are shown to adopt a more
elongated conformation with a greater degree of unfolding when compared to native dimers. Analysis by
HDX-MS and PCA ELISA, supported by in silico shape and charge molecular docking, enabled the
identification of residues in both the variable and constant domains that appear to play a significant
role in the dimerization of mAb1. Furthermore, we show that dimers formed under temperature stress are
significantly more long-lived than those present in unstressed mAb1. We also present evidence that mAb1
dimers can behave as aggregation nuclei, and that dimers produced under high-temperature stress do so
to a greater extent. This work presents an advancement in our understanding of the molecular mechan-
isms of mAb aggregation and highlights the importance of structural characterization of dimer species
during the development of mAb biotherapeutics.
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Introduction by diffusion rate and geometric constraints of the interaction
sites. Factors including protein concentration change, viscos-
ity, ionic strength, pH, and temperature influence aggregation
rates.

Aggregation and self-association in protein-based biother-
apeutics are critical quality attributes (CQAs) that are con-
trolled by the manufacturing process. Aggregates have the
potential to elicit immune reactions, including neutralizing
anti-drug antibodies, which can diminish the drug’s efficacy
upon subsequent dosing. Aggregation can have significant
deleterious effects on the efficacy and safety of therapeutic
mAbs. For example, aggregation may block the complemen-
tarity-determining regions (CDRs) from binding to the target
molecule.** In addition, there is evidence that aggregated
mAbs may be cleared at faster rates® and that they may induce
an immunogenic response.” The immunogenicity of aggregates
is thought to arise from the following processes: formation of

Monoclonal antibodies (mAbs) are highly successful therapeu-
tic agents used to treat a plethora of diseases. In recent years,
there has been tremendous growth in the use of mAbs as
therapeutics and, as of 2018, the total global antibody thera-
peutic market value was estimated at $115.2 billion.! However,
mAbs are highly complex molecules that are subject to many
possible  degradations and formations of micro-
heterogeneities. Therefore, mAbs can present several major
challenges throughout development. Among the most signifi-
cant of these is the propensity for mAbs to aggregate.

The term aggregate does not describe a homogenous spe-
cies, and aggregates can have disparate properties, including
being small (dimers) or large (visible precipitates), soluble or
insoluble, reversibly or irreversibly formed, and non-covalently
or covalently attached.” Protein aggregation is often the con-
sequence of protein-protein interactions, a process influenced
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neo epitopes through new quaternary structures, unfolding
during aggregation leading to new cryptic epitopes that were
previously buried, or the formation of repetitive complexes to
which the immune system is especially sensitive, as repetitive
motifs are a feature of microbial cells.® Therefore, the preven-
tion and/or mitigation of aggregation is a key goal during the
development of therapeutic mAbs.

Understanding mAb aggregation at a molecular level is
highly desirable for several reasons. Characterizing protein
aggregates present in the therapeutic of interest is crucial
when defining CQAs and control strategy.” With a greater
understanding of the structure and properties of the aggregates
present, it is possible to undertake more informed risk assess-
ments when defining their criticality. In addition, if the mole-
cular mechanisms underpinning aggregation can be
understood, then this can inform the rational design of aggre-
gation-resistant sequences or formulation buffers.'*™"

Antibody aggregation is understood to progress via several
parallel and competing pathways and has been extensively
reviewed elsewhere.'>'* Regardless of the dominating pathway
for aggregation of a given molecule, dimer formation is among
the first steps of aggregation. This may be via the association of
two natively folded monomers or it may be preceded by the
partial unfolding of monomers, leading to the adoption of
anon-native, more aggregation-prone structure. Dimer forma-
tion may be reversible or irreversible, depending on the nature
of the interactions between the two monomers. Dimers and
other small oligomers can then go on to precipitate the forma-
tion of larger aggregates.

Dimer species are typically the main aggregate present in
mAbs and so their structural characterization is of particular
interest. Different conformations of mAb dimer have been
reported in literature, including compact and elongated
dimer species reported by Plath et al."” The localization of
dimer interface sites depends on both the sequence of the
mAb of interest and the conditions under which the dimers
are formed. There are examples of dimer formation being
driven by Fab-Fab,'®'” Fc-Fc,'®!° and Fab-Fc* interactions.
Hydrophobic interactions are often important in driving
aggregation, and several surface-exposed hydrophobic regions
have been identified in IgGs, mostly within the hinge and loop
regions.”'

Exposure to elevated temperature is among the major stres-
ses that may be experienced by mAbs throughout their manu-
facture, storage, shipping, and administration.?? Therefore, the
effects of elevated temperature on protein degradation (both
via aggregation and other degradation pathways) are com-
monly assessed in both stability studies and forced degradation
studies.” It is well understood that aggregation proceeds via
different pathways at elevated temperatures.”*>° However, the
molecular mechanisms that underpin this difference remain to
be fully elucidated. Several studies have shown that exposure to
elevated temperature will lead to a greater proportion of (par-
tially) unfolded protein, and hence aggregation will proceed via
exposure of aggregation hotspots.””

An understanding of the long-term behavior of dimer spe-
cies once formed is of high importance. According to current
models for mAb aggregation,'* dimers may either dissociate to

monomer, remain stable as dimers, or may induce further
aggregation by acting as aggregation seeds. Which of these
pathways dominates clearly has substantial implications for
the aggregation propensity of the mAb of interest. The fate of
a given mAb dimer is likely to be driven by the nature of the
interactions holding the dimer together, as well as the overall
structure of the dimer species. The reversibility of mAb oligo-
mer species has been studied previously, often using different
buffer compositions to investigate the relative contributions of
both charge and other interactions.”*** However, other studies
have reported the presence of highly stable or covalent dimers.*
It has been observed in several cases that “seeding” proteins
with oligomers can drive subsequent formation of larger
aggregates.”””° However, to our knowledge the impact of dif-
ferent dimer forms on driving subsequent aggregation of mAbs
has been the subject of only a limited number of studies.”’ In
this study, we aimed to investigate the links between stress
condition, dimer conformation, and ultimately dimer reversi-
bility and “aggregation seed” behavior.

Higher order structure (HOS) determination is challenging
for large proteins such as antibodies. This is even more chal-
lenging for antibody aggregates due to their increased com-
plexity arising from multiple possible orientations and
interactions between monomers. Typically, techniques such
as differential scanning calorimetry (DSC) and circular dichro-
ism (CD) are used to monitor protein structure changes.
However, these methods only provide information relating to
global changes in HOS with low resolution. In this study, in
order to obtain higher resolution structural information, we
used the protein conformational array (PCA) enzyme-linked
immunosorbent assay (ELISA) as a complementary technique
to determine protein HOS and dimer interface sites. This
method can detect epitopes on an antibody using a panel of
34 antibodies raised against peptides derived from the full-
length protein sequence of eight commercial mAb drugs.’” In
addition, we obtain complementary information using hydro-
gen/deuterium exchange mass spectrometry (HDX-MS),
which has been used previously to determine dimer interaction
sites.”

Additionally, we used a combination of biophysical tools
such as small-angle x-ray scattering (SAXS) performed using
a high-intensity x-ray synchrotron source. This technique
results in diffraction from which a scattering pattern can be
obtained, giving information on size and shape of proteins.
Analytical ultracentrifugation (AUC) performed at high cen-
trifugal forces allowed us to monitor sedimentation events in
real time, giving information on shape and heterogeneity. To
gain further understanding into dimer structures, structural
information obtained from SAXS, AUC, and PCA ELISA
were combined with structures generated using homology
modeling and molecular dynamics (MD) simulation.

The current work describes the generation and isolation of
three different dimer populations from an IgG4 mAb (mAb1)
that had been exposed to three different storage conditions: 1)
storage at < —60°C since manufacture, 2) incubation for
1 month at 37°C, and 3) incubation for 1 month at 50°C. The
structure of the dimers was then interrogated using several
novel and complementary techniques to determine their
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Figure 1. Generation and isolation of dimers from mAb1. a) SEC chromatograms for unstressed mAb1, and mAb1 after incubation for 1 month at 37°C and 50°C. b) SEC
chromatograms of isolated dimers. ¢) SDS-PAGE analysis of the dimer samples. SM = starting material (mAb1), ND = Native dimers, 37 = 37°C dimers, 50 = 50°C dimers.
Samples were analyzed non-reduced and reduced. Monomer is shown in green boxes, SDS-resistant dimer is shown in white boxes. Under reduced conditions, LC and
HC are shown in blue and red boxes, respectively, with non-reducible species shown in purple boxes.

Table 1. Summary of SE-HPLC and SDS-PAGE.

Storage SE-HPLC (starting SE-HPLC (isolated SDS-PAGE (non-reduced, isolated SDS-PAGE (reduced, isolated
condition material) dimers) dimers) dimers)
<-60°C HMWS: 0.0% HMWS: 3.6% Dimer: 33.2% Non-reducible: 5.1%
(Native) Dimer: 0.6% Dimer: 87.1% Monomer: 62.4% Reducible: 94.9%
Monomer: 99.4% Monomer: 9.3%
LMWS: 0.0% LMWS: 0.0%
37°C HMWS: 0.0% HMWS: 1.1% Dimer: 55.9% Non-reducible: 14.9%
Dimer: 1.6% Dimer: 89.3% Monomer: 44.1% Reducible: 85.1%
Monomer: 98.4% Monomer: 9.6%
LMWS: 0.0% LMWS: 0.0%
50°C HMWS: 16.4% HMWS: 16.9% Dimer: 50.3% Non-reducible: 13.0%
Dimer: 2.4% Dimer: 71.2% Monomer: 42.6% Reducible: 87.0%
Monomer: 79.6% Monomer: 5.8%
LMWS: 1.6% LMWS: 0.0%

HOS. In addition, their properties, such as reversibility and
propensity to induce further aggregation, were studied.

Results

Generation and isolation of dimers from
temperature-stressed mAb1

In order to generate different dimer populations, mAbl was
incubated at 37°C and 50°C for one month. To assess the extent
of dimer formation under these different incubation tempera-
tures; the samples were analyzed by size exclusion high perfor-
mance liquid chromatography (SE-HPLC). mAb1 that had been
stored at <-60°C since manufacture was also analyzed by SE-
HPLC. The resulting chromatograms are shown in Figure 1a,
and the proportions of the different species present are shown in
Table 1. Incubation at both 37°C and 50°C resulted in an increase
in dimer. Unstressed mAbl contains <1% dimer, whereas after
temperature stress this increases to 1.6 and 2.4% at 37 and 50°C,
respectively. In addition, for the sample incubated at 50°C there
is an increase in larger high molecular weight species (HMWS),
indicating that a different aggregation pathway is occurring at
this temperature. The dimer species from each of the three
samples were then isolated by SEC. The dimers isolated from
frozen mAbl, mAbl incubated at 37°C for 1 month, and mAbl
incubated at 50°C for 1 month are hereafter referred to as “native
dimers,” “37°C dimers,” and “50°C dimers,” respectively. The
isolated dimers were re-analyzed by SEC to assess their purity.

The resulting chromatograms are shown in Figure 1b, and the
proportions of the different species present are shown in Table 1.
For all three samples, significant enrichment of dimer was
achieved, with a purity of 87, 89 and 71% for native dimers,
37°C dimers, and 50°C dimers, respectively.

The isolated dimers were analyzed by SDS-PAGE
(Figure 1c and Table 1). We noted some differences
between the apparent molecular weight observed by SDS-
PAGE and the theoretical molecular weights for mAbl
(LC ~ 25 kDa, HC ~ 50 kDa, Monomer ~ 150 kDa).
Migration on an SDS-PAGE gel can be influenced by
many other factors than molecular weight, such as the pl
of the molecule, folding state, and amount of SDS bound.
In addition, the use of pre-stained molecular weight stan-
dards can result in discrepancies between apparent and
theoretical molecular weight.’* Despite this, given the
highly purified nature of these samples it was possible to
assign the species present based on their relative migra-
tion. For all three dimer samples, analysis under non-
reduced conditions revealed the presence of SDS-resistant
dimer, the majority of which reduce to heavy chain and
light chain when analyzed under reducing conditions. This
suggests that a proportion of the dimer species in all three
samples may be in part held together via disulfide bonds.
This is in good agreement with previous work which has
shown a significant contribution from disulfide bonds to
mAb dimer formation.*
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Figure 2. Secondary and tertiary structure characterization of dimers. a) Far UV CD spectra of mAb1, Native dimer, 37°C dimer and 50°C dimer. b) FTIR spectra of mAb1,
Native dimer, 37°C dimer and 50°C dimer. ¢) Quantification of the secondary structure species present from the FTIR data in B). d) Intrinsic fluorescence analysis of mAb1,
Native dimer, 37°C dimer and 50°C dimer. Data are the mean + standard deviation of triplicate measurements.

Identification of structural differences between native
dimers, 37°C dimers, and 50°C dimers

The three dimer samples were then analyzed by several spec-
troscopic techniques to identify any differences in secondary
and tertiary structure. In all cases, unfractionated mAbl was
analyzed as a control.

Circular dichroism

The far UV CD spectra of the dimers is shown in Figure 2a. All
samples had highly similar spectra characteristic of beta-sheet
secondary structure. There was a small but reproducible dif-
ference observed for the 50°C dimers, suggesting there may be
small differences in secondary structure for this sample.

Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) analysis of the
dimers (Figure 2b) also points to the presence of small differ-
ences in secondary structure between the samples. When com-
pared to unfractionated mAbl, the dimer samples all exhibit
differences at wavenumbers between 1600 and 1620 cm .
Signals in this region have been attributed to the formation of
inter-molecular beta-sheet, which has been shown to be pre-
sent in aggregated protein.”

Quantification of the different secondary structures present
in the dimers (Figure 2c) reveals an increase in beta, with an
accompanying decrease in turn and unordered secondary
structures when compared to unfractionated mAbl. There is

a trend for increasing amounts of beta structure with increas-
ing temperature stress.

Intrinsic fluorescence

To further investigate the apparent structural differences
between dimer and unfractionated mAbl as well as between
the different dimer samples, all samples were subjected to
intrinsic fluorescence analysis. The fluorescence data are
shown in Figure 2d. Compared to unfractionated mAbl, the
native dimer sample has a small increase in barycentric mean,
indicating a small change in the tertiary structure for the native
dimers. Further increases in barycentric mean are observed with
increasing temperature stress. This is consistent with an increas-
ingly non-native tertiary structure with increasing temperature.

Dimers formed at elevated temperatures have a more
elongated structure

Spectroscopic analysis revealed that there were some differ-
ences in secondary and tertiary structure between all of the
samples. We next decided to characterize the tertiary and
quaternary structure of the dimer samples. The samples were
thus analyzed by sedimentation velocity analytical ultracentri-
fugation (SV-AUC). Analytical ultracentrifugation is used to
observe macromolecular sedimentation under high centrifugal
force in order to determine their masses and shapes.”® The
main advantage of ultracentrifugation is the detection of dif-
ferent species in a sample from the peaks in a 2-dimensional



Table 2. Summary of 2DSA AUC and SAXS analysis.
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Monomer Native Dimers 37°C Dimers 50°C Dimers
Observed dimer 6.13 8.70 / 44.26% 7.28 5.72% 7.22 0.18%
sedimentation coefficients/ Percentage of total dimer 9.16 / 43.63% 8.96 81.49% 8.78 58.42%
9.53/ 9.39% 10.20 12.79% 9.12 41.40%
10.25/ 2.73%
Average sedimentation coefficient of dimer NA 9.02 9.02 8.92
Rq (/'-3) from Guinier analysis 49.3 70.3 67.4 76.0
Rg (A) from P(r) 49.2 70.2 67.5 76.4
Dmax (A) 139.5 213.5 201.0 2445

spectrum analysis (2DSA).*” The SV-AUC data revealed sev-
eral dimer species with different sedimentation coeflicients for
each of the dimer samples. These are shown in Table 2. The
dimer species in the native dimer and 37°C dimer samples had
an average sedimentation coeflicient of 9.02, whereas the dimer
species present in the 50°C dimer sample had a lower average
sedimentation coeflicient of 8.92. This is indicative of the
dimers in the 50°C dimer sample adopting a more elongated
conformation. The heterogeneity of the dimers appeared to
decrease from native dimers to 50°C dimer, indicating a shift
to a more homogeneous elongated conformation.

To further investigate the differences in quaternary struc-
ture between the different dimers, samples were analyzed by
SAXS. In order to compare the different dimers with mono-
meric mAbl, all four samples were examined by SEC-SAXS.
The results are shown in Figure 3 and Table 2. The instanta-
neous SAXS profiles were further averaged for noise reduction
(Figure 3a). Differences between the mAbl native dimer and
heat-stressed mAb1 dimers are apparent in these profiles and
from the radius gyration (Rg). The Rg for the monomer was

a) b)

Monomer (starting material)
Native Dimer

37 C Dimer

50 C Dimer

ad

Monomer (starting material)
Native Dimer

37 CDimer

50 C Dimer

d)

axrg

Native Dimer

49.3 A for the monomer, in line with previously reported
values for mAbs.*® For the dimer samples, the Rg was 70.3 A,
67.4 A and 76.0 A for the native, 37°C and 50°C dimers,
respectively. The increased Rg for the 50°C dimers is indicative
of these dimers adopting a more elongated conformation than
the native dimers. These differences are enhanced in the
dimensionless Kratky plot (Figure 3c). The first maximum for
native dimer is reached at qRg = 2, which is slightly shifted
from the coordinate (1.7, 1.1) expected for well-defined glob-
ular proteins.®” The position of this maximum in the dimen-
sionless Kratky plot of the mAb monomer does not markedly
differ from that of the dimers, suggesting that IgG flexibility is
sufficient to achieve this slight shift. The profiles of the native
and 37°C dimers are broadly superimposed, suggesting that
similar structures were reached irrespective of heating condi-
tions up to 37°C. In contrast, for the 50°C dimers, the second
maximum in the dimensionless Kratky plot is significantly
above 5.5 at qRg = 7.0. This suggests a considerably less
compact structure as compared with native dimers and/or
significantly different structural diversity in the population of
mAb dimers.
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Figure 3. SAXS analysis of dimer samples. a) Scattering curve for Monomer, Native Dimer, 37°C Dimer and 50°C Dimer. b) P(r) distance distribution for monomer, native
dimer, 37°C dimer and 50°C dimer. c) Normalized Kratky plot for monomer, native dimer, 37°C dimer and 50°C dimer. d) Ab initio shape analysis for native dimer, 37°C
dimer and 50°C dimer. Showing a more compact structure for the native dimer, and a highly elongated structure for the 50°C dimer. The 37°C dimer adopts a more

intermediate shape.
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The 201-244 nm maximal extension of the antibody dimers
derived from the p(r) curve (Figure 3b) is compatible with
known structures of antibody dimers.*” To achieve the latter
calculation, we implemented software GNOM25 validated for
common globular proteins. Using p(r), it was possible to con-
struct low-resolution structures. We implemented ab initio
reconstructions using the software package DAMMIN.*!
After multiple independent runs and two refinements, we
arrived at a structure of packed beads that converged to
a typical T-shaped antibody-like envelope (Figure 3d). For
the dimers, the ab initio bead models converged to a more
compact structure for the native dimers and a more elongated
bead model for the 50°C dimer (Figure 3d). This data was in
alignment with the solution properties of the dimers observed
by SV-AUC.

Identification of dimer interface regions using PCA ELISA
and HDX-MS

Quaternary structure analysis revealed that the native and 37°C
dimers adopt a more compact structure than the 50°C dimers.
We thus supposed that there may be differences in the dimer
interface between the three different dimer samples. In order to
test this hypothesis, we used two complementary techniques:
PCA ELISA and HDX-MS. PCA ELISA is a novel technique to
determine antibody HOS and can provide complementary
information to HDX. This ELISA has been used to identify
regions of increased epitope exposure after exposure of anti-
bodies to stress or different formulation buffers.’>** In a PCA
ELISA, regions that have undergone structural change will
exhibit an increase ELISA signal as the epitopes become more

exposed to the solvent. Each of the 34 different ELISA wells
binds to different overlapping regions of IgGs, as described.*’
These overlapping regions are referred to hereafter as Ab1-34.
Ab1-6 and Ab7-12 correspond to the variable LC and HC
regions, respectively, Ab13-17 correspond to the CL region,
and Ab18-34 correspond to HC constant regions 1-3. We
reasoned that regions of the antibody that form part of the
dimer interface will have a decreased ELISA signal compared to
the monomer, as these regions should be buried relative to the
solvent.

The results of the PCA ELISA are shown in Figure 4a
(normalized to native dimer to account for branching
effects), with a difference plot shown in Figure 4b. There
are several regions in which decreased signal is observed in
the dimer samples compared to unfractionated mAbI.
These may represent regions involved in the dimer inter-
face. The most apparent signal differences between the
monomer control and the dimers are the Ab2 and Abl5
regions. These correspond to residues 13-36 in the VL and
residues 151-174 in the CL domains of mAbl. A decrease
in signal was also observed for regions 16, 19, and 22
corresponding to residues within the CL, CHI, and CH2
domains, respectively.

For the 37 and 50°C dimers, there were also several regions
that exhibited an increase in ELISA signal. These are likely
attributable to temperature-induced unfolding leading to
greater exposure of these epitopes. The affected regions were
located within the CH2 and CH3 domains.

HDX-MS was used as a complementary technique to eluci-
date the dimer interface, although, due to limited sample
availability, the native dimer sample was not analyzed using
this technique. Deuterium uptake rates in dimer samples were
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Figure 4. a) Normalized PCA ELISA signal for Unfractionated mAb?1, native dimer, 37°C dimer and 50°C dimer. Higher signals demonstrate stronger binding to the ELISA
plate. b) Difference plot of the data shown in A), for native dimer, 37°C dimer and 50°C dimer with unfractionated mAb1 subtracted. An increase in signal represents an
increase in exposure of a given region, whereas a decrease in signal represents burying of a given region, relative to unfractionated mAb1. Dashed lines correspond to
largest standard deviation for unfractionated mAb1 which were used as a threshold for defining the significance of a change.
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Figure 5. HDX-MS analysis for identification of dimer interface. a) Deuterium uptake for the light chain of the 37C dimer relative to monomer. Peptides shown in blue
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95% confidence b) As for A but for heavy chain of the 37C dimer. c) As for A but for light chain of the 50C dimer. d) As for A but for heavy chain of the 50C dimer.

compared to the monomer. Reduced uptake is indicative of
involvement in the dimer interface due to protection of these
regions from the solvent. Conversely, residues that exhibit
increased uptake are attributed to unfolded regions. The
sequence coverage was 86.6 and 90% for heavy and light
chains, respectively. Individual deuterium uptake plots for
peptides that showed differential uptake in the dimer samples
when compared to mAb1 are shown in supplemental informa-
tion (SI) Figures 1-5.

The HDX results for the 37°C dimer are shown in
Figures 5a-b. Several regions were found to have reduced
deuterium uptake, suggesting that these residues may be
involved in the dimer interface. Of particular interest are the
protected light-chain residues 154-177 and 39-55. Residues
154-177 overlap with the Ab15 region (residues 151-174)
implicated in the dimer interface according to the PCA
ELISA results. Residues 39-55 are close to the Ab2 region
(residues 13-36) from the PCA ELISA. Note that there was
no peptide coverage of residues between residues 12 and 30, so
protection of the Ab2 region itself was not observed. However,
protection of residues close to this region is supportive of the
PCA ELISA results.

There were several other protected regions observed for the
37°C dimer, including residues from the Ab22 region identified
in the PCA ELISA. These were found throughout the molecule,
indicating that the 37°C dimer has a complex dimer interface,
possibly comprising several interaction sites. The residues that
showed the highest protection were residues 51-79 on the
heavy chain.

The results for the 50°C dimer are shown in Figures 5¢-d.
Similarly to the 37°C dimer, protection was observed at light-
chain residues 42-55, close to the Ab2 region from the PCA
ELISA, and heavy-chain residues 51-68. Overall, in compar-
ison to the 37°C dimer there were fewer regions that showed
protection. This is consistent with an overall smaller dimer
interface, which may explain the more elongated quaternary
structure of the 50°C dimers. The 50°C dimer also had more
regions with de-protection, indicating a more unfolded struc-
ture. This result is in agreement with other structural data
showing a degree of unfolding in this sample. However, it
should be noted that this is likely representative of relatively
small changes in local conformation/dynamics, as opposed to
large scale unfolding. The changes observed by CD, FTIR, and
fluorescence were not indicative of major unfolding, and 50°C
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Figure 6. Summary of PCA ELISA and HDX data visualized using a homology model of mAb1. a) Results for HDX-MS and PCA ELISA for the 37C dimer sample. Residues
which showed protection in the PCA ELISA are colored Orange, for the HDX protected residues are colored yellow. Residues which showed protection in both techniques
are shown in purple. All other residues shown in cyan. b) Results for HDX-MS and PCA ELISA for the 50C dimer sample. Colors are the same as for A).
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is below the T, for mAb1 as determined by DSC (~56C, SI
Figure 6). This suggests that the de-protected regions detected
by HDX-MS are not forming large, unfolded epitopes which
could drive subsequent aggregation.

Figure 6 shows a summary of the PCA ELISA and HDX-MS
data, visualized using a homology model of mAbl. There are
some differences between the results of the two techniques,
primarily that HDX-MS identified a greater number of pro-
tected regions for the 37°C dimer than the PCA ELISA. This
may be due to the differences in dilution factor between the two
techniques. The PCA ELISA involves a much larger dilution
than HDX, and it may be that this results in the dissociation of
some weaker contacts. In addition, we did not observe signifi-
cant de-protection in the 50°C dimer sample when analyzed by
the PCA ELISA, whereas several de-protected regions were
identified by HDX-MS. This is likely due to the different
detection modes for the two techniques. The PCA ELISA relies
on differential binding of ~15 amino acid long regions to
immobilized polyclonal antibodies. Therefore, to detect de-
protection, the PCA ELISA requires increased solvent expo-
sure/conformational change of a relatively large epitope. This is
only likely to occur in the case of significant conformational
changes, such as local unfolding and changes in secondary
structure. On the other hand, for HDX-MS to detect deprotec-
tion, differences in local flexibility of individual amino acid
residues are likely to be sufficient for changes in deuterium
uptake.

Taken together, the PCA ELISA and HDX-MS data identify
some of the key residues likely to make up the mAbl dimer
interface. Both approaches support a role for the Ab2 (light
chain 13-36) and Ab15 (light chain 151-174) regions, and the
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HDX-MS identified other protected regions, including heavy-
chain residues 51-79.

Next, the structural information from combined biophysical
tools was integrated with molecular modeling to provide a clear
picture of how native dimers are formed compared to the
formation of more temperature-stressed dimers, allowing us
to understand the aggregation of therapeutic protein under
heat stress.

Molecular docking supports the role of experimentally
identified regions in forming the dimer interface for mAb1

To further probe the intermolecular interactions within mAbl
dimers, computational studies were carried out using the dock-
ing server ClusPro.**** In order to identify potential interac-
tion sites between two mAbl monomers, the software
produced 10 binding models. Visual inspection of these dock-
ing models revealed multiple configurations which are possible
by shape complementary, charge, and hydrophobic
interactions.

Strikingly, for several of the models, the regions pre-
dicted to be involved in the dimer interface correspond to
the Ab2 region, which had been implicated in driving
dimerization by the PCA ELISA, and HDX. Two examples,
one compact and one elongated, are shown in Figure 7. The
theoretical S value and Rg calculated for the compact dimer
model (Figure 7a) were 10.01 S and 67.15 A, respectively.
These values are similar to the experimental parameters
measured using AUC and SAXS for the native and 37°C
dimer samples (Table 2). For the elongated dimer model
(Figure 7b), the theoretical S value was found to be 8.5 S,

Figure 7. a) Model of a compact mAb1 dimer identified from docking experiments. Fab domains are colored teal and cyan for the two monomers. Fc domains are shown
in gray. Contact residues between the two monomers were determined using MOE. Contact residues which showed reduced PCA ELISA signal for the 37°C dimer are
colored Orange. Contact residues which showed reduced deuterium uptake by HDX-MS for the 37°C dimer are colored yellow. Residues which meet both criteria are
colored purple. b) Zoomed view of A), focusing on the dimer interface. c) Model of an elongated mAb1 dimer identified from docking experiments. Colors are the same
as for A) but for the 50°C dimer. d) Zoomed view of C), focusing on the dimer interface.



with an Rg of 80.0 A, which were more similar to the
experimental values obtained for the 50°C dimer.

Closer inspection of these models using MOE software*
reveals dimerization is facilitated mainly through hydrogen
bonding and ionic interactions between patches of posi-
tively and negatively charged side chains. Figure 7a shows
a compact dimer, possibly more representative of the
dimers present in the 37°C dimer sample. A large and
complex dimer interface was observed in this model, com-
prising many residues identified in either HDX or PCA
ELISA.

The elongated dimer model shown in Figure 7b is possibly
more representative of those present in the 50°C dimer sample.
This model shows a smaller dimer interface primarily com-
posed of interactions between residue LC 35 (PCA ELISA Ab2
region) and residues HC 52, 54, and 56 (all implicated experi-
mentally in the HDX data).

The Ab15 region contains the aggregation prone motif
YSLSSTLTLS (identified using the aggrescan aggregation
prediction tool).*” However, this region is buried within
the structure of mAbl, and so it is likely that some con-
formational change is required prior to aggregation via
this hotspot. To further investigate this possibility, we
performed MD simulations using the Fab structure of
mAbl (SI Figure 7). These results showed that several
residues proximal to the YSLSSTLTLS motif were flexible,
particularly alpha-helical residues 188-195 and beta-strand
residues 134-138. It thus seems possible that displacement
of these residues leads to the exposure of the YSLSSTLTLS
motif, enabling aggregation via this region.

Overall, the output of the docking model indicates that
multiple configurations are possible, while utilizing several
experimentally identified residues, to drive mAbl reversible
and irreversible association in solution.
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Differences in stability between different dimer
conformations

Reversible self-association of antibody therapeutics is typified by
concentration-dependent, non-covalent interactions in the native
conformation. Therefore, a key question when considering the
criticality of dimer species is their reversibility. For instance,
dimers that are highly reversible are less likely to affect efficacy,
due to significant dilution upon administration of the therapeutic.
They also may be less likely to lead to further aggregation.

Therefore, the reversibility of the isolated dimers was
assessed by SEC over a period of 10 weeks. The dimer samples
were diluted to 1 mg/mL and stored at either 4°C or 37°C. At
1-week intervals, the samples were analyzed by SEC in order to
quantify the proportion of dimer. The data are shown in
Figure 8a and 8b for storage at 4°C and 37°C, respectively.
For all three samples, the rate of dissociation (Figure 8c) is
faster at 37°C than 4°C. The reversibility data show that the
native dimers dissociate more rapidly than the 37°C dimers,
whereas the 50°C Dimers are much more long lasting under
these conditions. For the native dimer at 37°C, the proportion
of dimer reaches a plateau after approximately four weeks,
demonstrating that there are multiple dimer populations
within the native dimer sample, those which dissociate readily,
and those that are more long lasting.

Stress-induced dimers drive subsequent aggregation

Another key question regarding the criticality of dimer species
is their propensity to induce further aggregation. To investigate
this possibility, the 37°C and 50°C dimers were added to
unfractionated mAbl at a concentration of 60 mg/mL for
a final dimer concentration of approximately 10% (not per-
formed with native dimers due to limited sample amount). The
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Figure 8. Aggregation behavior of the dimer samples over time. a) Native dimer, 37°C dimer and 50°C dimer were incubated at 2-8°C for 10 weeks and the proportion of
dimer monitored by SEC. Data are fit to a single exponential decay. b) As for A), except samples were incubated at 37°C. c) The rate of dissociation for Native Dimer, 37°C
Dimer and 50°C Dimer at the two incubation temperatures. d) SEC chromatograms of mAb1, and mAb1 spiked with 10% of 37°C Dimer or 50°C Dimer. Chromatograms
shown before and after 1 year incubation at 37°C. D) Zoomed view of C, legend from C applies. F) Histogram showing the proportion of HMWS, Monomer and LMWS in

the three samples after 1 year storage.
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samples were incubated at 37°C for one year to induce aggre-
gation, and subsequently analyzed by SEC to assess the levels of
aggregation. Unfractionated mAbl was incubated under the
same conditions as a control.

The resulting chromatograms are shown in Figure 8d and
8e. Unfractionated mAbl underwent aggregation under these
storage conditions, with the total proportion of aggregate spe-
cies increasing from <1% to 13.5%. However, the samples that
had been spiked with 10% of the 37°C dimer and 50°C dimer
exhibited a much greater degree of aggregation, with total
aggregates of 47.1 and 62.9%, respectively. This is evidence
that the spiked dimers may be driving subsequent aggregation,
possibly by acting as nucleation seeds. That the 50°C dimers
induce a higher level of aggregation may be due to the observed
structural differences between the 50°C and 37°C dimers.

Discussion

mAb1 dimers formed under temperature stress adopt
different conformations

Although all dimer samples exhibited minor impurities of
monomer and other oligomer in varying amounts, purity was
sufficient for detailed characterization based either on size (size
exclusion chromatography (SEC), AUC, SAXS), secondary
structure (CD, FTIR), tertiary structure (intrinsic fluores-
cence), and quaternary structure (HDX and PCA ELISA).
The results of our study reveal new insights into the structural
and solution properties of native dimers compared to heat-
stressed dimers. We have shown here that mAb1 dimers pro-
duced after thermal stress are structurally distinct to those
present in native mAb1. Subtle differences in secondary struc-
ture were observed for all dimer samples, particularly an
increase in intermolecular beta-sheet. This has been observed
previously for antibody aggregates formed under thermal
stress.***” The 50°C dimers have the largest change in second-
ary structure, whereas the native dimers have a secondary
structure most like that of the mAb1 control. Intrinsic fluores-
cence analysis can provide information regarding the overall
tertiary structure of proteins. As expected, increasing levels of
temperature stress led to an increase in barycentric mean,
indicating an increasingly non-native tertiary structure for
the 37°C and 50°C dimers. However, we note that large-scale
unfolding was not observed for the 50°C dimers, and that this
incubation temperature is below the Tyyse; (~56°C) and T, 1
(~64°C) of mAbl as determined by DSC (SI Figure 6).

Overall, the spectroscopic analysis of the dimer samples
demonstrates that the native dimers are largely made up of
monomer with an unaltered secondary and tertiary structure,
but the 37°C and 50°C dimers are made up of monomer with
an increasingly non-native structure.

Cryogenic transmission electron microscopy (Cryo TEM) is
a powerful technique for studying the orientation of dimer
species that has been used previously to characterize elongated
and compact dimer forms.'> However, the expertise and equip-
ment to perform these experiments were not available to us.
Therefore, we used AUC and SAXS to study the quaternary
structure of our dimer samples. While these techniques have
lower resolution than Cryo TEM, they have the advantage of

being techniques that can be used to study antibodies in solu-
tion, performed under near native conditions.

AUC and SAXS analysis revealed that there were significant
differences in quaternary structure between the different dimer
samples. The dimers formed after 50°C stress were found to be
more elongated than those present in unstressed mAbl or
mADbl1 after incubation at 37°C. Generally, we find that the
native dimers and 37°C dimers are quite similar in structure.
This is perhaps unsurprising, as the native dimers were likely
formed during cell culture, which is performed at close to 37°C.
The small differences that we do observe could be due to the
differences in buffer condition, duration of exposure to 37°C
and differences in concentration of mAb1.

Elongated and compact dimer conformations have been
observed previously for mAbs, indeed there is previous evi-
dence that temperature-induced dimers adopt a more elon-
gated structure.’>*° In summary, dimerization of mAbl results
in a combination of both elongated and compact dimers. Both
compact and elongated dimers were detected in the native
dimer sample, indicating that both forms can develop under
normal manufacturing conditions. However, induction of
dimerization via heat stress leads to a greater abundance of
elongated dimers.

Thermal stress leads to differences in dimer interface

Characterization of mAb dimer interface sites is of high inter-
est as this may facilitate the engineering of proteins for
increased stability, or the design of stabilizing formulation
buffers with the intent of stabilizing flexible and aggregation
prone regions. Here, we used multiple complementary techni-
ques in order to localize the dimer interface for the three dimer
samples.

PCA ELISA and HDX-MS analysis provided key insights
regarding the dimer interface of mAbl. Detection of regions
that showed either a reduced PCA ELISA signal or reduced
deuterium uptake (or both) enabled the identification of resi-
dues likely to comprise the dimer interface.

For all three dimer samples, two regions showed high pro-
tection from ELISA plate binding compared to the mAbl
control. These were Ab2 and Ab15 located within the VL and
CL regions, respectively. Similar results were obtained using
HDX-MS. This is in agreement with previous studies that also
implicated the Fab domain in driving dimerization of
mAbs.'>*"** HDX-MS identified several other protected
regions in the 37°C dimers, including sequences within the
CH1 and CH2 domain. This is consistent with these dimers
having a larger dimer interface and hence being more compact
than the 50°C dimers, as observed by SV-AUC and SAXS.

It is interesting to note that the 50°C dimer samples exhib-
ited reduced binding to target (surface plasmon resonance data
not shown). This decrease in binding affinity was not observed
for the native or 37°C dimers. This is further evidence for Fab-
to-Fab association occurring within the 50°C dimers.
Assuming a 1:1 binding stoichiometry, we postulate that two
of the four Fab domains present are able to bind their respec-
tive binding partner in the native and 37°C dimers, resulting in
an activity equal to the monomer (which has two Fab arms
present). However, at 50°C a decrease in binding was observed,



suggesting that fewer than two of the four Fab arms present are
available for antigen binding, most likely due to a preferred
self-association via the Fab domains. Molecular docking
experiments produced dimer models involving several of the
experimentally identified dimer interface residues. Specifically,
residue LC 35 (located within Ab2) was found to be involved in
several ionic and hydrogen bonds in both compact and elon-
gated models of mAb1 dimer. LC 35 is situated in a protruding
loop and was found to have distinct interactions with several
heavy-chain residues (52, 56, and 265). Therefore, this residue
may be particularly important in driving dimerization of
mAbl. Interestingly, LC 35 is flanked by several hydrophobic
amino acids. It may be that, when exposed to high temperature,
partial unfolding occurs within this region in the loop, leading
to increased exposure of these hydrophobic residues. These
exposed hydrophobic residues may then contribute to the
observed irreversible dimerization for the heat-induced
dimers. The hypothesis of increased hydrophobic residue
exposure in the heat-induced dimers is supported by hydro-
phobic interaction chromatography (HIC) data (SI Figure 8),
which showed an increase in retention time for the 37°C and
50°C dimers compared to native dimers. Note that the residues
discussed above are located within CDR regions and so these
specific interactions are likely to be unique to mAb1; however,
identification of these type of interactions within the CDR
regions have been informative for subsequent candidate
selection.

The amino acid sequence for the Abl5 and Abl6 regions
were analyzed by the Aggrescan aggregation prediction tool,*”
and the aggregation hotspot YSLSSTLTLS was identified. It
may be that dimerization is partially driven by these hotspots,
potentially after partial unfolding to expose the hotspots to the
solvent. The necessity of an initial partial unfolding step is
supported by the observation that the YSLSSTLTLS aggrega-
tion prone motif on Ab15/Ab16 is buried within the structure
of mAbl. This highlights the importance of considering con-
formational dynamics and partial unfolding steps when mak-
ing predictions regarding aggregation prone regions. Partial
unfolding, and increased dynamics of the CL domain as an
initial step of aggregation has been reported previously for
a Fab molecule.”® A similar process may be occurring for
mAb1 whereby the a-helical residues at 188-195 (adjacent to
YSLSSTLTLS) are displaced. This is supported by MD simula-
tions, which showed a high degree of flexibility in residues
proximal to the YSLSSTLTLS motif (SI Figure 1). It may be
that the unique CDR sequences of mAbl (such as those within
the Ab2 region) are responsible for driving dimerization via the
Ab15/Abl16 region. However, due to the highly conserved
nature of this sequence among mAbs, its role in dimer forma-
tion of other mAbs could be the subject of future study.

Opverall, we found that the residues that comprise the mAbl
self-association interface reside inside and outside of the CDR
loops. While the interactions via the CDR loops are specific to
mAbl, the findings regarding dimerization via the constant
regions may be applicable to related antibodies.

Identification of the dimerization site may open the way for
rational stabilization of mAbl; indeed, as the majority of the
implicated regions were located within constant regions, these
findings may be applicable to other IgGs as well.
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Dimers have differing long term behavior

The link between dimer conformation and their subsequent
aggregation behavior is of critical importance, both in the
development of therapeutic proteins, and in terms of funda-
mental understanding of aggregation mechanisms. Dimer spe-
cies that are reversible, and do not induce subsequent
aggregation, are likely to be of less concern than long-lived
dimers, which can act as aggregation seeds. Differences in the
reversibility of different mAb aggregate species have been
reported previously.”

An assessment of the reversibility of the native, 37°C and
50°C dimers found that the native dimers were the most
reversible, followed by the 37°C dimers, and finally the 50°C
dimers, which were found to be highly long-lived. This may be
linked to the differences in dimer interface between the three
samples. For the 50°C dimers, only two regions within the Fab
domain were implicated in the dimer interface, whereas for the
native and 37°C dimers a larger dimer interface was identified.
This is consistent with the 50°C dimers having fewer, but
individually stronger and possibly covalent contacts.
A greater proportion of the native and 37°C dimers may be
held together by non-covalent interactions, made possible by
the larger overall interface.

The propensity for small oligomers to induce subsequent
aggregation is a key consideration when assessing the criti-
cality of aggregate species. We have shown here that mAb1l
that has been spiked with ~10% of 37°C or 50°C dimer
aggregates to a much greater extent than mAbl alone. This
is evidence that the 37 and 50°C dimers can act as aggrega-
tion seeds or nucleation points and are driving subsequent
aggregation. Importantly, the 50°C dimers cause this to
a greater extent than the 37°C dimers. This is likely be
related to the observed differences in secondary, tertiary,
and quaternary structure between the two dimer samples.
The 50°C dimers were found to have non-native secondary
structure, as well as unfolding of the native tertiary struc-
ture. This may lead to an increased exposure of hydrophobic
residues. HIC data (SI Figure 2) provides evidence for
increased hydrophobicity of the 50°C dimers. The differ-
ences in aggregation seed behavior may also be due to
differences in quaternary structure; the 50°C dimers have
been shown to adopt a more elongated structure than the
37°C dimers. Therefore, the 50°C dimers will have a greater
overall solvent-exposed surface area, meaning that there is
a larger area with which additional monomer/dimer species
can interact.

Key study conclusions

The goal of this study was to further our understanding of the
aggregation pathways of antibody therapeutics, with particular
focus on the effects of temperature stress on dimer formation
in the IgG4 mAbIl. Temperature stress is routinely used in
accelerated stability studies and forced degradation studies,
and so has direct relevance to the development of biopharma-
ceuticals. It should be noted that mAbs can also be exposed to
other stresses and further work focused on the impacts of
different stress conditions such as pH and light exposure may
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be the subject of future study. The results of our study have
revealed new insights into the solution properties of mAbl
dimers. We have shown that mAbl dimers formed after tem-
perature stress adopt a different (more elongated) configura-
tion to those present in unstressed mAbl. A putative self-
association interface observed by the orthogonal techniques
used in this study indicated the Fab domain drives self-
association in the temperature-stressed condition. In contrast,
the native dimers show a more compact conformation, with
areas in the Fc as well as Fab shown to have more protection
sites.

The differences in aggregation pathways between the three
conditions have implications for the use of accelerated stability
studies, which often involve storage of mAbs at elevated tem-
perature. The results presented here provide further confirma-
tion that these studies may not be representative of aggregation
that occurs in the absence of temperature stress. Therefore, this
should be considered when evaluating the results of accelerated
stability studies or forced degradation studies.

In addition, we have shown that the subsequent behavior of
mAbl dimers can be linked to both the condition they were
formed under and their conformation. Therefore, this work
highlights the importance of in-depth structural characteriza-
tion of mAb dimers during development, as the structure of
a dimer can directly influence its reversibility and aggregation
nucleation effects. These properties are of paramount impor-
tance to the development of mAb therapeutics due to the
potential impacts of aggregates on safety and efficacy.

Finally, we report the use of novel and high-resolution
approaches to characterize the dimer interface in the three
different dimer samples. To our knowledge this is the first
reported use of the PCA ELISA to determine mAb self-
interaction regions. In combination with molecular docking,
HDX-MS and MD simulations, we identified specific amino
acid residues that may be driving dimerization for mADI.
Identification of these residues may facilitate their stabilization,
for example, via excipient docking experiments which have
been described previously for antibody formulations.” While
some of the identified residues are unique to mAbl, others
were identified within constant regions, and so these findings
could be applicable to other mAbs. It is interesting to note that
developability issues with mAbl, related to elevated levels of
HMWS, were initially encountered. It is possible that self-
association driven via the CDR loop, as identified here, con-
tributed to this. However, it should be noted that process
development has since reduced the levels of HMWS in mAbl
to below 1%.

In conclusion, we have shown that mAbl aggregation pro-
ceeds by different molecular mechanisms at different tempera-
tures, that mAbl dimers can adopt multiple configurations,
and that the differences in mAbl dimer form can have pro-
found influence on their subsequent aggregation behavior.
This work will be of substantial interest, both in terms of
a theoretical understanding of antibody aggregation and in
terms of supporting and enhancing future development of
protein therapeutics. The identification of aggregation hotspots
may enable the stabilization of these regions via mutation or
through the use of excipients, and provide insights for the
design of improved control strategies for similar molecules.

Materials and methods

mAb1

mAbl is a full-length IgG4 monoclonal antibody with
a molecular weight of ~150 kDa produced in Chinese hamster
ovary (CHO) cells. The Fc of mAbl is glycosylated with bian-
tennary N-glycans as expected for an 1gG4 produced in CHO
cells. Unless otherwise stated, all experiments were performed
in a buffer of 30 mM histidine, 250 mM proline, pH 5.6.

Generation and isolation of dimers

Dimers were isolated from mADb1 that had been stored under
three different conditions. “Native dimers” were isolated from
mADb1 that had been stored at < —60°C since manufacture.
“37°C dimers” were isolated from mADb1 that had been stored
at 37°C for one month. “50°C dimers” were isolated from
mADb1 that had been stored at 50°C for one month.

Dimers were isolated from mAbl by SEC. mAbl was
separated using a HiLoad® 26/600 Superdex® 200 pg col-
umn. The mobile phase was 0.1 M sodium phosphate, 0.1
M NaCl, pH 7.0. An isocratic flow rate of 1 mL/min was
used with a total run time of 300 minutes and UV detec-
tion at 280 nm. For each sample, a 350 mg load mass was
used. 2.5 mL fractions were collected across the elution
profile, and fractions containing dimer were pooled.
Pooled fractions from five runs were then concentrated
using centrifugal concentrators with a 10 kDa MWCO,
concentration determined using absorbance at 280 nm
and then stored at < —60°C until subsequent analysis.

Analytical size exclusion chromatography

All analytical SEC was performed using a xBridge Protein BEH
SEC Column (200 A, 3.5 pum, 7.8 mm x 300 mm) connected to
an HPLC system. The mobile phase was 0.1 M sodium phos-
phate, 0.1 M NaCl, pH 7. An isocratic flow rate of 0.5 mL/min
was used with a total run time of 27 minutes and UV detection
at 280 nm. A load mass of 100 pug was used.

Hydrophobic interaction chromatography

HIC was performed using a TSKgel Ether-5PW column
(10 pm, 7.5 x 75 mm) connected to an HPLC system. The
column was equilibrated with 70% buffer A (0.1 M sodium
phosphate, 2 M ammonium sulfate, pH 7) and a gradient was
run from 70% buffer A to 100% buffer B (0.1 M sodium
phosphate, pH 7) over 60 minutes at a flow rate of 1 mL/min.
Fluorescence detection was used (excitation 280 nm, emission
350 nm) and the load mass was 10 pg.

SDS-PAGE

SDS-PAGE analysis was performed using 4-12% Bis-Tris gels
and the SeeBlue™ Plus2 Pre-stained Protein Standard
(Invitrogen). Samples were diluted to 1 mg/mL with
NuPAGE™ LDS sample buffer. For reduced analysis,
NuPAGE™ Sample Reducing Agent was added to the sample.
All samples were incubated at 80°C for 5 minutes prior to
analysis. Gels were stained using SimplyBlue™ SafeStain.
Densitometry was performed using a Bio-Rad Gel Doc system.



Circular dichroism

All samples for CD analysis were buffer exchanged into 30 mM
sodium acetate, 0.03% PS80, pH 5.6 and diluted to 0.25 mg/mL.
The CD spectra were acquired using Chirascan spectrometer
(Applied Photophysics) with a 1 mm pathlength cell. The scan
range was 200-260 nm with a step size of 0.5 nm and an
averaging time of 1 s. Scans were performed in triplicate. An
air and buffer blank were measured and manually subtracted
from the spectra with the mean residue molar ellipticity calcu-
lated and adjusted for concentrations.

FTIR

FTIR was performed using an AQS3 FTIR instrument
(RedShift Bio). Prior to analysis all samples were diluted
0.4 mg/mL in 30 mM Histidine, 250 mM Proline, pH5.6. The
scan range was 1580 to 1720 cm™'. Each sample was measured
in triplicate and averaged. Secondary structure determination
was performed using the AQS3 delta software, using the
Simple4 model and IgG3 as a reference spectrum.

Intrinsic fluorescence
Fluorescence measurements were performed using a Varian
eclipse fluorimeter. All samples were diluted to 5 mg/mL in
30 mM Histidine, 250 mM Proline, pH 5.6. Triplicate fluores-
cence emission scans were performed between 315 and
500 nm, using an excitation wavelength of 280 nm. Excitation
and emission slits were set to 5 nm. All data was collected
at 15°C.

For each emission scan, the Barycentric mean (BCM) was
calculated using the equation below:

D rex (emint x em)
D e €mint

Where em int is emission intensity and Aem is the emission
wavelength.

BCM =

DsC

DSC was performed using a Microcal VP Capillary DSC. mAb1
was diluted to 0.5 mg/mL in 30 mM Histidine, 250 mM
Proline, pH 5.6. The temperature range was 10-100°C, with
a scan rate of 60°C/Hour. Tms and Tonset were determined
using Origin software.

AUC

400 pL of sample was loaded in the sample cell upon charcoal
centerpieces with 12 mm optical path length and glass quartz
windows. The corresponding buffer was loaded into the refer-
ence channel of each cell (the instrument functions like a dual-
beam spectrometer). These loaded cells were then placed into
an AN-60Ti rotor, loaded into the Beckman-coulter proteome
Lab XL-I analytical ultracentrifuge and brought to 20 degrees.
The rotor was then brought to 3,000 rpm and the samples were
scanned at 280 nm to confirm proper cell loading and appro-
priate adjustment of the laser, via the laser delay settings. The
rotor was then brought to the final run speed of 45,000 rpm.
Scans were recorded every 6.2 minutes for 12 hours. Radial
scans ranged from 5.8 cm to 7.2 cm.
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The data were analyzed using the c(s) method implemented
in SEDFIT version 14.6e,>>” using 35000 data points for each
sample. The /0 values were varied to find the best overall fit of
the data for each sample. A maximum entropy regularization
probability of 0.95 was used and time-invariant noise was
removed. The coeflicients were converted to standardized
S20,w Units using the calculated partial specific volume of 0.73,
and the experimentally determined density and viscosity of the
buffer measured as density 1.0060 g/mL and viscosity 1.02 cP at
20.20C. The analysis was performed using the standard solvent
model.

The data was also analyzed by the UltraScan 2DSA method
implemented in the UltraScan II software (version 3.9, revision
2339).”” For analysis, the s-value and frictional ratio ranges
were set to 1-15 S and 1-4, respectively. The grid settings were
10 x 10, and 28 grid repetitions were performed. Time-
invariant noise correction, radial invariant noise, and iterative
optimization approach with the five iterations were enabled.
The meniscus and bottom position were fitted. The obtained
2DSA distributions were then refined with parsimonious reg-
ularization using Genetic Algorithm analysis.

SAXS

All SAXS data were collected at beamline B21 (Diamond Light
source, UK) operating in SEC-SAXS mode and using EIGER
4 M detector. SEC-SAXS was performed using a Superose 6 10/
300 increase column (GE Healthcare) pre-equilibrated with
phosphate-buffered saline (PBS) + 2% sorbitol, where sorbitol
is added to minimize radiation damage during data collection.
Protein samples (45 uL, 5 mg/ml) were injected onto the
column and eluted with one column volume (24 mL) of buffer,
at a flow rate of 0.5 mL/min. Scattering curves were collected
throughout the elution and analyzed using the SCATTER IV
software suite, where Rg, Kratky plots and p(r) curves were
derived from. Molecular envelopes were calculated using
DAMMIN with envelopes representing the average of 13 inde-
pendent runs.

Protein conformational array ELISA

In the PCA ELISA each well contains a panel of antibodies
raised against peptides corresponding to one of 34 regions
within seven commercial mAbs. The extent to which the sam-
ple of interest binds to each well of the ELISA plate will depend
on the three-dimensional structure of the antibody. PCA
ELISA was performed using the InnoBridge ELISA kit (Array
Bridge). Analysis was performed according to the manufac-
turer’s instructions with the following exceptions. The initial
sample concentration was reduced to 2 pg/mL and color devel-
opment with TMB was allowed to proceed for only two
minutes.

Protein-protein docking

A homology model of full-length mAb1 was prepared using the
antibody modeling tool in the molecular operating environ-
ment (MOE),* using (PDB:5DK3) from the RCSB protein data
bank as the initial template. Protein docking calculations were
carried out using ClusPro software, which is a finite Fourier
transform rigid body docking software developed at Boston
University.**** Briefly, the mAb structure was fixed and the
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model protein underwent 70,000 rotations at a given position
in the x, y, and z plane relative to the mAb. 1000 rotation/
translation combinations were then selected based on the score
from the energy calculations. The positions with the most
‘neighbors’ in a 9 angstrom root mean squared deviation radius
from the C-alpha of each residue then became the clusters for
the interaction and the top 30 models were selected. ClusPro
then performed an energy minimization of these 30 models to
output the 10 most favored docked structures. Sedimentation
coeflicient and radius of gyration for the compact and elon-
gated models produced by ClusPro were calculated directly
from the atomic coordinates using HYDROPRO shell-
modeling program.®® The default value of 0.31 nm for the
atomic element radius for all atoms was used to represent the
hydration shell.

Molecular dynamics simulations

The Fab domain of the homology model of mAblwas isolated
using MOE. MD simulations were performed using Gromacs
v5.1.5°” with the OPLS-AA forcefield.®® The structure was
solvated with extended single point charge water and ions
were added to neutralize the charge of the system. The system
was then subjected to energy minimization with a steepest
decent algorithm for 1000 steps. All simulations were per-
formed with a 2 fs timestep. Constant number of particles,
volume, and temperature equilibration was performed at
a temperature of 325 K for 100 ps, followed by constant
number of particles, pressure, and temperature equilibration
to 1 bar for 100 ps. The equilibrated system was then subjected
to 10 ns of production MD. The root mean squared fluctuation
for each residue was calculated in Gromacs and the RMSF
values were added as B-factors in PyMol for color coding.

HDX

Sample handling and mixing steps were performed using
a second-generation LEAP PAL system set up for HDX ana-
lysis (LEAP Technologies, Morrisville, NC). For generation of
peptide maps and time zero exchange experiments, 3 pL of
13 uM protein sample was diluted 20-fold in 10 mM potas-
sium phosphate-buffered saline, pH 7. For exchange experi-
ments, deuterium labeling was performed by diluting 3 uL of
protein 20-fold in 10 mM KPBS (pH 6.6, corrected for the
isotope effect) prepared in D,O. Exchange times were 1 and
30 min with the exchange occurring at room temperature
(21 + 2°C) and each incubation period run in triplicate.
Following the appropriate incubation period, exchange was
quenched by a 2-fold dilution with 50 pL of 250 mM tris
(2-carboxyethyl)phosphine, 4 M guanidinium HCI in 50 mM
KPBS (pH 2.3) at 4°C. Following a 5 min quench delay, 95 pL
of quenched sample was injected onto a refrigerated nano-
ACQUITY UPLC System with HDX technology (Waters,
Milford, MA) for on-line pepsin digestion and chromato-
graphic separation. On-line digestion was performed using
an Enzymate BEH pepsin column (5 pM, 2.1 x 30 mm;
Waters, Milford, MA) at 20°C. The flow rate was 40 pL/min
(mobile-phase water/0.2% v/v formic acid). Proteolytic pep-
tides were trapped using an Acquity BEH C18 VanGuard
trapping column (1.7 um, 2.1 x 5 mm i.d.), desalted for
3 min, and sequentially chromatographically separated on

an Acquity (1.7 pm, 1 X 100 mm i.d., both Waters, Milford,
MA). Both trap and analytical column were held at 0°C).
Chromatographic separation was carried out at 40 yL/min
by application of a 7 min linear gradient from 99% A/1% B to
60% A/40% B. Mobile phases consisted of 0.2% v/v formic
acid (aqueous) (A) and acetonitrile/0.2% v/v formic acid (B).
MS experiments were performed on a Synapt G2Si ESI-
Q-TOF-MS instrument (Waters, Milford, MA).

ProteinLynx Global Server software v 3.02 (Waters, Milford,
MA) was used to generate peak lists by inputting MSE (data
dependant acquisition) data. The protein lynx global server
outputs were imported in DynamX v3.0 (Waters, Milford,
MA) to generate peptide maps. Filtering parameters were used
as described.®’ Woods plots were generated in Deuteros v1.0.%>
A two-tailed T-test was performed with a 95% confidence limit.
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