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ABSTRACT

Chemical modifications (attributes) in the binding regions of stressed therapeutic proteins may affect
binding to target and efficacy of therapeutic proteins. The method presented here describes the criticality
assessment of therapeutic antibody modifications by size-exclusion chromatography (SEC) of competitive
binding between a stressed antibody and its target, human epidermal growth factor receptor-2 (HER2),
followed by SEC fractionation and peptide mapping characterization of bound and unbound antibodies.
When stressed antibody and its target were mixed at a stoichiometric molar ratio of 1:2, only antibody-
receptor complex eluted from SEC, indicating that binding was not decreased to break the complex. When
a smaller amount of the receptor was provided (1:1), the antibody species with modifications reducing
binding eluted as unbound from SEC, while the antibody-receptor complex eluted as the bound fraction.
Peptide mapping revealed ratios of modifications between unbound and bound fractions. Statistical
analysis after triplicate measurements (n = 3) indicated that heavy chain (HC) D102 isomerization and light
chain (LC) N30 deamidation were four-fold higher in unbound fraction with high statistical significance.
Although HC N55 deamidation and M107 oxidation were also abundant, they were not statistically
different between unbound and bound. Our findings agree with previously published potency measure-
ments of collected CEX fractions and the crystal structure of antibody and HER2. Overall, competitive SEC
of stressed antibody-receptor mixture followed by peptide mapping is a useful tool in revealing critical
residues and modifications involved in the antibody-target binding, even if they elute as a complex from
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SEC when mixed at 1:2 stoichiometric ratio.

Introduction

During discovery and development programs, a large number
of attributes are typically identified for therapeutic proteins
(antibodies, Fc-fusion, and other therapeutic proteins), includ-
ing glycosylation, hydroxylation, glycation, deamidation, oxi-
dation,  isomerization, clips, and other chemical
modifications.!® Of these attributes, post-translational modi-
fications typically take place during cell culture,* and chemical
modifications/degradations occur during production, purifica-
tion, formulation, and storage.” Attributes that alter the bind-
ing region of a therapeutic protein may impact its binding to
target, and thus affect efficacy.® As one of the main criteria for
attribute criticality assessment, the efficacy of therapeutic pro-
teins is measured as binding strength to the therapeutic target
and duration in human circulation (pharmacokinetics).” " At
present, criticality (clinical significance) of the attributes is
assessed by separating intact proteins on fractions using soft
separation techniques, such as ion exchange chromatography
(IEX),'">"  hydrophobic interaction  chromatography
(HIC),"*" and size exclusion chromatography (SEC) with
the goal of having one attribute per fraction.'”'® An example
is that protein molecules with one deamidated asparagine
appear as an earlier-eluting peak on cation exchange chroma-
tography (CEX),"”' which can be collected as one fraction for

further potency testing.”” However, it is difficult, if not impos-
sible, to cleanly fractionate protein species with only one attri-
bute/modification per chromatographic peak, or to assess
criticality experimentally for each attribute.”*° It also remains
challenging to fractionate sufficient amounts of each proteo-
form to perform assays.”**’

Here, we further developed the method described in
Bondarenko et al*® by incorporating competitive binding. As
an example, trastuzumab and its target, human epidermal
growth factor receptor-2 (HER2), were studied as a model sys-
tem using competitive binding SEC followed by peptide map-
ping. Prior collection and study of CEX fractions*>* and also
online CEX-mass spectrometry (MS) studies®® revealed the pre-
sence of three main attributes in trastuzumab: light chain (LC)
N30 deamidation, heavy chain (HC) N55 deamidation, and HC
D102 isomerization. According to the sequence analysis and
available crystal structure,® all three residues are located in the
complementarity-determining regions (CDRs) of trastuzumab
and within close distance to HER2. It is typically assumed that all
modifications in the CDRs of monoclonal antibodies (mAbs) are
critical, and all modifications outside of CDRs are not critical.
However, this is not always the case because not all residues in
CDRs are involved in binding.”' Additionally, modifications on
residues outside of CDRs may break binding due to long-range

CONTACT Pavel V. Bondarenko @ pavelb@amgen.com e Amgen, One Amgen Center Drive, MS 8-1-C, Thousand Oaks, CA 91320, USA.

@ Supplemental data for this article can be accessed on the publisher's website.
© 2021 Taylor & Francis Group, LLC

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (http://creativecommons.org/licenses/by-nc/4.0/), which permits
unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.


https://doi.org/10.1080/19420862.2021.1887612
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/19420862.2021.1887612&domain=pdf&date_stamp=2021-02-19

e1887612-2 (&) R.L. SHIETAL.

(allosteric) effects.*>* Previous fraction collection and potency

examination of trastuzumab CEX peaks indicated that LC N30
deamidation and HC D102 are critical quality attributes because
they resulted in approximately 2- and 10-fold decreases in
potency, respectively.’”” No potency data are available for HC
N55 deamidation.*

This work describes an approach to experimentally assess
criticality of modifications by SEC of the competitive binding
between the therapeutic antibody and its target (Figure 1).
Different species of antibody-target complex are separated by
SEC, collected by fractionation, and characterized by liquid
chromatography (LC)-MS/MS analysis of bound and unbound
therapeutic proteins. Rehder et al. investigated the mixture of
stressed panitumumab, which targets epidermal growth factor
receptor (EGFR), and soluble EGFR by using SEC and collect-
ing the fractions of bound and unbound antibody.>> LC-MS$
characterization of intact and reduced antibody fractions (not
peptide mapping) was then applied, driven by the hypothesis
that iso-aspartate formation in LC D92 is responsible for the
loss of antibody binding.”® In our method (Figure 1), LC-MS
/MS analysis and statistical examination determined the rela-
tive abundance of modification in each fraction and the fold of
change of each modification between unbound and bound
fractions. When the experiments are repeated in triplicate,
a volcano plot was generated where the modifications in the
top right corner were the critical modifications in therapeutic
protein that prevented the therapeutic protein-target binding.
Insights into the binding interface can also be obtained by
mapping the experimentally determined attributes to the avail-
able crystal structure of the antibody-receptor complex.

The affinity measurement range of SEC is different from
that of the traditional affinity measurement approach, surface
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plasmon resonance (SPR) technology, in which even a weakly
bound complex with an equilibrium dissociation constant (Kd)
value up to 107° M can be detected.’® It appeared that in SEC,
antibody and its target elute separately when the binding
becomes weaker and the Kd value becomes greater than 10~
M.*® Typical therapeutic antibody-target binding affinity is
much stronger, with a Kd value ranging from 10" to 10~°
M.?”7*? These therapeutic antibodies bind quickly (within sec-
onds after mixing at ~1 mg/ml concentration) and remain
bound for hours, which allows the elution of antibody-
receptor complex from SEC even after on-column dilution
for an hour.***? In our experiments, when a ratio of 1:2 was
applied to mix the stressed (at 45°C for 10 days) antibody and
receptor, only antibody-receptor complex was found in the
SEC elution profile; no significant amount of unbound anti-
body was observed (Figure 2). This suggested that, although
stress at 45°C for 10 days led to various modifications in the
antibody, these modifications only slightly affected the anti-
body-target binding, instead of eliminating the antibody bind-
ing (weakening above 10~® M). When the amount of receptor
was reduced to 1:1, a significant amount of unbound antibody
was observed in the SEC binding experiments, enabling the
subsequent fraction collection and peptide mapping of each
antibody species.

Results
SEC of competitive binding of antibody and receptor

In the method presented here, the stressed antibody is mixed
with its target protein (antigen) to form antibody-antigen
complex. The mixture is then fractionated by SEC on antibody
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Figure 1. Workflow for experimentally assessing the criticality of modifications by (a) stressing antibody, (b) mixing with target protein, (c) separating by SEC on bound
antibody-target complex and unbound antibody, (d) collecting fractions, (e) digesting by trypsin or other proteases, (f) LC-MS/MS peptide mapping identification and
relative quantitation of modifications in bound and unbound antibody. Statistical analysis performed and presented as (g) relative abundance plot and (h) volcano plot,
where every dot is defined by the fold change of a chemical modification level in unbound versus bond fraction as X-axis and confidence as Y-axis. The round dots in the
gray area of the volcano plot represent modifications that are not affecting binding and the artificial modifications caused by the sample preparation. The modifications
affecting binding appeared in the top right corner of the volcano plot and were mapped on the crystal structure (i) and represented by stars.
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Figure 2. SEC-UV profile (280 nm) of (a) antibody, (b) stressed antibody (45°C 10 days, 45C10d), black stars represent modified Fab arms on unbound antibody, (c) HER2,
represented on the figure by a minimized crystallographic image from Figures 1 and 9, and (d-g) the antibody-receptor and stressed antibody-receptor mixtures at
different binding ratios. The binding ratio and material used for each binding experiment is indicated in the corresponding panel. Cartoons of antibody, receptor, and
antibody-receptor complex are shown on top of each assigned peak based on SEC-UV data. Panels f-g show competitive binding when the receptor is in deficit, and

antibody species need to compete to crease the antibody-receptor complex.

bound to target (complexed) and unbound (non-complexed),
later containing critical attributes preventing the binding
(Figure 1, top). Once the fractions are collected, the attributes
(chemical modifications) of the mAb in each fraction are
characterized by LC-MS/MS peptide mapping. The character-
ization includes identification and quantitation of modifica-
tions in the bound and unbound therapeutic protein fraction.
This allows identification of the critical quality attributes
responsible for the loss of affinity binding, as the attributes
affecting binding are more abundant in the unbound antibody
fraction than the bound antibody fraction. The SEC fractiona-
tion, sample preparation, and data analysis are repeated several
times to measure statistical significance. The results can be
presented as a volcano plot, which is a type of scatter plot
used to identify changes in large data sets with replicate data
(Figure 1, bottom). In the volcano plots, every dot represents
a modified residue with y-axis value as statistical significance
and x-axis value as fold change between the modification
abundance in unbound and bound antibody fractions.

Our work was initiated by performing SEC-UV experiments
to examine unstressed antibody, stressed antibody, and the bind-
ing of receptor with unstressed antibody and stressed antibody
(Figure 2). No significant difference was found between the SEC-
UV profiles of unstressed antibody sample (T0) and the antibody
stressed at 45°C for 10 days (45C10d), shown in Figure 2a and
2b. The broadness of the SEC-UV peak of HER2 may be due to
the high heterogeneity in the glycan profiles of this receptor
(Figure 2c).”> When a ratio of 1:2 was used to generate antibody-

receptor complex, ~96% of antibody formed a complex with two
molecules of HER2 regardless of the stress (Figure 2d and 2e).
A smaller amount of the receptor was provided to create
a competitive binding environment where the unbound anti-
body can be present (Figure 2f and 2g). When a ratio of 1:1
HER?2 and antibody was used, ~20% and ~40% of antibody was
unbound for the T0 and stressed samples, respectively. Based on
the SEC-UV data of antibody and receptor at different ratios,
a 1:1 ratio of 45C10d antibody binding to HER2 was further used
to perform SEC with multi-angle light scattering (MALS) detec-
tion and fraction collection studies.

Binding stoichiometry determined by SEC-UV-MALS

SEC-UV-MALS method was applied to establish the binding
stoichiometry between antibody and receptor (Figure 3). The
UV profiles revealed the reproducibility of the SEC-UV peaks of
stressed antibody, receptor, and their mixture with a ratio of 1:1.
The experimentally determined molecular weight of antibody
45C10d and HER?2 appeared to be 147 and 118 kDa, respectively,
which agreed with the theoretical molecular weight of antibody
and receptor.”>*’ The MALS data of 1:1 stressed antibody:recep-
tor mixture showed that ~40% of the stressed antibody remained
unbound, with a molecular weight of 142 kDa. Additionally, the
peak eluting at ~12.8 min had a molecular weight of 360 kDa,
while the peak eluting at ~14.1 min had a molecular weight of
267 kDa. The earlier eluting peak at ~12.8 min thus corre-
sponded to the binding complex of antibody and receptor with
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Figure 3. SEC-UV-MALS profiles of (a) stressed antibody (45°C 10 days, 45C10d), (b) the receptor HER2, and (c) the stressed antibody-receptor mixture with a binding
ratio of 1:1. The UV absorbance is shown in solid lines. The y-axis on the left represents the milli Absorbance Units of UV at 280 nm. The MALS data are displayed as dots,
and the y-axis of the determined molecular weight is shown on the right. Cartoons of antibody, receptor, and antibody-receptor complexes are shown on top of each

assigned peak based on the experimentally measured molecular weight.

a ratio of 1:2; and a ratio of 1:1 was assigned for the antibody-
receptor complex eluting at ~14.1 min.

SEC fraction collection and CEX-UV analysis of collected
fractions

Three fractions were collected from the SEC separation of the 1:1
mixture of antibody 45C10d and receptor (blue trace in Figure 4).
For comparison, the SEC-UV profiles of antibody T0, antibody
45C10d, and the mixture of antibody T0 and receptor at a 1:1 ratio
are also shown in Figure 4. Fraction 1 represented the bound
species of antibody in the 1:2 antibody:receptor complex. The
unbound species of antibody was studied in collected Fraction 3.
Fraction 2, representing antibody bound to one receptor, was also
collected. The SEC fractions were collected for two sets of experi-
ments including native CEX and reduced peptide mapping. The
CEX analysis and peptide mapping presented here focused on the
results of Fraction 1, the bound species of antibody, and Fraction
3, the unbound species of antibody.

The SEC fractions were analyzed using the CEX-UV
method, which revealed significant differences in the elution
profiles between bound and unbound antibody species.
Fraction 1 (bound) contained one main peak, while Fraction
3 (unbound) included a large percentage of variants eluting as
pre-peaks and post-peaks of the main species (Figure 5). CEX

of Fraction 1 (bound), showed a significantly greater tailing
(Figure 5) and a broad peak eluting with the column flash at
45 minutes (not shown in Figure 5), suggesting that only
a portion of antibody dissociated from HER2 during CEX to
elute as a peak at 18.5 min, while the remaining antibody-
HER2 complex contributed to the tailing. Figure 5 also
includes the CEX-UV profiles of antibody T0 and antibody
45C10d, displaying that heat stress led to an increase in the
abundance of various minor species that eluted as pre and post
peaks in CEX measurements.

For peptide mapping, SEC fraction collection was per-
formed in denaturing solution containing high concentration
of guanidine with addition of methionine, where the proteins
were unfolded, reduced and alkylated (see Materials and
Methods section for details).

Peptide mapping data of collected SEC fractions

The bound and unbound antibody species separated by SEC
were subjected to peptide mapping LC-MS/MS analysis to
identify the amino acid residues and their modifications
(Supplemental Table S1). Sequence coverage of ~96% and
100% was found for the HC and LC of the antibody, respec-
tively (Figure S1). Peptide mapping results including measured
percentages of 420 modifications were summarized in the
volcano plot, and a scatter-plot was used to identify changes
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are collected based on the SEC-UV profile of the antibody 45C10d — antigen mixture shown in Figure 4.

in large data sets composed of replicate data (Figure 6).
Volcano plot showed statistical significance (often defined
as — logl0 of p-value) and Fold Change on the y- and x-axes,
respectively. As log2 Fold Change was used instead of Fold
Change, Fold Change values %, %, 1, 2, and 4 corresponded to

log2 Fold Change values of -2, -1, 0, 1, and 2, respectively,
symmetrical on x-axis.

Every dot in the volcano plot represented a residue modified
with a certain chemical modification, and the fold change on
x-axis was abundance ratio of modifications in unbound versus
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bound protein fractions. In the system of antibody binding to
HER?2, the modified residues on the top right corner of the
volcano plot affect binding the most and with high statistical
significance. HC D102 isomerization and LC N30 deamidation
emerged as critical attributes for antibody binding based on the
volcano plot and statistical analysis (Figure 6). Abundance of
critical modifications should be statistically significantly higher
in unbound antibody fractions, while abundances of noncriti-
cal and artificial modifications should be the same and have
fold change close to 1. This can be used to assess probability
that the observed difference was “real” or just an error of the
method (precision). When a cutoff of 2 was applied for the fold
change in unbound/bound (right vertical dashed lines in
Figure 6), the modifications with an x-axis value larger than 1
in the volcano plot were considered as potential modifications
that may impact antibody binding, as in the right region of the
volcano plot. Only a few modifications with relatively low
statistical significance were observed in the region to the left
from Fold Change log2 = -1, suggesting that none of the
modifications on residues actually promoted antibody binding
to HER2.

When high statistical significance and large fold change
were both considered, the modified residues that affect anti-
body binding to HER2 the most appeared on the top right
corner of the volcano plot (Figure 6). For every detected mod-
ification in the volcano plot, the y-axis value represented the
statistical significance coming from the p-value that was calcu-
lated using t-test function by comparing triplicate measure-
ments of modification percentage in bound and unbound
protein fractions. In addition to a cutoff of 1 on the x-axis
(right vertical dashed line in Figure 6), a cutoff of p* <
1.19 x 107% or -logl0 p-value larger than 3.9, was applied for
the p-value of each modification to decrease the false discovery
rate (top horizontal dashed line in Figure 6). A cutoff of
1.19 x 10~* was set as p* and used for the p-value because p*
came from a p-value of 0.05 divided by 420, the total number of

antibody modifications detected in peptide mapping. The ana-
lysis of volcano plot showed that HC D102 isomerization and
LC N30 deamidation were statistically significant and dis-
played a significant change in the modification percentages
between unbound and bound fractions, indicating HC D102
isomerization and LC N30 deamidation were critical attributes
in antibody binding to HER2. Automatically identified Q37
deamidation was ruled out from the volcano plot, as Q37 was
a part of the same peptide as N30. Manual verification of
fragmentation mass spectra (MS/MS) indicated that the dea-
midation was on N30 (Figure S2). The dots in the gray area of
the volcano plot in Figure 6 represented the noncritical and
artificial antibody modifications with similar abundances in
unbound and bound fractions, or having different abundances
but failing the strict statistical test.

When the values of 1 and 1.3 were applied for the cutoff in
the x-axis and y-axis, respectively (vertical and bottom hori-
zontal dashed lines in Figure 6), the modifications with a fold
change larger than 2 and a p-value smaller than 0.05 would be
considered as attributes that may potentially impact antibody
binding to HER2. In addition to HC D102 isomerization and
LC N30 deamidation, several modifications on HC and LC
N-termini of antibody appeared as possibly affecting binding
of antibody to HER?2 target (see dots in the top right gray area
in Figure 6 and also Figure S3 and Discussion section for more
information).

Quality control by volcano plots and relative abundance
of selected antibody modifications

Theoretically, all modifications detected in peptide mapping
should have symmetrical distribution in the volcano plot, if
those modifications do not impact binding, or they are induced
by sample preparation. Deviation from symmetrical distribu-
tion in the volcano plot would indicate sample preparation
non-equality between the unbound and bound fractions of
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artifacts of digestion (e). The x-axis represents the In2 values of the ratio between unbound and bound, and the y-axis represents the negative log10 value of p-value.

antibody. Quality control of the peptide mapping data was
performed by plotting different types of modifications as indi-
vidual volcano plot to reveal if the volcano plot is symmetrical
for each category (Figure 7). In total, five main types of mod-
ifications, oxidation, isomerization, deamidation, glycation,
and artifacts, were plotted individually to examine the shape
of the distribution of the modifications in the volcano plot.
A minor shift to the left was found for oxidation on x-axis scale
(fold change in unbound/bound), suggesting that the collected
bound fraction(s) of antibody was artifactually oxidized
slightly more than unbound (Figure 7a). On the other hand,
other types of modifications slightly affected the unbound
fraction artifactually, as minor shifts to the right were observed
in the region where the x-axis value is between —0.5 and 0.5 in
the volcano plot (Figure 7b-7e). This confirmed that HC D102
isomerization and N30 deamidation showed much greater fold
of change and statistical significance than the possible artifac-
tual modifications. Although oxidation of LC W35 and

carboxymethylation of HC K124 showed a fold of change
that was larger than 2 (log2 Fold Change in Unbound/Bound
> 1), neither of these modifications passed the t-test for statis-
tical significance. These modifications, as a result, were not
considered as critical quality attributes for antibody.

Figure 8 summarizes the relative abundance of selective
antibody modifications in bound and unbound fractions
from competitive binding SEC experiments. All these modifi-
cations showed a fold of change larger than 1.5, but only two
modifications, HC D102 isomerization and LC N30 deamida-
tion, were with the strict statistical significance between bound
and unbound (marked by asterisk). The percentage of HC
D102 isomerization was ~12% and ~43% in the bound and
unbound fractions of the stressed antibody, respectively. The
abundance of LC N30 deamidation was also approximately
fourfold higher in the unbound fraction (~36%) as compared
to bound (~7%). The percentage of HC D102 H,O loss (succi-
nimide) was below 5% in the bound and unbound fractions of
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Figure 8. Relative abundance plots of selective attributes of antibody in the bound (white) and unbound (dark) species. The modifications with a p-value that is smaller
than 0.05 are labeled with asterisk signs, and the p-value is determined from triplicate measurements.
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stressed antibody. Although the percentage of HC N55 deami-
dation and HC M107 oxidation was ~5% in the unbound
fraction, the difference between unbound and bound fraction
was not statistically significant, suggesting that they did not
significantly affect binding or were induced during sample
preparation.

Calculations described in Figure S5 and related text in the
Supporting Information suggest that either modification, N30
deamidation or D102 isomerization, reduce binding and con-
centrate antibody molecules in partially and completely
unbound SEC fractions 2 and 3. Accuracy of the binding
strength quantitation by the competitive binding SEC method
will benefit from further development, including, for example,
adjusting the molar ratios of antibody:antigen, incubation time
for assessing differences in association (k,) and SEC column
length for assessing dissociation (kg).

Correlation to prior potency measurement and crystal
structure

Our SEC data of competitive antibody binding to HER2 indi-
cated that HC D102 isomerization and LC N30 deamidation
were critical antibody attributes impacting target binding the
most (Figure 6). This finding agreed with previous potency
measurements of collected CEX fractions of different antibody
proteoforms (Figure 9a). Harris et al. identified six different
proteoforms upon separating antibody by CEX-UV using
high-concentration salt buffers and collected three CEX frac-
tions to perform a potency test.”> We have also performed
peptide mapping and characterized the main proteoform in
each CEX peak.”” The potency measurements of the collected
CEX fractions showed that the main CEX peak had a potency
of 140%, while the CEX peak characterized as HC D102

isomerization only had a potency of 12-30%.”* A potency of
98% was found for the second acidic peak on the CEX profile of
antibody that mainly contains LC N30 deamidation.”” No
potency data was obtained for the antibody CEX peak char-
acterized as HC N55 deamidation due to the low abundance of
HC N55 deamidation in antibody and possible challenges in
fraction collections, enrichment and potency measurements.

LC N30, HC D102 and HC N55 of antibody were found in
close proximity to HER2 (within 6 A) based on the crystal
structure of the complex for HER2 and the antibody Fab region
(Figure 9b),”° suggesting that modifications on the residues
may affect binding. Figure S4 summarized the measured dis-
tance from HER2 to the amino acids on LC N30, HC D102 and
HC N55 of antibody. Although close proximity of HC N55 to
HER2 (6.4 A) suggested that N55 deamidation may affect
binding, the SEC-based method described here showed that
the modification is not critical for binding.

Discussion

Protein-protein complexes, including antibody-target com-
plexes, remain bound during SEC separation if the Kd is
smaller than 107® M.’ A Kd value smaller than 10~ M is
typically found for therapeutic antibody-target binding.*”®
In the case of antibody-HER2 complex, modifications after
stress at 45°C for 10 days did not lead to loss of binding as
measured by SEC (Figure 2). This suggested that even for
stressed and degraded antibody molecules, the Kd value of
the receptor binding was still smaller than 10° M when
a ratio of 1:2 was applied for antibody and receptor. The strong
interaction between therapeutic protein and target enabled the
therapeutic molecules to bind quickly with target and remain
bound during the SEC separation. In the competitive binding

a) CEX-UV of antibody TO CEX peak
numbers from
3 Harris et al, 2001 A B 4 2 3 & :
and Shi et al, 2020|
Potency from o o o
Harris et al, 2001 280 130% A2:30%
Modification LC N30 Deam +| HCN55 | LCN30 | LC N30 Deam + Main HC D102 | M5/M5
Assignment LC N30 Deam | Deam | Deam HC D102 Iso Iso +K

Figure 9. (a) CEX-UV profile of antibody T0 and features of each proteoform observed in the CEX experiments. Potency measurement of CEX peaks are also shown in the
table on the right. (b) Crystal structure of antibody- HER2 complex (PDB: 1N8Z)*® and the closer view of the binding region with critical attributes shown in the right box.



experiment, several modifications on therapeutic antibody
decreased its binding to target below a Kd value of 107° M,
but led to the separate elution of unbound antibody on SEC
because it was outcompeted by stronger binding, unmodified
antibody molecules. The modified antibody with even minor
loss of binding strength (from Kd = 107''-10"" M) would elute
separately on SEC, facilitating fraction collection and identifi-
cation of the modifications affecting binding the most. When
other stress conditions, including 40°C for 21 days, were tested,
the SEC-UV profiles of antibody TO and stressed antibody
remain similar. A 1:1 ratio of 45C10d antibody binding to
HER2 was used to create competitive SEC binding and further
analyzed using fraction collection and peptide mapping.

A 1:2 binding stoichiometry was assigned for antibody
binding to HER2 by using SEC-UV-MALS techniques
(Figure 3). Prior work of antibody binding to HER2 demon-
strated that when one arm of the antibody is missing, the
antibody would lost its binding potency against the
receptor.**"*® The HER2 sample used in this work was the
extracellular soluble region of the receptor, suggesting the
binding stoichiometry in solution can be different from that
on the cell surface.”’ ™ After characterization by SEC-UV-
MALS, the bound and unbound fractions of antibody were
collected separately to perform CEX-UV studies. As the
bound and unbound antibody fractions showed different
CEX elution profiles (Figure 5), CEX analysis can serve as
a fast and convenient tool to understand the proteoform dis-
tributions in the fractions collected from competitive binding
SEC experiments.

The potency measurements of the CEX fractions were from
an antiproliferation assay, which measures the ability of anti-
body to prevent proliferation of a cell line derived from
a human adenocarcinoma that overexpresses the her2/neu
gene and HER2 receptor on cell surface.”* Biological activities
requiring bivalent receptor binding (such as trastuzumab
antiproliferation)*>***® may be affected by modifications to
a greater extent than the monovalent binding measured here
by SEC.

The modifications on the N-termini of antibody HC
and LC, shown as dots in the top right of the gray area in
Figure 6, were considered as possible, but not strictly
statistically significant considering the large size of the
population of measured chemical modifications (also see
supplemental information Figure S3). This was because
the number of the detected modifications should be
included when the p-value cutoff was established. The
p-value is a measure of false positive rate (FPR).
Traditionally, the p-value cutoff of 0.05 suggests that
one false positive (erroneous) result occurs approximately
every 20 tests of a single modification (bottom horizontal
dashed line in Figure 6). In our experiments, hundreds of
modifications were identified and quantified on most of
the amino acid residues of the therapeutic protein,
increasing the chance of false discovery of critical
modifications.

To minimize the chance of false discovery, the number of
the tested modifications, or a scientifically relevant fraction of
it, should be included in the evaluation of statistical signifi-
cance. The false discovery rate (FDR) was introduced for the
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list of modifications detected in peptide mapping, rather than
FPR. This approach was similar to genome-wide studies where
a few genes involved in a pathway or a disease need to be
selected from a list of thousands of genes with high
confidence.”>* The FDR is the expected fraction of false posi-
tives in a list of modifications. Statistics proposed several pro-
cedures for adjusting p-values to correct for the multiple
comparisons problem. The oldest was the Bonferroni correc-
tion, where the corrected p-value (p*) needs to include the total
number of tested modifications.”> p* can be determined by
dividing p by N, where p was the p-value for a test of a single
modification, and N was the number of modifications tested.
As there were 420 modifications in the results from peptide
mapping, corrected p-value threshold should be set to
1.19 x 107% as a result of 0.05 divided by 420 (top horizontal
dashed line in Figure 6), or -logl0 p-value should set to be
larger than 3.9. Removing modifications from remote domains
can be further applied to reduce the significance level or FDR
level. For an antibody or Fc-fusion protein, modifications on
the Fc region could be removed from the list, since CDRs are
far from the Fc domain. To summarize, the number of tested
modifications in the list, or a scientifically relevant fraction of
it, should be added to the denominator of p-value.

Statistical analysis of the volcano plot demonstrated that
several modifications on the N-termini of antibody HC and
LC might prevent binding (Figure 6, Figure S3). Close review
of antibody-HER? crystal structure indicated that only regions
from T23 to N623 were crystalized for HER2 and had available
structure,”® while the HER2 sample used in this study was the
extracellular soluble region with a longer sequence from T23 to
T652. Our manual extrapolation of the crystallography data
indicated that the N-termini of antibody HC and LC might
come close to HER2 C-terminal residues N623-T652 (not pre-
sent on the crystal structure), and the N-terminal antibody
modifications including extensions might lead to loss of bind-
ing (see HER2 C-terminus labeled as “C” on Figure 9b).

After assessment of several different (similarly stressed, e.g.,
at 45°C for 10 days) therapeutic proteins (antibodies and Fc-
fusion proteins) bound to their targets, we typically detected
loss of binding by SEC while using the stoichiometric protein-
target ratio. This indicated that those modifications dramati-
cally reduced the antibody-target binding strength by 2 orders
of magnitude from a typical Kd at ~10~'° M to the SEC “break-
ing point” of Kd ~10~® M. The example of antibody-HER2
described here illustrated that there may be other modifications
(attributes) that reduced binding, but still eluted as a complex
from SEC. Competitive SEC binding appeared to be an impor-
tant method in assessing all modifications, strongly and rela-
tively weakly impacting binding. This example also raised
a question regarding whether the weaker bound therapeutic
antibodies would retain the therapeutic efficacy. For example, if
antibody-target binding strength decreases from Kd ~107"°
M to Kd ~10™° M (10-fold decrease, from 100% to 10% for
the fractionated proteoforms), would the therapeutic antibody
still benefit patients? Were the modifications described here
really critical for efficacy of the drug? Determining answers to
these questions, however, was beyond the scope of our study.

Our SEC-based method uses chemical modifications on
amino acid side chains for mapping protein-protein
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interactions, which is somewhat similar to radiolysis53_56 and

fast photochemical oxidation of proteins.”’ " However, affi-
nity binding by SEC measurement does not require costly use
of lasers to perform radiolysis and fast photochemical oxida-
tion of biomolecules. Our approach can also be applied for
paratope-epitope mapping of antibody-target binding sites,
providing an effective tool to distinguish between binding
and nonbinding residues closely positioned to the target.

Materials and methods
Materials and sample preparation

The antibody vial (lot 3072991, Genentech, South San
Francisco, CA) including 440 mg trastuzumab, 9.9 mg
L-histidine HCI, 6.4 mg L-histidine, 400 mg a-trehalose dihy-
drate, and 1.8 mg polysorbate 20, United States Pharmacopoeia
(USP), was reconstituted in 20 mL of the supplied bacterio-
static water for injection, USP, containing 1.1% benzyl alcohol
as a preservative to yield solution containing 21 mg/mL tras-
tuzumab antibody at a pH of ~ 6. The antibody was stressed at
45°C for 10 days (45C10d) in the original formulation. The
human recombinant HER?2 protein (containing the extracellu-
lar domain Thr23-Thr652 of human ERBB2 NP_004439.2 with
His tag) was purchased from Sino Biological (catalog number
10004-HO8H, Wayne, PA) and dissolved in water to reach
a final concentration of 1 mg/mL. The antibody-HER2 com-
plex was formed by incubating the antibody and receptor at 37°
C for 30 min. Two different molar ratios of antibody:receptor,
1:2 and 1:1, were used in the formation of the binding complex.
Trypsin from bovine pancreas (sequencing grade) was pur-
chased from Roche Biochemical Reagents, Sigma Aldrich
(St. Louis, MO). Unless specified, other reagents were pur-
chased from Fisher Scientific (Pittsburgh, PA). A Tosoh TSK
Gel G3000SWXL columns (7.8 mm i.d. x 300 mm, 5 pm) was
purchased from Tosoh Bioscience (Grove City, Ohio) for SEC
separation.

Competitive binding SEC experiments and fraction
collection for CEX-UV and peptide mapping

The SEC experiments were performed on an Agilent 1100
HPLC equipped with a variable wavelength detector
(VWD) using a flow rate of 0.5 mL/min at a column
temperature of 37°C. 150 mM sodium phosphate,
300 mM sodium chloride, and 5% ethanol, pH 7.0, was
used as mobile phase. SEC-UV data were collected using
absorbance detection at 280 nm. The samples were also
analyzed using SEC-UV coupled with MALS technique as
described previously.”> A miniDawn TriStar light scattering
detector (Wyatt Technologies) was connected immediately
downstream of the VWD. The molar masses of individual
peaks in the chromatograms were determined using ASTRA
software (v.5.3, Wyatt Technologies). A change in refractive
index with respect to concentration (dn/dc) of 0.186 mL/g
was employed.”® Each peak observed in the SEC-UV profile
was assigned based on the measured molecular weight.
Based on the SEC-UV elution profile, SEC fractions were

collected for CEX-UV and peptide mapping analyses as
follows. SEC fractions eluting in pH 7 buffer were manually
collected in 500 pL Microcon tubes equipped with 30-kDa
molecular weight cutofft (MWCO) filter (Sigma-Aldrich,
St. Louis, MO) and concentrated above the filter before
CEX-UV analysis. CEX-UV was performed as described
previously.” For peptide mapping, the SEC fractions were
collected into an Eppendorf tube with the presence of
200 pL denature solution containing 6 M guanidine hydro-
chloride, 0.2 M Tris, 2 mM EDTA, and 20 mM methionine
(pH 3.5) to minimize artificial oxidation caused by collec-
tion. SEC runs and fraction collection were carried out in
triplicate.

Proteolysis and mass spectrometry analysis

Detailed digestion and LC-MS/MS analysis procedures have
been described elsewhere.””®" Corresponding fractions from
each run were transferred onto a 500 pL Microcon filter (30
kDa MWCO, Sigma-Aldrich, St. Louis, MO) and were dried by
spinning for 15 min at 14,000 x g. Then, each fraction was
dissolved in the denature solution with 10 mM dithiothreitol
for reduction at 37°C for 30 min, followed by alkylation
(10 mM iodoacetamide) in dark at room temperature for
30 min. The filter of each fraction was further washed with
digestion solution (0.1 M Tris, 20 mM methionine, and 5%
acetonitrile (ACN)) three times to remove the residual dena-
ture solution. Each SEC fraction was digested for 45 min with
trypsin at a 1:20 enzyme:substrate ratio at 37°C. Digestions
were quenched with 40 pL quench solution including 8 M
guanidine hydrochloride, 2 mM EDTA, and 20 mM methio-
nine to a final ~5.3 M guanidine hydrochloride solution at pH
5.0. After spinning for 15 min at 14,000 x g, the flow-through
with tryptic peptides was collected using a new centrifuge tube.
The digestion of antibody and receptor were also performed by
following the same protocol.

Tryptic peptides were injected via an auto-sampler onto
a Varian Polaris Ether C18 column (Agilent, 2.1 x 250 mm,
3.0 um particle size, 180 A pore size) at a flow rate of 0.2 mL/
min using Agilent 1290 system. A linear gradient from 100%
phase A (water with 0.1% trifluoroacetic acid) to 50% phase
B (10% water and 90% ACN with 0.1% trifluoroacetic acid) was
applied for 190 min. Tryptic peptides were analyzed online
using a Q Exactive Biopharma mass spectrometer (Thermo
Fisher Scientific). Data were collected in data-dependent
mode  with  higher-energy  collisional  dissociation
fragmentation.

Peptide identification and data analysis

MS data were searched against the sequence of mAb heavy
chain and light chain, the receptor, and trypsin using
MassAnalyzer (v4.05).°* The volcano plot, a type of scatter-
plot, was used to represent the peptide mapping results to
identify changes in large data sets that are composed of repli-
cate data. The plot includes statistical significance (defined as -
log10 of p-value) and fold change (FC) on the y and x axes,



respectively. In this experiment, the fold change was abun-
dance ratio of modifications in unbound versus bound protein
fractions.
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