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ABSTRACT
Forced degradation experiments of monoclonal antibodies (mAbs) aid in the identification of critical
quality attributes (CQAs) by studying the impact of post-translational modifications (PTMs), such as
oxidation, deamidation, glycation, and isomerization, on biological functions. Structure-function char-
acterization of mAbs can be used to identify the PTM CQAs and develop appropriate analytical and
process controls. However, the interpretation of forced degradation results can be complicated because
samples may contain mixtures of asymmetrically and symmetrically modified mAbs with one or two
modified chains. We present a process to selectively create symmetrically and asymmetrically modified
antibodies for structure-function characterization using the bispecific DuoBody® platform. Parental
molecules mAb1 and mAb2 were first stressed with peracetic acid to induce methionine oxidation.
Bispecific antibodies were then prepared from a mixture of oxidized or unoxidized parental mAbs by
a controlled Fab-arm exchange process. This process was used to systematically prepare four bispecific
mAb products: symmetrically unoxidized, symmetrically oxidized, and both combinations of asymme-
trically oxidized bispecific mAbs. Results of this study demonstrated chain-independent, 1:2 stoichio-
metric binding of the mAb Fc region to both FcRn receptor and to Protein A. The approach was also
applied to create asymmetrically deamidated mAbs at the asparagine 330 residue. Results of this study
support the proposed 1:1 stoichiometric binding relationship between the FcγRIIIa receptor and the
mAb Fc. This approach should be generally applicable to study the potential impact of any modification
on biological function.
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Introduction

Monoclonal antibodies (mAbs) are among the fastest growing
class of therapeutic molecules used to treat human diseases such
as cancer, neurodegeneration, and inflammatory disease.1−4

Typical therapeutic mAbs are from the immunoglobulin G (IgG)
class, which consists of two heavy chain (HC) sequences and two
light chain sequences connected by disulfide bonds.5 Antigen
binding is generally governed by three complementary-
determining regions located on the variable region of the heavy
and light chains. The Fc region is responsible for effector func-
tions, such as antibody-dependent cell-mediated cytotoxicity
(ADCC)6,7 and extended serum half-life.8 Cell culture bioreactor
conditions, downstream purification steps, and formulation con-
ditions can generate post-translational modifications (PTMs),
which results in a complex mixture of product variants2,9 poten-
tially affecting biological function.4 PTMs that affect antigen
binding10 andFc effector functions11 are considered critical quality
attributes (CQAs) that must be controlled for product release.12,13

6Forced degradation studies, such as light, heat,14,15 or che-
mical stress16,17 are used to aid in CQA assessment.18

Modifications to a mAb through forced degradation studies
can occur asymmetrically on one chain or symmetrically on

both chains, which may have different biological impacts. For
example, the neonatal Fc receptor binds both HCs of a mAb in
a 2:1 stoichiometric relationship,19 which implies that IgGmAbs
retain FcRn binding even if one chain is functionally inactive.
However, FcγRIIIa binds to both chains simultaneously, and
binding could be significantly impacted by modification of one
chain.20-22 It is typically not possible to selectively prepare chain-
specific modifications in forced degradation studies because
most modifications are randomly added to either chain.
Although separation techniques can be employed to isolate
asymmetrically modified molecules from the mixture, the reso-
lution is usually poor making the isolation of enriched fractions
difficult.23 The selective preparation of symmetrically and asym-
metrically modified antibodies would allow the experimental
evaluation of predicted structural models and provide additional
understanding of structure–function relationships.

Bispecific antibodies (BsAb)24,25 provide the opportunity to
study the structure–function relationship of asymmetrically
modified mAbs.26 The “knobs-into-holes” bispecific technique
was used to prepare glycosylated heterodimeric antibodies to
characterize afucosylation asymmetry in cell-based
bioassays.22 Similar strategies can be used to expand the
study of symmetrically and asymmetrically modified mAbs
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to include oxidation, deamidation, and other PTMs. The
DuoBody® technology generates bispecific molecules through
a controlled Fab-arm exchange (FAE) redox reaction of two
parental homodimeric antibodies.27 The parental mAbs are
expressed separately and pooled prior to selective reduction of
the hinge region disulfide bonds. Chains are recombined to
a bispecific molecule, which is facilitated by the amino acid
substitutions in the CH3 domain to drive preferential chain
association of a heterodimer.28,29 The DuoBody® retains the
structural integrity of homodimeric mAbs, and Fc effector
functions are preserved.

In this study, symmetrically and asymmetrically oxidized BsAb
were prepared by FAE using theDuoBody® platform30 by combin-
ing oxidized parental mAb1 with non-oxidized parental mAb2.31

The oxidized and non-oxidized parental mAbs were pooled to
produce four individual combinations of symmetrically or asym-
metrically modified BsAb (AA, AB, BA, and BB). This process
establishes a platform to create symmetrically and asymmetrically
modified mAbs for more selective studies that involve other mAb
modification, such as deamidation, glycation, or glycosylation.

Results

Preparation and purity of oxidized BsAbs

Symmetrically and asymmetrically oxidized BsAbs were gen-
erated using the DuoBody® FAE process28,30 (Figure 1). The
mAb1 and mAb2 parental molecules were chemically oxidized
using peracetic acid to induce complete methionine oxidation
of the most sensitive sites on all chains (Figure 1(a)). As
shown in Figure 1(b), four BsAb products were created by
FAE using non-oxidized (A) or oxidized (B) mAb1 and
mAb2: a symmetrically non-oxidized control BsAb1 (AA),
asymmetrically oxidized BsAb2 (AB) and BsAb3 (BA), and
symmetrically oxidized BsAb4 (BB). Each BsAb product was
purified using two chromatography steps and exchanged into
formulation buffer for characterization.

The purity of all four BsAb products was assessed by hydro-
phobic interaction chromatography (HIC), size-exclusion chro-
matography (SEC), and non-reduced capillary SDS
electrophoresis (cSDS). FAE efficiency was assessed by HIC,
which separated residual homodimeric parental mAb1 and
mAb2 from the heterodimeric BsAbproducts. All BsAb products
eluted between 7.7 and 8.0 minutes, while excess parental mAb1
and mAb2 eluted as a pre-peak and post-peak, respectively
(Figure 2(a)). The formation of the correct BsAb was confirmed
by HIC retention time and intact molecular weight analysis,
which showed the formation of intact heterodimers with no
light chain swapping (data not shown). The purities of the
BsAb1, BsAb2, BsAb3, and BsAb4 products by HIC were
88.3%, 93.1%, 90.5%, and 93.1%, respectively (Table 1), which
indicated that extensive oxidation did not affect the FAE process.
The residual, parental mAbs were removed from the BsAb sam-
ples by downstream processing as shown in Figure 2(b). The
purities of the final BsAb1, BsAb2, BsAb3, and BsAb4 products
were >98% by HIC analysis (Table 1).

The levels of aggregates and fragments in the BsAb pre-
parations were assessed by SEC and cSDS. The purity of all

four BsAbs was >99% by SEC analysis (Table 1). The purity of
the control BsAb1 was 96.8% by non-reduced cSDS analysis
with 3.2% low molecular weight (LMW) impurities. The
purities of asymmetrically oxidized BsAb2 and BsAb3, and
BsAb4 by non-reduced cSDS were lower than BsAb1 (92.4%,
90.1%, and 88.3% IgG, respectively) with higher levels of
LMW species. The primary impurities were free heavy and
light chains based on cSDS migration times and intact mole-
cular weight analysis, which suggested incomplete disulfide
bond formation during the FAE process step. These results
were consistent with a previous report showing high levels of
methionine oxidation can affect the disulfide bond structure
of human IgG.32

To further assess the disulfide structure, the BsAb final
products were evaluated by the Ellman’s assay and non-
reduced peptide mapping. Non-reduced peptide map data
showed the expected disulfide linkages were present in all
BsAb products (data not shown). The levels of free thiols
were 0.7%, 1.1%, 1.0%, and 1.0% in BsAb1, BsAb2, BsAb3,
and BsAb4, respectively (Table 1). Overall, these results
demonstrated that the structural integrity and purity of the
BsAb batches were sufficient for characterization.

Structural characterization of oxidized BsAbs

The methionine oxidation levels of the parental mAbs and
BsAb products were characterized by peptide mapping and
subunit mass spectrometry (MS) analysis. Peptide mapping
analysis of the peracetic acid-treated parental mAb1 and
mAb2 confirmed the primary sites of oxidation to be HC
Met254, Met360, and Met430 in the Fc region (data not
shown). The level of oxidation at all three sites was ≥99.9%.
For subunit MS analysis, samples were digested with EndoS
and IdeS33 followed by reduction with dithiothreitol (DTT) to
generate free light chain, Fd’, and single-chain Fc subunits
(scFc) and analyzed by high-performance liquid chromatogra-
phy (HPLC)-MS.34 MS analysis was limited to the scFc sub-
units since this region contained the most sensitive
methionine sites. As shown in Figure 3(a), a single-
deconvoluted mass peak was detected at 23,957 Da by subunit
analysis of mAb1, which corresponded to the non-oxidized
scFc subunit. Subunit analysis of oxidized mAb1 showed
a single-deconvoluted mass peak detected at 24,006 Da,
which corresponded to the scFc subunit with three oxidized
methionine residues. Similarly, oxidized mAb2 showed
a single-deconvoluted mass peak at 24067 Da by subunit
analysis, which corresponds to the mass of an scFc subunit
with three oxidized methionine residues. These results indi-
cated that the oxidized parental mAbs were fully oxidized at
HC residues Met254, Met360, and Met430 in the Fc region.

The BsAb products were also assessed by peptide map-
ping and subunit analysis to characterize methionine oxida-
tion in the Fc region. The levels of HC Met254 oxidation
measured by peptide mapping were 5.7%, 56.4%, 57.6%, and
99.4% for BsAb1, BsAb2, BsAb3, and BsAb4, respectively
(Table 2). These results suggested that BsAb2 and BsAb3
were asymmetrically oxidized, but chain-specific oxidation
of mAb1 HC and mAb2 HC in each BsAb material was not
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Figure 1. The process for creating asymmetrically oxidized bispecific molecules (BsAb) is presented. (a) Peracetic acid treatment of mAb1 (blue) or mAb2 (peach)
resulted in methionine oxidation (illustrated as red lines) throughout the molecule. (b) Combinations of non-oxidized (A) and/or oxidized (B) mAb1 and mAb2 were
pooled prior to Fab arm exchange to generate control BsAb1 (AA), asymmetrically oxidized BsAb2 (AB) and BsAb3 (BA), and symmetrically oxidized BsAbs (BB). All
BsAbs were purified to the final product prior to analytical characterization.
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retained by peptide map. However, subunit MS analysis34

could be used to verify the formation of asymmetrically
oxidized BsAb2 and BsAb3 at residues HC Met254,
Met360, and Met430 because the integrity of the mAb1
and mAb2 HCs were preserved, and the amino acid point
mutations in the Fc region produced two scFc subunits with
unique mass values that could be distinguished by subunit
MS. As shown in Figure 3(b), deconvoluted mass peaks of
23,957 Da and 24,019 Da were detected for the BsAb1
control, which corresponded to the expected scFc subunit
masses of non-oxidized mAb1 and mAb2. Subunit MS

analysis of BsAb2 showed deconvoluted masses of 24,004
Da and 24,018 Da, which corresponded to the expected scFc
subunit masses of oxidized mAb1 with three oxidized resi-
dues and the non-oxidized scFc subunit from mAb2, respec-
tively. These results confirmed the successful synthesis of an
asymmetrically oxidized molecule because all oxidation sites
were confirmed on the mAb1 chain. Similarly, the deconvo-
luted masses of BsAb3 were determined to be 23,957 Da and
24,067 Da by subunit MS analysis, which corresponded to
scFc subunit masses expected for the non-oxidized scFc
subunit from mAb1 and the oxidized scFc subunit from

Table 1. Purity and free thiol levels for the BsAb intermediates and purified final products.

Bispecific producta BsAb1 BsAb2 BsAb3 BsAb4

mAb 1 Oxidation (-) Oxidation (+) Oxidation (-) Oxidation (+)

mAb 2 Oxidation (-) Oxidation (-) Oxidation (+) Oxidation (+)

Assay Post-FAEb Final formulationc Post-FAEb Final formulationc Post-FAEb Final formulationc Post-FAEb Final formulationc

HIC
BsAb 88.3% 99.7% 93.1% 99.2% 90.5% 99.0% 93.1% 98.7%
Parental mAb 11.7% 0.3% 6.9% 0.7% 9.5% 1.0% 6.9% 1.3%
NR-cSDS
Purity 95.9% 96.8% 90.5% 92.4% 87.6% 90.1% 85.1% 88.3%
LMWS 3.9% 3.2% 9.3% 7.6% 12.0% 9.9% 14.5% 11.7%
SEC
Monomer n/a 99.7% n/a 99.5% n/a 99.1% n/a 99.1%
LMWS n/a 0.0% n/a 0.1% n/a 0.3% n/a 0.3%
HMWS n/a 0.3% n/a 0.4% n/a 0.6% n/a 0.6%
Free Thiold n/a 0.7% n/a 1.1% n/a 1.0% n/a 1.0%

aBispecific Product is synthesized from respective oxidized (+) or unoxidized (-) mAb1 and mAb 2
bMaterial after Fab-arm exchange reaction prior to downstream purification steps
cFinal product after purification
dCalculated as % free thiol/cysteine residue.
All values are expressed as a relative abundance
HMWS = high molecular weight species
LMWS = low molecular weight species

Figure 2. HIC chromatograms of BsAb products. Chromatograms for post-FAE reaction intermediates and final-purified products are shown in the top and bottom
panels, respectively.

1104 A. R. EVANS ET AL.



mAb2 with three oxidized residues, respectively. Subunit MS
analysis of BsAb4 showed deconvoluted masses of 24,005 Da
and 24,067 Da, which corresponded to the expected scFc
subunit masses of mAb1 and mAb2 with three oxidized
residues each, respectively.

FcRn binding results for the BsAbs

As shown in Table 2, HC Met254 oxidation levels on the
mAb1 and mAb2 HC measured by peptide mapping were
3.8% and 3.0% for BsAb1, 3.8% and 99.9% for BsAb2, 99.9%
and 3.0% for BsAb3 and 99.9% and 99.4% for BsAb4.
Oxidation of the Met254 residue in the Fc of IgG disrupts
antibody binding to FcRn.16,35 The effects of symmetrically
and asymmetrically oxidized HC Met254 on FcRn binding
were evaluated using a time-resolved fluorescence resonance
energy transfer (TR-FRET) competitive binding assay.36 The
FcRn binding for BsAb2 was 44.4% of the FcRn binding for

control BsAb1, suggesting that the non-oxidized mAb1 chain
of BsAb2 is still capable of independently binding to the FcRn
(Table 2). Similarly, the FcRn binding of asymmetrically oxi-
dized BsAb3 was 54.3% of the FcRn binding for control
BsAb1. Symmetrically oxidized BsAb4 had minimal FcRn
binding (<10%) due to the near 100% oxidation of Met254
on both HCs. The nearly 50% FcRn binding of asymmetrically
oxidized BsAb2 and BsAb3 provides direct evidence for a 2:1
binding stoichiometry between the FcRn receptor and the Fc
region of an antibody, which is consistent with previously
presented results using point mutations to block FcRn
binding.19

Protein Abinding results for the BsAbs

The impact of asymmetrically oxidized Met254 on Protein
A binding was analyzed using Protein A affinity chromato-
graphy (PAAC).33 PAAC analysis of intact BsAb1 showed

Figure 3. Subunit MS analysis of mAb and BsAb. (a) The deconvoluted spectra for control and oxidized mAb1 and mAb2 are shown in the left and right panels,
respectively. (b) The deconvoluted spectra for BsAb1, BsAb2, BsAb3, and BsAb4 are shown in order from top to bottom. mAb1, mAb2, and methionine oxidation are
shown with blue fill, peach fill, and red lines, respectively.
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a main peak with a retention time of 35.5 min corresponding
to native BsAb1 (Figure 4). Asymmetric oxidation of HC
Met254 on a single HC (BsAb2 and BsAb3) produced a shift
in retention time to ~29 min, while oxidation of HC Met254
on both chains (BsAb4) produced a further shift in retention
time to 22.8 min. Together, these results indicated that Fc
oxidation reduced the binding affinity to Protein A.

Preparation of asymmetric heat-stressed BsAbto evaluate
the impact of deamidation on FcγRIIIa binding

To demonstrate the suitability of this approach to study
additional PTMs, new sets of BsAb products were prepared
from unstressed and heat stressed parental mAb1 and mAb2
at pH 5.5, which causes deamidation at HC Asn330 in the
Fc region.15 Control BsAb5 with little deamidation (<2%),
asymmetrically deamidated BsAb6 and BsAb7, and symme-
trically deamidated BsAb8 were prepared from heat-stressed
mAb1 and mAb2, which were incubated for 4 months at 40°
C (Figure 5(a)). As shown in Figure 5(b), HC Asn330
deamidation levels on the mAb1 and mAb2 HC measured
by peptide mapping were 0.7% and 0.8% for BsAb5, 0.7%
and 40.2% for BsAb6, and 39.6% and 0.8% for BsAb7,
respectively. FcγRIIIa binding for the asymmetrically dea-
midated BsAb6 and BsAb7 were 64.4% and 66.3% of the
FcγRIIIa binding observed in control BsAb5, respectively.
Deamidation levels for the asymmetrically modified BsAb6
and BsAb7 correlated very well with the FcγRIIIa binding
results. That is, deamidation levels of approximately 40% on
one HC translated to approximately a 40% decrease in
FcγRIIIa binding, which demonstrated a 1:1 stoichiometry
of binding (IgG to FcγRIIIa). The results showed that
Asn330 deamidation on a single HC was sufficient to affect
mAb binding to FcγRIIIa. The levels of FcγRIIIa binding
would likely have been lower if the levels of deamidation
levels on each HC were higher, but HC Asn330 deamidation
occurs very slowly even at 40°C.

Deamidation levels of parental mAbs did not yield 100%
deamidation at Asn330. Therefore, BsAb8 was composed of
a mixed population of both asymmetric and symmetrically
deamidated molecules, which is expected to show
decreased FcγRIIIa binding relative to BsAb6 and BsAb7.
The Asn330 deamidation levels of mAb1 and mAb2 were
39.6% and 40.2%, respectively. We expect approximately
64% of the BsAb8 population (16% containing symmetri-
cally deamidated chains and 48% containing asymmetric
deamidation) to be deamidated at Asn330 on one or two
HCs based on the probabilities of a stochastic process and

the known chain association combinations resulting from
the FAE.30 This calculated value agrees with the observed
FcγRIIIa binding result of 45.5% and explains the
decreased binding observed in BsAb8 compared to
FcγRIIIa results for asymmetrically deamidated mAbs,
BsAb6, and BsAb7.

Discussion

Structure-function characterization of mAbs is required to
identify CQAs that may affect antigen binding,37 Fc effector
function,38,39 pharmacokinetics,40,41 immunogenicity,42 and
stability43 so that the corresponding degradation pathways
can be effectively controlled during production and storage
of drug products.35,44,45 Forced degradation experiments are
typically used to identify CQAs but can yield mixtures of
asymmetrically and symmetrically modified mAbs, which are
difficult to isolate and purify.23,46 Thus, it is not generally
possible to experimentally evaluate the impact of chain-
specific PTMs on biological function.

Controlling chain symmetry of PTMs would also not be
possible using in vivo co-expression strategies where bispecific
molecules are constructed within the cells.47 We demon-
strated the ability to create, isolate, and characterize prepara-
tions of symmetrically and asymmetrically modified bispecific
DuoBody® molecules.28,48 The complementary mutations of
K409R and F405L are designed to destabilize the CH3 inter-
face and favor heterodimerization.30 The Duobody® bispecific
platform offers the advantage to control in vitro assembly of
asymmetrically modified molecules using a controlled FAE of
stressed or unstressed parental mAb molecules. We evaluated
the impact of symmetric and asymmetric oxidation and dea-
midation on Fc binding to demonstrate the utility of this
approach. The results of structure–function studies with
these symmetrically and asymmetrically modified antibodies
were used to validate structural modeling analysis and provide
a clearer interpretation of forced degradation results. In addi-
tion, symmetrically and asymmetrically modified antibodies
can be used to evaluate the impact on analytical methods such
as Protein A binding.

It is well known that oxidation of HC Met254 directly
affects the binding of human IgG1 to the FcRn receptor.16,36

Analysis from hydrogen-deuterium exchange shows that
methionine oxidation disrupts the interface of the CH2
and CH3 domains, inducing a conformational change that
impacts binding to FcRn.35,49 Additionally, a 2:1 binding
stoichiometry has been proposed based on crystallography
analysis.50-52 The FcRn binding results for asymmetrically

Table 2. Methionine 254 oxidation levels and Fc binding results for BsAb final products.

Duobody® compositiona Met 254 oxidation (peptide map)b Fc binding assayc

Material mAb1 mAb2 mAb1 mAb2 Final BsAb product FcRn FcγRI FcγRIIa FcγRIIIa

BsAb1 Native Native 3.8% 3.0% 5.7% 100.0% 100.0% 100.0% 100.0%
BsAb2 Native Oxidized 3.8% 99.9% 56.4% 44.4% 97.6% 94.3% 102.1%
BsAb3 Oxidized Native 99.9% 3.0% 57.6% 54.3% 120.2% 89.7% 106.4%
BsAb4 Oxidized Oxidized 99.9% 99.9% 99.4% 8.6% 128.6% 112.6% 125.5%

aBsAb molecule prepared from native or oxidized parental mAb1 or mAb2.
bValue expressed as a relative abundance of oxidized Met 254.
cBinding results are normalized relative to the respective control BsAb1 results.
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oxidized BsAb2 and BsAb3 presented in this report were
approximately 50% of the FcRn binding results for the
control BsAb1, which provides experimental support for
a 2:1 FcRn:IgG binding ratio.19 Additionally, the near 50%
decrease in FcRn binding occurred regardless of which
chain was oxidized, suggesting that FcRn can bind indepen-
dently to either chain. The impact of chain-specific HC
Met254 oxidation on Protein A binding was also assessed
using Protein A affinity chromatography (PAAC). PAAC is
an affinity-based chromatography method that was used to
evaluate the binding between the CH2–CH3 interface of the
Fc region and Protein A.53 HC Met254 oxidation reduces
the binding between Protein A and the Fc, which resulted in
earlier elution by PAAC.54 Results of this study indicated
that symmetrically oxidized mAbs eluted earlier than asym-
metrically oxidized mAbs, and Protein A can bind

independently to either HC. This provided experimental
support for a 2:1 Protein A:IgG binding ratio.

BsAb products were also created using heat stress to
demonstrate additional applications of asymmetrically mod-
ified mAbs. Deamidation induced by thermal stress is
a common degradation pathway that can affect the bioactivity
of a mAb.55 Site-specific deamidation of HC Asn330 (VSNK
motif) can be induced by heat stress under mildly acidic pH
conditions while having minimal impact to the other Asn
residues in the Fc region.15 Crystal structure analysis of
a complex formed between soluble FcγRIIIa and human
IgG1 Fc shows a 1:1 stoichiometric binding ratio.56 Our
experimental data provides evidence that Asn330 deamidation
on a single HC directly affects FcγRIIIa binding and deami-
dation levels for the asymmetrically modified mAbs measured
by peptide map correlate very well with FcγRIIIa binding

Figure 4. Protein A affinity chromatography chromatograms for BsAb1, BsAb2, BsAb3, and BsAb4 intact IgG. Protein absorbance was monitored at 280 nm.
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results. These results suggest that Asn330 deamidation on one
HC is sufficient to inhibit FcγRIIIa binding to an IgG, which
is consistent with a 1:1 stoichiometric ratio from crystal
structure analysis.

Although we performed these studies using symmetrically and
asymmetrically oxidized and deamidated BsAb using the
DuoBody® process, we believe this technique provides a platform
to study any modification type and the impact of chain symmetry
on the biological function provided the primary sequence incor-
porates mutations in the CH3 domain to drive selective re-
association during FAE. This technique can provide insight into
unknown mechanisms of actions involving more complex mod-
alities. Kinetic studies demonstrate dissociation of the parental
mAbs containing the single point mutation in the CH3 domain
controls the rate of the controlled FAE27 during the formation of
a BsAb.HC associationmay be controlled using two homodimeric
mAbs through single point mutations to create a hydrophobic
binding pocket between the CH3-CH3 domains of mAb1 and
mAb2 chains.57,58 The conversion of a homodimeric mAb to
a heterodimeric bispecific molecule allows a clear assessment of
individual chains using analytical methods. In addition to forced

degradation, glycoengineering could also be employed to generate
asymmetrically glycosylated IgGmolecules to study the impact on
effector functionmechanisms.7,59,60 This allows the study of asym-
metry in carbohydrate structure to investigate the effects of afuco-
sylation on ADCC and complement-dependent cytotoxicity cell-
based bioassays for oncology-related effector function competent
mAbs.22,61-63 Characterization of asymmetrically modified mole-
cules can provide new insight and understanding to the complex
structure–function relationship between PTMs and biological
activity.

Materials and methods

IdeS (FabRICATOR®) was purchased from Genovis. Trypsin
was purchased from Promega. All other reagents and material
were purchased from Thermo Scientific or Sigma-Aldrich
unless otherwise stated. Reagents were analytical reagent
grade or mass spectrometry grade and were used without
further purification or manipulation. In house, MilliQ water
was used to prepare aqueous solutions. IgG mAb1 and mAb2

Figure 5. The process for creating bispecific antibodies with asymmetric deamidation at Asn330 is presented. (a) mAb1 (blue) and mAb2 (peach) were stressed at 40°
C at pH 5.5 to induce selective deamidation at the Asn330 residue in the Fc Region (brown with red lines). Combinations of native or stressed mAb1 and mAb2 were
pooled prior to Fab-arm exchange to generate control BsAb5, asymmetrically deamidated BsAb6 and BsAb7, and symmetrically deamidated BsAb8. (b) The bar plot
illustrates the levels of FcγRIIIa binding of BsAb6, BsAb7, and BsAb8 relative to the control BsAb5 sample. The HC Asn330 deamidation values for the mAb1 and
mAb2 arms of each BsAb are shown above the corresponding bar.
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and corresponding BsAb products were manufactured by
Janssen Research and Development, LLC.

Preparation of asymmetrically modified bispecific
molecules

The parental IgG1 antibodies, mAb1 and mAb2, were
expressed in Chinese hamster ovary cells produced in indivi-
dual fed-batch bioreactor systems. Antibodies were captured
using Protein A affinity chromatography and adjusted to pH
6.5. Aliquots of mAb1 and mAb2 were incubated with 1 mM
peracetic acid for 2 h at 30°C to selectively induce methionine
oxidation or adjusted to pH 5.5 and incubated at 40°C for 4
months to selectively induce HC Asn330 deamidation.
Reaction mixtures were buffer exchanged into a tris-
neutralized sodium acetate buffer (pH 6.5) to remove excess
reagent. BsAbs were generated through controlled FAE.30

Briefly, mAb1 and mAb1 were combined, treated with 2-mer-
captoethylamine hydrochloride, and incubated overnight at
26°C. Reducing agent was removed via buffer exchange, and
BsAb products were purified using two polishing chromato-
graphy steps.50,51 BsAb products were loaded onto a Capto
Adhere MMAEX chromatography column (GE Healthcare)
followed by Capto Phenyl ImpRes (GE Healthcare) HIC.64

BsAb products were buffer exchanged to formulation buffer
and stored frozen at −70°C until further analyses.

Size-exclusion chromatography

BsAb products were injected onto a Tosoh TSKgel BioAssist
G3SWXL, PEEK HPLC column (7.8 x 300 mm, 5 µm, 25°C
column temperature). Isocratic separation was performed
using an Agilent 1200 series HPLC system with sodium phos-
phate buffer (pH 6.8) at a flow rate of 0.7 mL/min. Eluted
protein was detected using an online ultraviolet (UV) detector
at 280 nm.

Hydrophobic interaction chromatography

BsAb samples were diluted to a protein concentration of
2 mg/mL and evaluated using an Agilent 1200 series HPLC
with a Tosoh TSKgel Butyl-NPR column (4.6 x 350 mm, 2.5
µm, 25°C column temperature). Protein was eluted using
a 12-min gradient from 25 mM sodium phosphate,
1.8 M ammonium sulfate, pH 7.0 (mobile phase A) to
25 mM sodium phosphate, pH 7.0 (mobile phase B). Eluted
protein was detected by UV absorbance at 280 nm.

Capillary sodium dodecyl sulfate electrophoresis

BsAb material was treated with N-ethylmaleimide in bis-tris
/citrate buffer (25 mM, pH 7.0) containing 1% sodium
dodecyl sulfate and incubated for 5 min at 75°C.
Denatured samples were cooled and injected electrokineti-
cally (5 kV). Protein separation was performed using
a Beckman Coulter PA800 system with a capillary and
a photodiode array detector at 220 nm.

Peptide mapping

BsAb and mAb parental compounds were denatured in
6 M guanidine, 50 mM tris, 5 mM ethylenediaminetetraa-
cetic acid, pH 8.0 at room temperature. Proteins were
reduced with 1 M DTT for 1 h at 37°C followed by alkyla-
tion with 1 M sodium iodoacetate for 1 h at 25°C. Samples
were exchanged into digestion buffer (50 mM Tris HCl, pH
7.0) using a NAP5TM column (GE Healthcare). The protein
eluate was digested with trypsin for 2 h at 37°C. and the
resulting peptides were analyzed by HPLC-MS/MS using an
Agilent 1200 or Agilent 1260 HPLC system coupled an
online mass spectrometer. The HPLC separation was per-
formed using a gradient of 0.1% trifluoroacetic acid (TFA)
in water to 0.1% TFA in acetonitrile on a BioSuite C18
column (250x2.1 mm, 40°C). Eluted peptides were subject
to online electrospray ionization and detected using
a Thermo Fisher Orbitrap XL mass spectrometer or
a Q-Exactive mass spectrometer. The levels of modified
amino acids were quantitated by peak area integration of
the extracted ion chromatograms, and the results were
expressed as a percentage of the total peptide peak area
(modified + unmodified).

Subunit mass spectrometry

BsAb products were diluted to 1 mg/mL in 100 mM tris, pH
7.5 and incubated with EndoS (100 units/μL) and IdeS (1
unit/μg) for 30 min at 37°C. Samples were reduced with
1 M DTT for 15 min at 37°C and quenched with 10% (v/v)
1 M HCl. IdeS digested material was analyzed using a Waters
Acquity I-Class HPLC system and separated using Waters
BEH300 C4 column (2.1x50 mm, 60°C) using a gradient of
0.1% formic acid in acetonitrile (200 μL/min). Eluted material
was subject to electrospray ionization and detected using
a Xevo G2-XS mass spectrometer in positive ion mode for
an m/z range of 800–3000. Data files were acquired using
MassLynx software and deconvoluted using the MaxEnt1
algorithm. Oxidation was quantitated using the peak height
intensities of the deconvoluted and centered spectra.

Fc receptor binding assays

Characterization of the binding of the Fc region of BsAb var-
iants to Fc receptors FcγRI, FcγRIIa, FcγRIIIa, and FcRn was
assessed by using a competitive TR-FRET assay. In these meth-
ods, binding was assessed by the ability of unlabeled BsAb to
compete with a fixed concentration of europium-labeled anti-
body for binding to the relevant Cy5-labeled Fc receptor.
Briefly, FcγRII, FcγRIIIa or FcRn receptor was added to varying
concentrations of unlabeled BsAb sample and incubated at
room temperature for 90 min in the dark. Following incubation,
TR-FRET was measured using a spectrophotometer plate reader
(Perkin Elmer, Victor3) with an excitation/emission wavelength
of 615 nm and 665 nm. The relative binding activity was then
calculated from the mean EC50 value of replicate dose-response
curves generated with BsAb and expressed as a percentage of
the mean EC50 value of dose-response curves generated with
reference material. All TR-FRET binding methods have been
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validated in accordance with the International Council on
Harmonization guidelines.

Protein Aaffinity chromatography

High-performance Protein A chromatography was performed
on intact BsAb products diluted to 5 mg/mL with Dulbecco’s
phosphate-buffered saline (DPBS) and loaded onto a Protein
A column (POROS A/G, 4.6 × 50 mm). Separation was
performed using an Agilent 1200 series HPLC system with
a flow rate of 1mL/min. Bound IgG was eluted from the
Protein A column using a 40-min gradient of 100 mM acetic
acid in 100 mM NaCl, pH 2.8. Protein eluate was detected by
UV absorption at 280 nm.

Abbreviations

ADCC antibody-dependent cell-mediated cytotoxicity
BsAb bispecific antibody
CQA critical quality attribute
cSDS capillary SDS electrophoresis
DPBS Dulbecco’s phosphate-buffered saline
DTT dithiothreitol
FAE Fab-arm exchange
HC heavy chain
HIC hydrophobic interaction chromatography
HMWS high molecular weight species
HPLC high performance liquid chromatography
IgG immunoglobulin G
LMW(S) low molecular weight (species)
mAbs monoclonal antibody
MS mass spectrometry
PAAC Protein A affinity chromatography
PTM post-translational modification
scFc single-chain Fc
SDS sodium dodecyl sulfate
SEC size-exclusion chromatography
TFA trifluoroacetic acid
TR-FRET time-resolved fluorescence resonance energy transfer
UV ultraviolet
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