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ABSTRACT
Therapeutic monoclonal antibodies (mAbs) have a propensity to host a large number of chemical and 
enzymatical modifications that need to be properly assessed for their potential impact on target binding. 
Traditional strategies of assessing the criticality of these attributes often involve a laborious and low- 
throughput variant enrichment step prior to binding affinity measurement. Here, we developed a novel 
competitive binding-based enrichment strategy followed by mass spectrometry analysis (namely, com-
petitive binding-MS) to achieve high-throughput evaluation of potential critical quality attributes in 
therapeutic mAbs. Leveraging the differences in target binding capability under competitive binding 
conditions, the criticality of multiple mAb attributes can be simultaneously evaluated by quantitative 
mass spectrometry analysis. The utility of this new workflow was demonstrated in three mAb case studies, 
where different post-translational modifications occurring within the complementarity-determining 
regions were successfully interrogated for their impact on antigen binding. As this workflow does not 
require prior enrichment (e.g., by forced degradation or liquid chromatography fractionation) of the 
variants, it is particularly valuable during the mAb candidate developability assessment, where fast turn- 
around time is highly desired to assist candidate selection.

Abbreviations: ACN: acetonitrile; ADCC: antibody-dependent cell-mediated cytotoxicity; AEX: anion 
exchange chromatography; bsAb: bispecific antibody; CDC: complement-dependent cytotoxicity; CDR: 
complementarity-determining region; CML: carboxymethylation; CQA: critical quality attribute; DDA: data- 
dependent acquisition; DMSO: dimethyl sulfoxide; DTT: dithiothreitol; FA: formic acid; Fab: Fragment 
antigen-binding; FcRn: neonatal Fc receptor; HC: heavy chain; HIC: hydrophobic interaction chromato-
graphy; IAA: iodoacetamide; IEX: ion exchange chromatography; LC: light chain; mAb monoclonal anti-
body; msAb: monospecific antibody; MS: mass spectrometry; PBS: phosphate-buffered saline; pI: 
isoelectric point; PTM: post-translational modification; SCX: strong cation exchange chromatography; 
SEC: size exclusion chromatography; SPR: surface plasmon resonance; XIC: extracted ion chromatography.
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Introduction

Development of therapeutic monoclonal antibodies (mAbs) 
remains a challenging process despite its huge success in the 
past two decades.1 Due to their large size and complexity, mAb 
molecules often host a large number of modifications (e.g., 
attributes) that need to be thoroughly characterized to support 
their development.2,3 These attributes can be introduced from 
both post-translational modifications (e.g., deamidation, oxi-
dation, glycation)4–7 and physicochemical degradations (e.g., 
aggregation, fragmentation) during mAb production, purifica-
tion, and storage.8 Of these attributes, those that can impact the 
efficacy or safety of the drug products are defined as critical 
quality attributes (CQAs).9–11 Frequently, CQAs that impair 
the target binding affinity are found within the mAb comple-
mentarity-determining regions (CDRs), although they could 
also occur on residues outside the CDRs through allosteric 
effects. Conversely, some CDR modifications might not be 
considered as CQAs if they do not directly or indirectly affect 
the epitope-paratope interactions.12 Therefore, in addition to 

empirical knowledge or computational modeling approaches, 
it is also critical to experimentally assess each CDR modifica-
tion for its effect on mAb target binding.

Identification of potential CQAs (pCQAs) that impact mAb 
target binding is particularly important during drug candidate 
developability assessment, which is a vital step to select drug 
candidates with favorable drug-like properties, and therefore, 
reduce failure rates.13,14 Currently, this task is performed in 
a low-throughput fashion that requires enrichment of the 
attribute-bearing variants followed by either in vitro target 
binding measurement or cell-based potency testing.15 For 
example, enrichment of mAb variants can often be achieved 
through liquid chromatography fractionation under different 
separation modes, such as ion exchange chromatography 
(IEX),16,17 hydrophobic interaction chromatography 
(HIC),18,19 and size exclusion chromatography (SEC).20,21 

This approach is highly laborious and may not isolate low- 
abundance variants. Therefore, specific stress conditions to 
artificially generate variants at higher levels are commonly 
applied prior to fractionation and subsequent assessment.22 
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Furthermore, to isolate the variants with sufficient purity, sub-
stantial efforts are often needed to optimize a liquid chromato-
graphy method. Finally, as each attribute needs to be evaluated 
one at a time, this approach is low-throughput, and therefore, 
not ideally suited during candidate developability assessment, 
where multiple candidates might need to be evaluated simul-
taneously with fast turn-around times.

To address these limitations, SEC has recently been used as an 
alternative means to enrich mAb variants with compromised 
target binding affinity. Following mAb-antigen incubation, the 
unbound mAb species were separated from the mAb-antigen 
complexes by SEC. Subsequent bottom-up MS analysis of these 
SEC fractions could identify attributes that were enriched in the 
unbound fraction due to impaired antigen binding.23 Shi et al.24 

further incorporated a competitive binding step to this workflow 
and showed improved method sensitivity in identifying attributes 
with less significant effects on target binding. This SEC fractiona-
tion and bottom-up MS-based approach significantly improved 
the method throughput in pCQA evaluation. However, due to the 
need for SEC fractionation, this method still required the mAb 
variants to be present at sufficiently high levels. As a result, forced 
degradation conditions were often needed in these studies to 
increase the abundances of the variants prior to the SEC fractio-
nation. Moreover, as this approach requires at least partial resolu-
tion between the unbound mAb and the mAb-antigen complexes 
from SEC separation, it may not be suitable for systems where the 
antigen is too small to result in a meaningful SEC retention time 
shift upon binding (e.g., small cytokines) or the binding stoichio-
metry is too complicated to generate discrete complexes; for 

example, multivalent antigens might form heterogeneous mAb- 
antigen complexes with different stoichiometries.

In this study, we overcame these issues and developed 
a novel workflow, namely, competitive binding-MS, to enable 
high-throughput evaluation of target binding-related pCQAs 
in therapeutic mAbs. By performing the competitive binding 
on immobilized antigen, mAb variants with impaired target 
binding can be effectively enriched in the unbound fraction. 
Compared to SEC fractionation, the use of immobilized anti-
gen for variant enrichment not only simplifies the experimental 
procedures, but also allows the new workflow to be much more 
broadly applicable to different mAb-antigen systems. 
Following mAb variants enrichment, the criticality of multiple 
attributes can then be simultaneously assessed by comparing 
their relative abundances between the unfractionated control 
sample and the unbound fraction using quantitative MS 
approaches. Finally, attributes that show significant enrich-
ment in the unbound fraction are determined as pCQAs, as 
they result in a decreased target binding affinity. The validity 
and utility of this new method was demonstrated in three mAb 
case studies, where a wide range of CDR and non-CDR mod-
ifications were assessed for their impact on target binding.

Results

Competitive binding-MS workflow

To explore the differences in target binding affinity due to the 
presence of various mAb attributes, a competitive binding 
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Figure 1. Competitive binding-MS workflow. A graphical description of the competitive binding-MS workflow which includes 4 steps: (1) a control sample containing 
a mixture of unmodified mAb molecules and pCQA-containing mAb variants; (2) an insufficient amount of immobilized antigen is added to the control sample to create 
a competitive binding environment, where the antigen preferentially binds to the unmodified mAb molecules; (3) the unbound fraction with enrichment of the pCQA- 
containing mAb variants is collected from step 2; (4) quantitative MS analysis of both the control sample from step 1 and the unbound fraction from step 3, showing 
higher abundance (i.e., enrichment) of the pCQA in the unbound fraction.
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environment was established to enable the enrichment of mAb 
variants with decreased target binding affinity. As illustrated in 
Figure 1a, mAb sample was first incubated with an insufficient 
amount of the immobilized antigen so that the total amount of 
the antibody exceeded the binding capacity of the antigen. As 
a result, the unmodified mAb species with full binding cap-
ability will be preferentially bound to the immobilized antigen, 
while the mAb variants with decreased binding affinity will be 
“enriched” in the unbound fraction. Subsequently, quantitative 
MS analysis either at the intact mAb level or after tryptic 
digestion can be applied to compare the relative abundances 
of each attribute in the unbound fraction and in the unfractio-
nated control sample. Finally, attributes that show significant 
enrichment in the unbound fraction indicate compromised 
target binding affinity, and thus should be considered as 
pCQAs.

To ensure a competitive binding environment, the molar 
ratio between the immobilized antigen and the applied mAb 
needs to be well controlled and characterized. Although the 
protein concentrations of both the antigen and the mAb stock 
solutions are easily accessible, the antigen biotinylation and 
subsequent immobilization processes can introduce variables 
that affect the actual antigen-to-mAb ratio. Therefore, to accu-
rately control the mixing ratio (or the extent of competitive 
binding), a titration experiment was performed by mixing an 
increasing amount of immobilized antigen to a fixed amount of 
mAb sample. Following incubation, the amount of the 
unbound mAb in each sample was estimated by measuring 
the mAb concentration in the unbound fraction using UV 
absorbance at 280 nm. After normalization, the relative abun-
dance of the unbound mAb in each sample was calculated and 
plotted against the amount of the antigen resin used (Figure 
S1). As expected, a decreasing amount of the unbound mAb 

was observed along with the increasing amount of antigen, 
until the unbound mAb were completely depleted. In theory, 
the entire region of this titration curve till the complete deple-
tion of the unbound mAb can be considered as competitive 
binding conditions. As more mAb species (e.g., mostly unmo-
dified mAb) are depleted by the immobilized antigen, a greater 
enrichment of pCQA-containing mAb variants in the unbound 
fraction is expected, and therefore facilitates their 
identification.

The extent of mAb depletion required for successful pCQA 
determination can also be different between bispecific antibo-
dies (bsAbs) and monospecific antibodies (msAbs). For a bsAb 
molecule, a critical CDR modification from its unique Fab arm 
might dramatically reduce its ability to bind the corresponding 
antigen. In contrast, the same CDR modification occurring on 
one of the two identical Fab arms in a msAb molecule might 
only negligibly affect its ability to bind antigen, due to the 
availability of one unmodified Fab arm. To understand the 
extent of mAb depletion required for successful pCQA deter-
mination, a bsAb (HH*L2, bsAb-1) and its homodimer msAb 
(H2L2, msAb-1), both containing the same critical modifica-
tion (i.e., a CDR Lys glycation known to reduce antigen bind-
ing affinity) on the heavy chain (HC) CDR region, were tested 
under various competitive binding conditions. For the bsAb, 
depletion of only half of the total antibody by the immobilized 
antigen was sufficient to result in a significant enrichment of 
this CDR Lys glycation in the unbound fraction, reaffirming its 
critical impact on target binding (Figure 2a). In contrast, for 
the msAb, the same extent of antibody depletion (i.e., 50%) did 
not lead to any enrichment of this modification in the unbound 
fraction. Instead, a significant enrichment of this modification 
was only observed after 90% of the total antibody was depleted 
from the unbound fraction (Figure 2b). Therefore, to ensure 
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Figure 2. Evaluation of the depletion level for successful pCQA enrichment in (a) a bsAb sample and (b) a msAb sample. The y-axis each represents the relative 
abundance of the HC CDR Lys glycation variant to the unmodified mAb as measured by SCX-MS analysis. (2a) a bar graph comparison of the HC CDR glycation levels in 
bsAb-1 between the control sample and the unbound fraction using a 50% depletion level. A successful enrichment of the HC CDR glycation was observed in the 
unbound fraction; (2b) a bar graph comparison of the HC CDR glycation levels in msAb-1 between the control sample and unbound fractions using 25%, 50%, and 90% 
depletion levels. A successful enrichment of the HC CDR glycation was only observed when a depletion level of 90% was used.

MABS e2133674-3



effective enrichment of mAb variants containing pCQAs, 
depletion levels of 50% and 90% were selected for bsAb and 
msAb, respectively, to perform the competitive binding-MS 
experiments.

Evaluation of pCQAs by competitive binding and IEX-MS 
analysis

After fractionation of the mAb variants under competitive 
binding conditions, quantitative MS analysis is performed to 
examine whether the attributes-of-interest are significantly 
enriched in the unbound fraction. Ion exchange chromatogra-
phy coupled to native MS is a powerful technique to achieve 
rapid quantitation of a wide range of CDR modifications due to 
its excellent selectivity toward surface modifications. To 
demonstrate the validity of this approach, three mAb examples, 
each containing a specific CDR modification at a notable level, 
were subjected to competitive binding followed by either native 
strong cation exchange chromatography coupled to MS (SCX- 
MS) or native anion exchange chromatography coupled to MS 
(AEX-MS) analysis.

The first mAb molecule (bsAb-1) is a bsAb that we dis-
cussed above. It consists of two identical light chains (LC) and 
two different heavy chains (HC and HC*). This molecule con-
tains a high level of glycation on the Lys98 residue within the 
HC CDR3, which is known to reduce the binding affinity to its 
corresponding target based on surface plasmon resonance 
(SPR)-based measurement (data not shown). After competitive 

binding using the HC-corresponding antigen, the unbound 
fraction and the unfractionated control samples were both 
subjected to native SCX-MS analysis (Figure 3a, 3b, 3c, and 
Figure S2), which was previously shown to separate this CDR 
Lys98 glycation variant (red, Figure 3a and 3b) as a defined 
acidic peak. In addition, this method can also monitor a CDR 
glucuronylation variant (orange, Figure 3a and 3b) and a CDR 
carboxymethylation (CML) variant (magenta, Figure 3a and 
3b) occurring on the same Lys98 residue. Other mAb variants, 
resulting from HC N-terminal heterogeneity (i.e., non-cyclized 
Gln, dark green; Figure 3a and 3b) and Fc N-glycosylation 
microheterogeneity (i.e., galactosylation, light green; 
Figure 3a and 3b) can also be monitored using the extracted 
ion chromatograms (XICs). Subsequently, the relative abun-
dance of each attribute can be calculated using its XIC peak 
area normalized to that of the main species (G0F/G0F, blue; 
Figure 3a and 3b) and compared between the unfractionated 
control sample and the unbound fraction (Figure 3c). It is clear 
that all three modifications (i.e., glycation, glucuronylation, 
and carboxymethylation) occurring on HC CDR Lys98 were 
significantly enriched in the unbound fraction under competi-
tive binding conditions, indicating the compromised target 
binding of these variants. In contrast, other attributes, includ-
ing the non-cyclized N-terminal Gln and the galactosylation of 
the Fc N-glycan, showed no quantitative difference between the 
two samples, consistent with the common knowledge that they 
do not contribute to target binding (Figure 3c). It is worth 
noting that, although the criticality of Lys98 glycation has 

Figure 3. Competitive-binding and native IEX-MS analysis for attribute criticality assessment in bsAb-1 (a–c), bsAb-2 (d–f), and msAb-2 (g–i). The colored traces 
represent the extracted ion chromatograms of mAb variants containing different attributes-of-interest. The y-axis in (c), (f) and (i) represents the relative abundance of 
each variant relative to the unmodified mAb with G0F/G0F glycoform as measured by native IEX-MS analysis. G0F, G1F, and G2F refer to biantennary complex-type 
N-glycans, where G# is the number of galactose residues on the two arms and F is fucosylation of the initial GlcNAc residue. (3a) control sample and (3b) unbound 
fraction of bsAb-1 analyzed by native SCX-MS, showing TIC and XICs of variants containing HC Lys98 glycation, HC Lys98 CML, HC Lys98 glucuronylation, G0F/G0F, G1F/ 
G2F, and N-term Gln. (3c) bar graph comparison showing the relative abundances of different variants in bsAb-1 between the control and the unbound fraction samples. 
(3d) control sample and (3e) unbound fraction of bsAb-2 analyzed by native SCX-MS, showing TIC and XICs of variants containing HC Asn56 deamidation, N-term Gln, 
G0F/G0F, G1F/G2F, G0F (partially glycosylated), and non-glycosylated. (3f) bar graph comparison showing the relative abundances of different variants in bsAb-2 
between the control and the unbound fraction samples. (3g) control sample and (3h) unbound fraction of msAb-2 analyzed by native AEX-MS, showing TIC and XICs of 
variants containing 1× HC Asn56 deamidation, 2× HC Asn56 deamidation, C-term Lys, G0F/G0F, G1F/G2F, and G0F (partially glycosylated). (3i) bar graph comparison 
showing the relative abundances of different variants in msAb-2 between the control and the unbound fraction samples.
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already been confirmed by SPR-based binding analysis of the 
enriched material (i.e., through SCX fractionation), the impact 
of Lys98 glucuronylation and carboxymethylation had 
remained unknown due to the difficulty in enriching them to 
sufficient quantities. Therefore, this competitive binding and 
IEX-MS workflow is valuable to provide orthogonal evaluation 
of the CDR modifications that might be difficult to study using 
traditional approaches.

In the second example, a bsAb (bsAb-2) containing 
a notable level of deamidation on the HC CDR Asn56 residue 
was studied by competitive binding using its corresponding 
antigen followed by SCX-MS analysis (Figure 3d, 3e, 3f, and 
Figure S3). As this site-specific CDR deamidation can be well 
separated by the SCX-MS method, quantitation of this deami-
dation can be readily achieved at the intact mAb level without 
performing peptide mapping experiments. Using XIC, the elu-
tion profile of the Asn56 deamidation variant can be illustrated 
(red, Figure 3d and 3e) and its abundance relative to the main 
species (G0F/G0F, blue, Figure 3d and 3e) can be calculated in 
each of the unfractionated control sample and the unbound 
fraction. Quantitative comparison from triplicate measure-
ments indicated a significant enrichment of this CDR deami-
dation from the unfractionated control sample to the unbound 
fraction (Figure 3f), suggesting its negative impact on target 
binding. As negative controls, other attributes that are not 
expected to affect target binding (e.g., the non-cyclized 
N-terminal Gln and Fc N-glycosylation macro- and micro- 
heterogeneity) showed highly comparable relative abundances 
between the two samples. Therefore, we concluded that HC 
CDR Asn56 deamidation in bsAb-2 should be considered as 
a pCQA that needs to be further studied and closely monitored 
during its development.

In the third example, another CDR deamidation (HC 
Asn56) occurring in a msAb (msAb-2) was also evaluated by 
competitive binding and IEX-MS workflow. As discussed 
above, to effectively enrich variants in a msAb, a higher anti-
gen-to-antibody ratio was required to achieve a greater deple-
tion of mAb species in the unbound fraction. In this example, 
a competitive binding condition was applied so that only 10% 
of the mAb species were isolated into the unbound fraction. 
Furthermore, as msAb-2 is an IgG4 molecule with a relatively 
low isoelectric point (pI= 6.4), the AEX-MS method was found 
to provide an improved charge variant separation compared to 
the more commonly applied SCX-MS method. During AEX- 
MS analysis (Figure 3g, 3h, 3i, and Figure S4), msAb-2 variants 
with Asn56 deamidated on one of its two heavy chains were 
readily separated as an acidic peak (red, Figure 3g). In addition, 
a low level of variants with both HC Asn56 deamidated was 
also observed as a far acidic peak (magenta, Figure 3g). After 
competitive binding experiments, AEX-MS analysis of the 
unbound fraction showed a highly comparable charge variant 
profile compared to that from the unfractionated control sam-
ple (Figure 3g and 3h). Quantitative analysis using XIC-based 
approach also demonstrated that, similar to other attributes 
that are not expected to affect antigen binding (e.g., C-terminal 
Lys variant, Fc N-glycosylation heterogeneity), variants with 
just one Asn56 deamidated were not significantly enriched in 
the unbound fraction. Interestingly, variants with both Asn56 
deamidated did show a very minor, but statistically significant 

enrichment in the unbound fraction (Figure 3i). Therefore, we 
speculate that, although Asn56 deamidation occurs within 
a CDR region, its impact on antigen binding might be limited. 
Although a complete evaluation of this CDR deamidation still 
requires further studies, the competitive binding and IEX-MS 
workflow provided an early readout of its impact, which is 
particularly valuable for candidate developability assessment.

Evaluation of pCQAs by competitive binding and 
bottom-up analysis

Although IEX-MS provides a rapid means of quantifying sev-
eral attributes in mAb samples with very limited sample pro-
cessing, it cannot quantify many other attributes that are not 
resolved by either mass or liquid chromatography retention 
time. In particular, site-specific modifications that are not 
resolved by IEX separation cannot be reliably quantified by 
intact mass approaches. In this case, competitive binding fol-
lowed by bottom-up analysis can be applied to achieve a more 
comprehensive assessment of attributes. In addition, as more 
common attributes (i.e., ones not expected to affect target 
binding) can be quantified in this workflow, more negative 
controls can be included to facilitate reliable determination of 
pCQAs. Briefly, after competitive binding experiments, the 
unfractionated control sample and the unbound fraction were 
both subjected to trypsin digestion followed by liquid chroma-
tography-MS/MS analysis. After identifying each attribute (i.e., 
modification) at tryptic peptide level, its relative abundance 
was calculated using the integrated XIC peak areas from both 
the modified and the unmodified peptides, and subsequently 
compared between the two samples.

To demonstrate the utility of this workflow, the three 
mAb molecules that were previously studied by IEX-MS 
were also subjected to tryptic digestion-based bottom-up 
analysis. After quantifying each attribute (Table S1-3), 
the percent increase in relative abundance of each attribute 
(from the unfractionated control sample to the unbound 
fraction) was plotted against the p value from the Student’s 
t-test based on the three-replicate measurement (Figure 4). 
For bsAb-1, it is evident that all three HC CDR Lys98 
modifications were enriched in the unbound fraction with 
statistical significance (red dots, Figure 4a). In contrast, the 
other 14 attributes showed either an increase or decrease in 
relative abundance (black dots, Figure 4a, Table S1), where 
both the magnitude of change and the significance were 
much smaller compared to that of the three CDR modifica-
tions. Similar observations were also noticed for bsAb-2, 
where the HC CDR Asn56 deamidation exhibited signifi-
cant enrichment in the unbound fraction (red dot, 
Figure 4b). Again, other attributes, including modifications 
on the HC constant domains and modifications on the HC* 
showed no significant quantitative difference between the 
two samples (black dots, Figure 4b, Table S2). Interestingly, 
Met119 oxidation on the HC variable domain did not seem 
to impact the HC-corresponding target binding, even 
though it occurs near the HC CDR3.

For msAb-2, the HC CDR Asn56 deamidation was found to 
be slightly enriched in the unbound fraction with statistical 
significance (red dot, Figure 4c). It is worth noting, though, the 
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quantitation of Asn56 deamidation by bottom-up approach 
was contributed by both mAb variants with either one or two 
HC Asn56 deamidated. Although the singly deamidated spe-
cies were not significantly enriched in the unbound fraction 
according to the AEX-MS analysis at intact mAb level, the 
doubly deamidated species were significantly enriched, consis-
tent with the results from the bottom-up analysis. Nevertheless, 
comparing to the CDR modifications in the other two exam-
ples, the HC CDR Asn56 deamidation in msAb-2 did not show 

a clear separation from the other attributes in both the extent of 
enrichment and the significance. This suggested that this CDR 
modification might only affect target binding in a limited way. 
Compared to the IEX-MS analysis at intact mAb level, the 
bottom-up approach can simultaneously quantify many 
PTMs present at very low abundances (e.g., 0.1%), and thus 
achieve high-throughput evaluation of multiple attributes.

Discussion

During the development of therapeutic mAbs, identification of 
pCQAs is an important step that provides guidance during 
candidate selection and a framework for risk assessment. 
Traditionally, identification of target-binding associated 
pCQA often involves a laborious and low-throughput variant 
enrichment step prior to binding affinity measurement. In this 
work, we developed a novel competitive binding-MS strategy 
that enables high-throughput and multiplexed assessment of 
pCQAs directly from unfractionated and unstressed mAb drug 
samples. Unlike reported methods, our workflow performs 
competitive binding on the immobilized antigen, and thus 
allows the enrichment of mAb variants with impaired target 
binding in the unbound fraction. Following the enrichment, 
quantitative MS approaches were adopted to compare the 
relative abundances of multiple attributes in the unfractionated 
control sample and in the unbound fraction, leading to pCQA 
identification. Notably, to ensure a proper competitive binding 
environment, a titration experiment was performed to deter-
mine the mixing ratio of the immobilized antigen to antibody. 
Using a bsAb (HH*L2) and its homodimer msAb (H2L2) as 
model systems, it was determined that the desired extent of 
antibody depletion is moderate for bsAb analysis (e.g., 50%), 
but much more stringent for msAb analysis (≥ 90%). The 
validity and utility of this method was demonstrated in three 
mAb case studies, including two bsAb molecules and one 
msAb molecule, where different CDR and non-CDR attributes 
were successfully interrogated for their impact on antigen 
binding. We also showed that native IEX-MS method can be 
applied to achieve rapid quantitation of multiple CDR mod-
ifications at intact mAb level. On the other hand, bottom-up 
analysis can provide a more comprehensive assessment of 
many attributes due to its excellent resolving power and sensi-
tivity. Using common attributes as negative controls, the iden-
tification of pCQAs can be reliably achieved.

In summary, this newly developed competitive binding-MS 
approach offers several unique advantages over conventional 
strategies in pCQA identification, including higher through-
put, greater sensitivity, and broader applicability. This new 
method is particularly desirable during the early stage drug 
developability assessment, where limited sample material is 
available and fast turn-around time is often required. 
Furthermore, this workflow should also be applicable to sup-
port various stability studies, where new pCQAs may emerge 
under different forced degradation conditions. Lastly, in addi-
tion to target binding, other attributes that are critical for 
various Fc receptor binding can also be evaluated using the 
same platform. For example, using neonatal Fc receptor (FcRn) 
as the binding target, attributes that impact FcRn-antibody 
binding can be evaluated, which are important for the half- 
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binding and bottom-up analysis in (a) bsAb-1, (b) bsAb-2, and (c) msAb-2. The 
x-axis represents the percent increase in relative abundance of each attribute 
from the unfractionated control sample to the unbound fraction. The vertical 
dashed line (x = 0) represents no difference in abundance between the two 
samples. (4a) volcano plot of 17 attributes in bsAb-1 using relative abundance 
increase and p-value, showing only HC Lys98 glycation, carboxymethylation and 
glycation exhibited statistically significant abundance increases. (4b) volcano plot 
of 18 attributes in bsAb-2 using relative abundance increase and p-value, showing 
only HC Asn56 deamidation exhibited statistically significant abundance increase. 
(4c) volcano plot of 18 attributes in msAb-2 using relative abundance increase and 
p-value, showing only HC Asn56 deamidation exhibited statistically significant 
abundance increase.
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life of the drug molecule.25,26 Similarly, using FcγR as binding 
target, attributes associated with Fc-mediated effector func-
tions, such as antibody-dependent cell-mediated cytotoxicity 
(ADCC) or complement-dependent cytotoxicity (CDC), can 
also be evaluated.27,28

Materials and Methods

Chemicals and reagents

bsAb-1, bsAb-2, msAb-1, msAb-2, and their corresponding 
antigens are all produced at Regeneron (Tarrytown, NY). 
Ammonium acetate (MS grade), acetic acid (MS grade), 
dimethyl sulfoxide (DMSO), phosphate-buffered saline (PBS), 
urea, and Amicon centrifugal filters were obtained from Sigma- 
Aldrich (St. Louis, MO). EZ-Link™ NHS-Biotin, Pierce™ strep-
tavidin agarose resin, Pierce™ micro-spin columns, acetonitrile 
(ACN; liquid chromatography-MS grade), formic acid (FA), 
dithiothreitol (DTT), iodoacetamide (IAA), and Invitrogen 
UltraPure 1 M Tris-HCl buffer, pH 7.5 were purchased from 
Thermo Fisher Scientific (Waltham, MA). Sequencing grade 
modified trypsin was purchased from Promega (Madison, WI). 
A BioPro IEX SF column (4.6 mm×100 mm, 5 μm; YMC Co., 
Ltd., Kyoto, Japan) and BioPro QA-F SAX column (4.6 mm × 
100 mm, 5 μm; YMC Co., Ltd., Kyoto, Japan) were used for 
SCX and AEX separation, respectively. A C18 column 
(ACQUITY Ultra-performance liquid chromatography pep-
tide BEH 1.7 μm, 2.1 mm × 150 mm, Waters, Milford, MA) 
was used for bottom-up analysis.

Antigen biotinylation and conjugation with strepavidin 
resin

All antigens were biotinylated using EZ-Link™ NHS-Biotin. 
Immediately before use, a 10 mM biotin solution was prepared 
by dissolving 2.0 mg reagent in 300 μL of DMSO. Antigens 
were incubated at concentrations between 2 to 5 mg/mL in the 
presence of 12-fold molar excess of biotin in PBS at room 
temperature for 30 minutes. After biotinylation, excess biotin 
reagent was removed using an Amicon centrifugal filter unit 
(10 kDa MW cutoff) and buffer exchanged into 100 mM Tris- 
HCl (pH 7.5). The concentration of the biotinylated antigen 
was then determined using Nanodrop 2000 spectrophotometer 
(ThermoFisher Scientific, Waltham, MA USA) by measuring 
UV absorbance at 280 nm. Biotinylated antigen was conjugated 
onto streptavidin agarose resin by incubating biotinylated anti-
gen and settled resin at 2 × 10−5 µmole antigen per µL of resin 
for one hour at room temperature. The conjugated resin was 
then washed and equilibrated using 100 mM Tris-HCl buffer, 
pH 7.5.

Competitive binding experiment

To titrate the competitive binding conditions, an increasing 
amount of antigen-immobilized resin (2 µL, 4 µL, 8 µL, 10 µL, 
20 µL, 40 µL, 60 µL, 80 µL, 100 µL, 120 µL, 140 µL, and 160 µL) 
was each placed into a micro-spin column and the solution was 
removed by centrifuging at 3000 g for 1 min. An aliquot of the 
mAb solution (10–20 uL) containing ~0.4 nmole of mAb was 

then added into each micro-spin column and incubated at 
room temperature for 45 min. The mixture was then centri-
fuged at 3000 g for 1 min to collect the unbound fraction. Both 
the mAb unfractionated control sample and the unbound 
fraction were then subjected to UV absorbance measurement 
at 280 nm to calculate the relative percentage of the mAb in the 
unbound fraction (i.e., the depletion level). For the competitive 
binding experiments, an aliquot of each mAb sample was 
incubated with selected amount (pre-determined from the 
titration experiment) of the corresponding antigen- 
immobilized resin at room temperature for 45 min. The sample 
was then centrifuged at 3000 g for 1 min to collect the unbound 
fraction. Both the unbound fraction and the unfractionated 
control sample were then subjected to IEX-MS or bottom-up 
analysis.

Intact MS analysis using SCX-MS and AEX-MS

For SCX−MS analysis, a BioPro IEX SF column 
(4.6 mm×100 mm, 5 μm; YMC Co., Ltd., Kyoto, Japan) was 
used at 45°C with a linear gradient from 20 mM ammonium 
acetate (pH 5.6, adjusted with acetic acid) to 150 mM ammo-
nium acetate (pH 6.8) in 16 min at 0.4 mL/min. For AEX-MS 
analysis, a BioPro QA-F SAX column (4.6 mm × 100 mm, 
5 μm; YMC Co., Ltd., Kyoto, Japan) was used at 45°C with 
a linear gradient from 10 mM ammonium acetate (pH 6.8) to 
300 mM ammonium acetate (pH 6.8) in 16 min at 0.4 mL/min. 
An aliquot of 5.0 µL proteins were loaded on the column. 
A Thermo Q Exactive UHMR mass spectrometer equipped 
with a Newomics MnESI ionization source and 
a Microfabricated Monolithic Multi-nozzle (M3) emitter 
(Berkeley, CA) was used for data acquisition. The detailed 
MS settings were the same as reported by Yan et al.29

Tryptic digestion and bottom-up analysis

Each unbound fraction (20 µL) and the unfractionated control 
sample (diluted to the same concentration as the unbound 
fraction, 20 µL) was mixed with 100 µL of 8 M urea and 
10 mM DTT in 0.1 M Tris-HCl (pH 7.5) and incubated at 
50°C for 30 minutes. The denatured and reduced samples 
were then alkylated with 25 mM IAA at room temperature in 
the dark for 30 minutes, followed by dilution with 0.1 M Tris- 
HCl (pH 7.5) to 600 µL. Each sample was mixed with 20 µg 
trypsin and digested at 37°C overnight. Digestion was halted by 
adding formic acid (FA) to 1%. Approximate 1.2 μg (for msAb) 
or 6 μg (for bsAb) of the digested sample was loaded onto a C18 
column (ACQUITY Ultra-performance liquid chromatography 
peptide BEH 1.7 μm, 2.1 mm × 150 mm, Waters, Milford, MA) 
and separated by a 90 min gradient with 0.1% FA in water as 
mobile phase A, and 0.1% FA in ACN as mobile phase B (0−5 
min, 0.1% B; 5−80 min, 0.1−35% B; 80−85 min, 35−90% B; 85 
−90 min, 90% B). The mobile phase flow rate was 0.25 mL/min. 
The column temperature was set at 40°C. The instrument source 
parameters were set as following: spray voltage 3.8 kV, auxiliary 
gas 10, auxiliary gas temperature 250°C, capillary temperature 
350°C, and S-lens RF level 50. A top five data-dependent acqui-
sition method (DDA) was applied for MS/MS data acquisition 
during online liquid chromatography separation. The following 
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settings were applied for MS1 scans: resolution 70k, AGC target 
1E6, maximum ion injection time 50 ms, and scan range 300 
−2000 m/z. For HCD MS/MS scans, the following settings were 
applied: isolation window 4 m/z, NCE 27, scan range 200 
−2000 m/z, resolution 17.5k, AGC target 1E5, and maximum 
ion injection time 100 ms. The raw data files were searched 
against the antibody FASTA sequences using Byonic (version 
3.9.4, Protein Metrics, San Carlos, CA) for PTM identification.

Data analysis

All experiments were performed in triplicates. Integration of 
the XIC peak for the SCX-MS and AEX-MS analysis was 
performed using Thermo Fisher Xcalibur software (version 
3.0). Peptide and PTM identification were achieved using 
Byonic software (version 3.9.4, Protein Metrics, San Carlos, 
CA). PTM quantitation at peptide level was performed using 
Skyline software (version 20.1, MacCoss Lab Software, Seattle, 
USA). The Student’s t-test was performed using GraphPad 
Prism (version 8.0, GraphPad Software Inc., San Diego, CA).
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