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ABSTRACT
Developability assessment of therapeutic antibody candidates assists drug discovery by enabling early
identification of undesirable instabilities. Rapid chemical stability screening of antibody variants can
accelerate the identification of potential solutions. We describe here the development of a high-
throughput assay to characterize asparagine deamidation. We applied the assay to identify a mutation
that unexpectedly stabilizes a critical asparagine. Ninety antibody variants were incubated under
thermal stress in order to induce deamidation and screened for both affinity and total binding capacity.
Surprisingly, a mutation five residues downstream from the unstable asparagine greatly reduced
deamidation. Detailed assessment by LC-MS analysis confirmed the predicted improvement. This work
describes both a high-throughput method for antibody stability screening during the early stages of
antibody discovery and highlights the value of broad searches of antibody sequence space.
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Introduction

Biological therapeutics, including antibodies, are susceptible to
chemical and physical modifications that can alter their drug-
like properties.1,2 Currently, production processes for biologics
are designed to remove degradation products,1,2 and the biolo-
gics are formulated to increase stability.1,3-6 Identification of
antibodies that are stable throughout expression, purification,
formulation, storage, distribution and in vivo is expected to
reduce development and production costs, increase product
shelf-life and improve potency in vivo if the chemical liability
affects target binding or antibody pharmacokinectics.1-6 Thus,
it is increasingly common to include pharmaceutical develop-
ability as a criterion in the selection of development
candidates.7-9 Early identification of potential liabilities may
enable selection of candidates with more suitable properties
or the mitigation of specific liabilities through engineering,
prior to resource-intensive manufacturing and formulation
activities.8 While multiple modifications can alter an antibody’s
chemical structure during production, in this work we focus on
screening for antibody variants that resolve chemical deamida-
tion of asparagine residues.

Spontaneous deamidation of asparagine residues is a com-
mon and irreversible protein modification in which the aspar-
agine side-chain amide is converted to a carboxylic acid.
Deamidation of solvent-exposed asparagine residues on

proteins proceeds via formation of a short-lived succinimide
intermediate and yields up to four different products, specifi-
cally aspartic acid (Asp) and iso-aspartic acid (iso-Asp) as
both L and, less prevalently, D stereoisomers10,11, (Figure 1).
The reaction affects protein charge and structure because all
four products contain an additional negative charge compared
to the parental asparagine, and, in the case of iso-Asp
formation,11 the polypeptide backbone is altered as well as
the side chain.

Deamidation does not necessarily affect all asparagine residues
in a polypeptide equally. Factors known to influence the rate of
asparagine deamidation include the primary sequence,13,14 parti-
cularly the nature of the amino acid in the +1 position;15 pH;16

temperature;10,11 buffer ions;16 and the three-dimensional (3D)
structure.17 Given the importance of the 3D structural environ-
ment, methods that calculate the deamidation rate for specific
asparagine residues require access to a high resolution structural
model.18-20 In the absence of high resolution structural data or an
accuratemolecularmodel, understanding deamidation tendencies
within proteins requires empirical analysis.

The current “gold standard” for post-translational modifica-
tion analysis of biotherapeutics involves enzymatic digestion of
the protein into peptides that are then analyzed by liquid
chromatography (LC) coupled to tandem mass spectrometry
(MS).21 However, care must be taken to avoid introduction of
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artifacts during sample processing,22-24 and, although high-
throughput (HTP) approaches have been reported,24 these
methods are not currently routine and require substantial auto-
mation, as well as MS instrumentation and expertise.
Alternative HTP methods for deamidation detection are typi-
cally indirect, for example, reverse-phase HPLC to detect
changes in polarity and hydrophobicity, and ion exchange
chromatography or electrophoresis based methods to detect
changes in charge.25,26 The enzyme protein L-isoaspartyl
methyltransferase (PIMT), which catalyzes methylation of
L-iso-Asp,27,28 has been utilized to develop high-throughput
biochemical assays for iso-Asp quantitation;29 however, detec-
tion of iso-Asp is not necessarily an indicator of deamidation
and PIMT-based methods have the potential to produce false
negative results in cases where formation of iso-Asp is
hindered.30,31 A need still exists therefore for low-cost, sensi-
tive, quantitative methods for HTP screening of antibody can-
didates for chemical modifications.

Target binding assays present an attractive and complemen-
tary approach to biophysical methods for the detection and
monitoring of post-translational modifications, since changes
in binding can potentially reflect issues arising from primary,
secondary, tertiary or quaternary structure, as well as cumula-
tive negative impacts arising from multiple slightly deleterious
mutations. Assays that use binding to target protein as a
surrogate measure for antibody activity,8,32-36 are particularly
useful for developability assessment at the antibody discovery
and engineering stage, as they focus specifically on changes that
can potentially impact potency, regardless of the location or the
type of modification. In combination with LC-MS peptide
mapping, target binding assays can locate specific residues for
targeting with focused engineering efforts. In addition, binding
assays typically require extremely little protein and can be
performed very rapidly.

Here, we describe a binding assay, which is based on an
antibody capture surface plasmon resonance (SPR) assay that
does not require a calibration curve to provide useful results,
that can be used as an HTP screen to identify candidates for
more rigorous, lower throughput site-specific deamidation
analyses. We describe the use of this assay, coupled with
microplate-format thermal stress tests, to identify a mutation

that was confirmed using MS to unexpectedly stabilize a
deamidation-prone asparagine located in the complementar-
ity-determining region (CDR)-L1. The assay requires very
little protein, is relatively simple to perform, and could in
principle be applied to de novo antibody candidate screening
and selection in addition to antibody engineering.

Results

Comparison of Antibody #1 SPR profile before and after
stress demonstrates differential effects on the kinetics
versus the magnitude of binding signal

During characterization of a humanized antibody (referred to
here as antibody #1), we identified a potentially significant
asparagine deamidation site located at residue position 28
(Kabat numbering) of the light chain variable region (VL).
To evaluate the impact of this modification on target binding,
we sought to generate a well-characterized mixture of purified
antibody containing a significant percentage of deamidated
antibody. Purified antibody #1 was subjected to stress condi-
tions that promote deamidation: incubation at 37°C at pH 7.4
for 2 weeks. This resulted in an increase in nominal deamida-
tion levels at VL.N28 from 22.6% (“control” sample) to 65.7%
(“stressed” sample) (Table 1, Figure 2).

To understand the impact of the deamidation on binding,
the control and stressed antibody samples were analyzed by
SPR, using an antibody capture format (Figure 2).
Equilibrium dissociation constants (KD) for the control and
stressed samples were virtually indistinguishable (Table 1,
Supplementary Figure 1). In contrast, the magnitude of the
antigen-binding signal was noticeably reduced for the stressed
sample in comparison to the control sample (Figure 2). The
magnitude of analyte binding can be evaluated using the
parameter Rmax, which here represents the projected max-
imum binding response when the captured antibody is satu-
rated with antigen and the binding signal thus reaches a
plateau. Since the size of this response will depend on the
number of binding sites available, Rmax is dependent on the
amount of antibody captured, termed the capture level.37 We
therefore normalized the Rmax values by dividing them by the

Figure 1. Asparagine side chain deamidation products and intermediates.
Cyclization of asparagine to succinimide involves the loss of the amine group and is considered irreversible under physiological conditions.3 Hydrolysis of succinimide
results in reversible generation of aspartic acid and iso-aspartic acid. Asparagine deamidation can also result in generation of the epimers D-Asp and D-iso-Asp.11 The
ratio of iso-Asp to Asp generated by asparagine deamidation in the context of an Asn-Gly (NG) motif under approximately physiological conditions is about 3:1.12
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relevant capture level. The normalized Rmax (nRmax)
observed for the stressed sample was 56% lower than that of
the control sample, matching the decrease of intact, non-
deamidated N28 relative to the non-stressed sample as deter-
mined by MS (Table 1). The results are consistent with a
reduction in the proportion of antigen binding sites per unit
of antibody that remains competent to bind to the target
antigen at a level that is detected under these conditions.

Mixing parental antibody and a surrogate deamidation
product results in a similar SPR profile to that observed
with the stressed parental antibody

In order to validate the correlation between N28 deamida-
tion and reduction of antigen binding, we generated an
N28D mutant of antibody #1. N28D mutation replicates
one of the major deamidation products, and results in

~ 100-fold loss of affinity (Figure 3, Table 2). While it is
not possible to produce alternative regio- and stereo-isomers
of Asp using traditional recombinant DNA technology, the
tight correlation between deamidation and loss of binding
suggests that these species, if present, do not bind appreci-
ably under these conditions. To mimic the contents of a
partially-deamidated antibody sample, we prepared a mix-
ture of parental and N28D antibody, and collected binding
data using both the mixture and the individual antibodies.
The results were first analyzed using a 1:1 binding model in
order to obtain values for the ka and kd of the individual
antibodies (Table 2). The data were then re-analyzed using a
heterogenous ligand binding model in which, to reduce the
number of variable parameters, one of the two interactions
within the model was defined using the Antibody #1 ka and
kd obtained with the 1:1 binding model (Table 2). For the
mixture of Antibody #1 with the N28D mutant, the modified

Table 1. N28 deamidation levels and SPR analysis of control and stressed Antibody #1 samples.

Peptide Mapping SPR Analysis

Nominal deamidated N28

Nominal
intact
N28

ΔNominal
intact
N28

Ligand
Level (RUa) Rmax (RUa) KDb (nM) nRmax ΔnRmax

Control 22.6% 77.4% 56% 102.9 47.7 0.7 0.46 56%
Stressed 65.7% 34.3% 146.8 30.2 0.7 0.21

aResonance Units.
bEquilibrium dissociation constant.

Figure 2. Control and stressed antibodies binding to soluble antigen in an antibody capture format SPR experiment.
A: Schematic illustrating the outline of the antibody capture SPR assay format used. The surface (pale blue) is prepared by covalent immobilization of an antibody
binding protein,37 which enables subsequent non-covalent capture of the test antibodies (black). The response due to antibody capture is termed the capture level.37

After antibody capture, the surface is exposed to antigen (green shape & green curve) at a known concentration, and antigen binding at this concentration is
monitored for a fixed period of time. The antigen solution is then replaced with buffer and antigen dissociation monitored for a fixed period of time. Finally, the
surface is washed with a regeneration solution that dissociates the antibody (including any associated antigen) from the surface, and the cycle is repeated.B, C: SPR
sensorgrams showing control (B) and stressed (C) samples of Antibody #1 binding to a human IgG capture chip, followed by binding of target antigen. Sensorgrams
from multiple cycles are shown aligned and to assist comparison have been normalized to the antibody capture signal (capture level). Antibody capture signals prior
to normalization are shown in Table 1.
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heterogenous ligand model returned a KD value for the
second interaction that was in good agreement with the
experimentally determined KD of the N28D antibody
(Table 2). In addition, the nRmax returned for the mixture
of Antibody#1 and N28D mutant was 51% that of the nRmax
for Antibody #1 alone, closely reflecting the theoretical

proportion of Antibody #1 in the mixture (Table 2).
Similar results were obtained with an alternative affinity-
reduced variant of Antibody #1, an N28A mutant (Table 2).

The nRmax values obtained with the 1:1 binding model
also approached the theoretical proportion of Antibody #1 in
the mixed antibody samples; 55% of the reference nRmax for

Figure 3. Similar antigen-binding SPR profiles are observed for the stressed sample and a mixture of Antibody #1 with deamidation surrogate mutation N28D.
Kinetic evaluation of control and stressed Antibody #1 samples and variants. Analyte concentrations used were 6.25–400 nM. Fitting results are shown overlaid (black
lines). Left panels: Data were fit to the heterogenous ligand model modified to set the following parameters as constants: ka1, 7.6 × 105; kd1, 1.1 × 10−3; RI, 0. Right
panels: The same binding data as shown on the left fit to the 1:1 binding model. Note that the lower magnitude of the observed binding signal for the stressed
antibody compared to the N28D/N28 antibody mixture suggests that the stressed antibody contains an additional subset with lower affinity for the antigen than the
N28D deamidation product; the most likely reason for this is presence of the iso-Asp deamidation product, which is expected to occur in approximately three-fold
excess over the N28D deamidation product (Figure 1).
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the Antibody #1/N28D mixture and 57% for the Antibody #1/
N28A mixture (Table 2). The reason for this result becomes
apparent upon visual inspection of the sensorgrams and fit-
ting data (Figure 3). In the examples shown, the interaction
with the faster off-rate appears to be modeled by the Biacore
parameter “RI”, which is defined as “bulk refractive index
contribution in the sample”,38 and is visible in the lower
panels of Figure 3 as vertical lines at the beginning and end
of the antigen injections. Because this low affinity and rapidly
dissociating binding is attributed by the model to “bulk
refractive index contribution”, it is not included in the output
value for Rmax. In this case, where the higher and lower
affinities differ widely, the Rmax values reflect predominantly
the higher affinity antibody population that is present.

The results also demonstrated that a mixture of the par-
ental antibody and the N28D deamidation surrogate had a
similar SPR profile to that observed with the stressed parental
antibody, and, when fit with either the modified heterogenous
ligand model or the 1:1 binding model, a corresponding
decrease in nRmax. We concluded that this assay could be
used to evaluate additional antibody samples for stress-
induced changes that affect target binding, including cases
where the affinity is not eliminated but is substantially
reduced in comparison to the starting material.

HTP screening of diverse mutations for improved stability

In an attempt to stabilize the antibody against deamidation
induced by thermal stress, we generated a panel of engineered
variants and evaluated them using the SPR method described
above. Variants (Supplementary Table 1) were designed using
approaches that included reversion to mouse germline
sequences, rational design and near-saturation mutagenesis
of position 28. Due to the close proximity of another aspar-
agine residue at light chain position 30 (VL.N30), position 30
was also extensively mutagenized (Supplementary Table 1). A
panel of variants in which G29 was replaced by alanine
(Supplementary Table 1) was also evaluated. Some variants
were excluded from the study following unfavorable binding
results in earlier experiments (data not shown). Ninety anti-
body variants were expressed at 1 ml scale, purified,39 and

then stressed by incubation at 40°C in phosphate-buffered
saline (PBS) for two weeks. Stressed and unstressed samples
were analyzed by SPR and changes in the binding capacity
following thermal stress were evaluated by dividing the
nRmax of the stressed sample by the nRmax of the unstressed
sample. We will refer to the results of this calculation as the
relative activity of the stressed antibody. For simplicity and to
keep the number of fitting variables low, we calculated nRmax
using the 1:1 binding model. Results for the affinities and the
relative activities of the stressed antibodies are shown in
Figure 4A and are also listed in Supplementary Table 1.

Values calculated for KD and relative activity both varied
widely and are not obviously correlated. Variants with
improved affinity were not detected (Figure 4A). In contrast,
values for the relative activity ranged from below 30% to
100%, compared to 73% for Antibody #1 (Figure 4A,
Supplementary Table 1). The results also confirmed the diffi-
culty of N28 replacement, with all 16 mutants analyzed in
either a D1 or E1 context showing at least a four-fold loss in
affinity (Figure 4B). Mutation of the light chain residue 1
from Glu to Asp did not appear to affect affinity (Figure 4B,
LC residue 28 = N, K, L, R).

Only one antibody (#54) demonstrated both a minimally
impacted KD and a high relative activity (Figure 4A). The
increased relative activity was surprising because the single
F33L mutation responsible (compare antibody #2 with anti-
body #54, Table 3) was five residues downstream of N28,
although still located within CDR-L1. The mutation was gen-
erated as part of a series of mutants investigating reversion of
selected antibody residues back to the murine antibody germ-
line sequence (D2V, L4M, F33L and L93H). These mutations
were analyzed individually and in combination. For each of
these mutations, results were therefore available for seven
pairs of antibodies that differed only by that mutation
(Table 3). We analyzed the effects of the mutation in each
of the seven pairs (Figure 5). The mutation L93H had a
consistently negative effect on both affinity and stability
(Figure 5). The mutations L4M and F33L reduced (L4M) or
increased (F33L) the relative activity in 6/7 and 5/7 cases,
respectively (Figure 5B). The impact of F33L and L4M muta-
tion was particularly notable in the case of Antibody #2,

Table 2. SPR analysis of the N28D mutant of Antibody #1, alone and as a mixture with Antibody #1.

Heterogenous Ligand Model 1:1 Binding Model

Isotype
Variable
regions

Ligand
Level (RU)

Chi²
(RU²)

KD1
(nM)

KD2
(nM)

Rmax1
(RU)

Rmax2
(RU) nRmax1 nRmax2

nRmax1 (%
Ref.)

Chi²
(RU²)

KD
(nM)

Rmax
(RU) nRmax

nRmax (%
Ref.)

“Q” Antibody #1 230.5 2.0 1.8 21 72.6 7.6 0.31 0.05 Mean = Ref. 1.0 1.8 76.2 0.33 Mean = Ref.
Antibody #1 230.2 0.3 1.8 37 76.1 6.1 0.33 0.04 0.3 1.4 76.6 0.33
Antibody #1 231.4 0.3 1.8 46 75.1 6.4 0.32 0.05 0.3 1.5 75.8 0.33
Antibody #1 226.0 0.5 1.8 37 75.1 6.7 0.33 0.05 0.4 1.4 75.7 0.33
Antibody #1,
N28D

254.6 0.6 1.8 247 2.2 105.0 0.01 0.69 3% 1.6 160 81.0 0.32 96%

Antibody #1,
50% N28D

252.5 0.4 1.8 199 41.7 51.5 0.17 0.34 51% 3.7 2.0 46.4 0.18 55%

Antibody #1,
N28A

251.0 1.4 1.8 108 5.2 91.7 0.02 0.61 6% 6.8 61 68.1 0.27 82%

Antibody #1,
50% N28A

271.0 0.6 1.8 94 43.9 53.8 0.16 0.33 50% 5.2 2.1 50.9 0.19 57%

“P” Antibody #1,
Control

214.0 0.6 1.8 23 66.1 8.2 0.31 0.06 95% 0.6 1.5 68.8 0.32 97%

Antibody #1,
Stressed

217.3 0.4 1.8 150 32.2 20.0 0.15 0.15 46% 0.4 1.5 33.4 0.15 46%
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where F33L or L4M mutation resulted in the relative activity
value changing from 78% to 96% and 57%, respectively
(Table 3). Interestingly, we also noticed cooperativity between
positions 2 and 93. The D2V mutation had a negative effect
on affinity if residue 93 was leucine, but a positive effect on
affinity if residue 93 was histidine (Figure 5A), and the nega-
tive effect of L93H on the antibody KD appeared lessened
when position 2 was mutated to valine (Figure 5A, Table 3).

Validation of deamidation-resistance mutations
identified by HTP screening

In order to validate whether improvements in the relative
activity observed in the HTP assay were indicative of
improved resistance to deamidation, antibodies #25, #26,

#35, #56 and #54 (Table 4) were selected for scaled-up pro-
duction followed by thermal stress and evaluation of stressed
and unstressed material using MS. The selected antibodies,
which gave relative activity values from 75% to 96% and
represent variants with mutations in light chain residues 29,
30 and 33, were re-expressed, purified and stressed at pH 5.5
and pH 7.4. Deamidation levels at residues N28 and, where
present, N30 were quantitated by LC-MS. The results indi-
cated a correlation between the relative activity values
obtained by the screen and the sum of the stress-induced
deamidation on N28 and N30 in PBS at pH 7.4 as quantitated
by LC-MS (R2 = 0.97, Figure 6A). The correlation observed
for this set of parameters was much tighter than that observed
for N28 alone (Figure 6B). This is consistent with the negative
impact of both N28D and N30D mutations on affinity
(Supplementary Table 1).

The LC-MS results also confirmed that Antibody #54,
containing the CDR-L1 mutation F33L, was resistant to light
chain deamidation at both N28 and N30 (Table 4). This result
was further confirmed by the observation of deamidation
resistance for Antibody #54 formatted as a different isotype
(Table 4). We also transferred the CDR-L1 mutation F33L
onto a humanization variant of Antibody #1. This variant,
Antibody #91, comprises the same heavy chain variable region
as Antibody #1; however, the light chain was humanized onto
a Kappa 1 backbone, in comparison to Kappa 2 backbone
used for Antibody #1. The F33L mutation also improved the
stability of light chain residue N28 in Antibody #91, while
maintaining N30 stability (Table 4).

Discussion

The SPR assay we describe here uses an antibody capture
format and focuses specifically on the ratio of the antibody-
target response level to the antibody immobilization level,

Figure 4. Impact of light chain mutations on affinity for target (KD) and resistance to thermal stress-induced specific activity loss.
A: Relative activity plotted against unstressed KD. Datapoints that did not meet initial QC criteria of Chi2 < 10% Rmax or nRmax (pre-stress) > 0.1 are not shown in
this figure. Unstressed reference antibody data were obtained at the beginning, middle and end of each run (mean and standard deviation of nine datapoints in
total). Datapoints for antibodies #1, #2 and #54 are labelled with the antibody number. B: Affinity data for N28X mutants. Datapoints are labelled with the identity of
amino acid X in single letter code and separated according to the identity of the residue at position 1. Eight additional variants with X = F, H, P, Y, A, E, H, Q did not
meet initial QC criteria (see above) and are not shown. X = M, W or C were not tested.

Table 3. Sequences of combinatorial germline reversion mutations D2V, L4M,
F33L and L93H (adapted from Supplementary Table 1 and subject to initial QC
criteria as described for Figure 4).

Variant
VL residues at selected

locations (Kabat numbering)
KD
(nM)

Relative
Activity

Unstressed control
(mean, n = 9)

E D L N G N T F L 1.0 106%

Antibody_01 E D L N G N T F L 0.9 73%
Antibody_02 D D L N G N T F L 0.9 78%
Antibody_51 D V L N G N T F L 3.9 89%
Antibody_52 D D M N G N T F L 1.8 57%
Antibody_53 D V M N G N T F L 4.7 95%
Antibody_54 D D L N G N T L L 1.2 96%
Antibody_55 D V L N G N T L L 7.1 93%
Antibody_56 D D M N G N T L L 1.8 88%
Antibody_57 D V M N G N T L L 11.4 89%
Antibody_58 D D L N G N T F H 32.6 72%
Antibody_59 D V L N G N T F H 17.3 83%
Antibody_60 D D M N G N T F H 41.8 37%
Antibody_61 D V M N G N T F H 22.5 78%
Antibody_62 D D L N G N T L H 38.3 82%
Antibody_63 D V L N G N T L H 27.8 70%
Antibody_64 D D M N G N T L H 51.4 70%
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similarly to that mentioned by Jarasch and colleagues.8

Antibody capture formats can reduce interference by avidity
effects and typically avoid requirements for time-consuming
optimization of target-specific regeneration conditions. In
contrast to calibration-based assays, the method used here

focuses on antigen binding at or near saturation. Under sub-
saturating conditions, binding response in an antibody cap-
ture assay is expected to depend on the interaction affinity,
the analyte concentration, the specific activity of the captured
antibody population; and under non-equilibrium conditions,

Figure 5. Impact of light chain mutations D2V, L4M, F33L and L93H on affinity for target (KD) and resistance to thermal stress-induced relative activity loss.
All data shown is from the fourteen variants detailed in Table 3 in which both variants met the initial QC criteria described in Figure 4 and which differ from each
other at VL positions 2, 4, 33 and 93 only. Fold difference in KD (A) and relative activity (B) were calculated for matched antibody pairs within this set (a matched pair
is defined here as two antibodies with sequences that differ only by the mutation indicated on the x axis). Figure 5A, far left column: mauve indicates presence of
L93H mutation. Figure 5A, far right column: turquoise indicates presence of D2V mutation.

Table 4. Increase in N28 and N30 deamidation after two week stress test, determined by LC-MS.

40C, pH 5.5 37C, pH 7.4

Variant N28 motif Isotype N28 N30 N28 N30

Antibody #1 NGNT Q 11.1 Not detected Not tested Not tested
Antibody #25 NDNT Q 9.1 24.1 17.4 24.0
Antibody #26 NTNT Q 7.5 11.4 8.8 17.6
Antibody #35 NGQT Q 11.9 N/A 17.9 N/A
Antibody #56 (F33L, L4M) NGNT Q 3.5 No increase detected 14.9 No increase detected
Antibody #54 (F33L) NGNT Q 2.8 0.2 5.3 No increase detected

R No increase detected No increase detected 10.4 1.9
Antibody #91 NGNT Q 15.7 0.4 Not tested Not tested
Antibody #91 + F33L NGNT R 2.7 No increase detected 17.9 No increase detected

Figure 6. Correlation of relative activity determined by HTP screen with larger-scale stress-induced N28 or N28 + N30 deamidation determined by LC-MS.
Data shown are from Supplementary Table 1 and Table 4. Datapoints represent antibodies #25, #26, #35, #56 and #54. The y-axis shows the sum of stress-induced
deamidation on (A) CDR-L1 N28 and, where present, N30; (B) on CDR-L1 N28 alone; (C) on CDR-L1 N30 alone.
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it will also depend on binding kinetics. At saturation however,
the analyte binding response should depend solely on the
specific activity. Focusing on saturation enables useful results
to be obtained with a single reference sample in place of a
standard curve.

In this report, we analyzed a heterogeneous population of
modified and un-modified antibodies using a HTP antigen-
binding kinetics experiment performed in an antibody cap-
ture format, and the resulting Rmax values were analyzed in
relation to the amount of antibody captured. We used this
method in combination with microplate-based accelerated
thermal stress testing to screen 90 antibody variants for affi-
nity and resistance to affinity-impacting asparagine deamida-
tion. The results illustrate that the effect of a given mutation
on the affinity for antigen can be decoupled from the effect of
the mutation on the resistance of the antibody to thermal
stress. In our hands, some mutations appear to affect affinity
but not stability, others affect stability with minimal impact
on affinity, and some seem to affect both affinity and stability
(Figure 4). In addition, we found that the sum of stress-
induced deamidation of VL.N28 and VL.N30 correlated
more closely with relative activity than did deamidation of
VL.N28 alone (Figure 6). This illustrates the advantage of
assays based on target binding for screening purposes, by
reducing the risk of advancing a mutation that fixes one
problem but inadvertently causes another.

The results of this screen enabled rapid identification of a
mutation in the + 5 position as an unexpectedly stabilizing
influence on an otherwise deamidation-prone CDR-L1

asparagine residue. The F33L mutation conferred stability to
this asparagine within two different VL frameworks and on
two different isotypes. The mechanism by which the F33L
mutation stabilizes N28 is not clear. We think it is unlikely
that the F33L mutation compensates for deamidation via
affinity improvement for several reasons: 1) the improvement
in N28 deamidation resistance to thermal stress was validated
by MS (Table 4); 2) similar KD values were obtained for
unstressed 33L and 33F antibodies (compare antibodies #2
and #54, Table 3); and 3) the calculation method used here to
determine relative activity is based on the parameter Rmax,
which is an indicator of binding capacity and is therefore
expected to be largely orthogonal to affinity. This latter
point contrasts with methods based on comparison to refer-
ence curves at sub-saturating concentrations, and is an advan-
tage of the Rmax-based method that we used in this study.
Crystal structures of two antibodies with light chains similar
to Antibody #1 indicate that the F33 residue may not be in
direct contact with residues 28–31, but located in the light
chain core (Figure 7). Therefore, residue 33, and perhaps
residue 4 against which it packs within the core, may indir-
ectly affect N28 stability of Antibody #1 by modulating con-
formational stability of the light chain.

In summary, we show here that changes in specific activity
of an antibody sample can be detected in a fast, simple SPR-
based assay and used as a surrogate metric to screen for
resistance to chemical modification by accelerated thermal
stress test. Application of this assay to an antibody susceptible
to deamidation at a specific CDR asparagine side chain

Figure 7. Structure of two unrelated antibodies with light chains similar to Antibody-A, PDB 4LEX, humanized (green) and PDB 1A4J, murine (cyan).
The heavy chains of both molecules are shown in yellow. Light chain residues 4 and 28 to 33 are indicated for both molecules. Residues 4 and 33 are Met and Leu
respectively in both molecules.

1080 D. M. DICARA ET AL.



enabled identification of an unexpected stabilizing mutation,
which was transferable to an alternately humanized variant.
Importantly, the improved resistance to deamidation induced
by thermal stress was confirmed by LC-MS-based deamida-
tion analysis.

This work focuses on asparagine deamidation following
thermal stress, but it is likely that the methods described
could also be applicable to other chemical modifications,
including but not limited to methionine and tryptophan oxi-
dation and isomerization of aspartyl residues. It may also
facilitate evaluation of the impact of extrinsic conditions on
chemical stability (Supplementary Figure 4). It is important to
note that modifications that do not affect affinity will not be
detected by this assay, and that if the affinity of the modified
antibody for antigen is relatively similar to that of the parental
antibody, the presence of these modifications may difficult or
impossible to detect using this method. Ideally, the antigen
should be monodisperse and monovalent, in order to mini-
mize deviations from a 1:1 binding model that are not due to
induced modifications. To confidently distinguish reductions
in relative activity that are due to chemical modification from
those reductions that are due to physical effects such as
aggregation, confirmation studies (for example by LC-MS)
are strongly recommended. However, the binding assay
described uses laboratory equipment routinely available in
antibody discovery and engineering laboratories and can pro-
vide stability data less than three weeks following the avail-
ability of microgram quantities of protein. Thus, this method
represents a useful screen for rapid identification of stable
variants, particularly at the earlier stages of therapeutic anti-
body research, and is an excellent complement to more direct
but lower-throughput bioanalytical analyses.

Materials and methods

Protein production

For screening, antibodies were expressed as described
previously.39 For evaluation of stress-induced deamidation
by MS, recombinant antibodies were produced by transient
transfection of CHO cells with recombinant DNA and pur-
ified by affinity chromatography. Unless stated otherwise,
residue numbering follows the Kabat system. Antigen protein
for SPR was also expressed recombinantly and the monomeric
status of the purified protein was confirmed by size exclusion
chromatography with multi-angle static light scattering .

Surface plasmon resonance analysis

SPR experiments were performed using a Biacore T200 instru-
ment (GE Life Sciences, Pittsburgh, PA, USA) with an analysis
temperature of 25°C and Hepes-buffered saline running buffer
(10 mM HEPES pH 7.4, 150 mM sodium chloride, 0.05%
Tween 20). Human IgG capture chips were generated by
amine coupling using the human IgG capture kit (GE Life
Sciences, product code BR100839) and Series S CM5 chips
(GE Life Sciences, product code BR100530). In this format, a
human IgG (hIgG) capture reagent is covalently immobilized
on the SPR chip surface, generating a hIgG-binding surface

that is readily regenerated between cycles. Each cycle, samples
containing hIgG were immobilized non-covalently by injection
over the surface, followed by an injection of the analyte. Data
were analyzed using Biacore Evaluation Software (GE Life
Sciences). Unless stated otherwise, data were fit to a 1:1 binding
model using default parameters, which include local fitting of
the Biacore parameter RI. The equilibrium dissociation con-
stant (KD) was calculated from the resulting association rate
constant (ka) and dissociation rate constant (kd) and unless
stated otherwise is reported from evaluation of the unstressed
samples. Normalized Rmax (nRmax) was calculated by dividing
the output value Rmax by the capture level (“Ligand Level”).
Relative activity was calculated by dividing the nRmax of the
stressed sample by the nRmax of the unstressed sample. The
N28D mutant of Antibody #1 was analyzed by SPR, both alone
and as a 1:1 mixture with the parental N28 antibody using the
heterogenous ligand and the 1:1 binding models of the Biacore
Evaluation Software. The values for ka1 and kd1 in the hetero-
genous ligand model were set as the average values of the ka
and kd of four Antibody #1 samples analyzed using the 1:1
Binding Model to 7.6 × 105 M−1s−1 (ka1) and 1.1 × 10−3 s−1

(kd1) with RI set to 0, thus fixing the value of KD1 at 1.8 nM.
Normalized Rmax (nRmax) was calculated by dividing Rmax
(RU) by the capture level (RU). Delta (Δ) values were calcu-
lated as follows: (value for control sample – value for stressed
sample)/value for control sample.

Thermal stress

To produce “stressed” and “unstressed” samples for comparison
in initial assays, a solution of 1 mg/ml Antibody #1 (isotype “P”)
was incubated at 40°C for two weeks at pH 7.4 in PBS, 100 mM
sucrose. For analytical thermal stress measurements, antibody
samples were incubated at 1 mg/ml in 20 mM histidine acetate,
240mMsucrose, pH 5.5 for two weeks at 40°C or PBS, pH 7.4 for
two weeks at 37°C. A control sample was stored at −70°C.

Microplate-format thermal stress test

Antibodies were expressed in microplate format by transient
transfection of Expi293 cells followed by purification with
MabSelect SuRe resin (GE Healthcare).39 Briefly, antibodies
were eluted into 160 µl 50 mM phosphoric acid pH 3 and
neutralized with 12 µl 20x PBS pH 11, then diluted with PBS to
a concentration of 0.1 mg/ml using a Hamilton Star liquid
handler (Hamilton Robotics, Reno, NV, USA). 100 µl samples
were transferred to a 96-well microplate (VWR North America,
catalog no. 83007–372) that was sealed with Microseal® ‘B’ PCR
plate sealing film (BioRad, catalog no. MSB1001). The samples
were then stressed by incubation at 40°C in a GeneAmp™ PCR
System 9700 instrument (Thermo Fisher Scientific, Waltham,
MA, USA) for two weeks. The heated lid was used to avoid
condensation of fluid on the plate seal and any consequent
reduction in homogeneity of the local protein, salt or buffer
concentration. Evaporative loss, calculated by comparing the
weight of the sealed plate before and after the incubation, was
0.84 grams, less than 9% (w/v) of the liquid content. Kinetic
analysis by SPR was performed on the stressed and unstressed
proteins, using multi-cycle kinetics and analyte concentrations
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of 0, 26.5 nM and 265 nM. Association and dissociation injec-
tions were 180 seconds and 300 seconds, respectively, with a flow
rate of 40 µl/min.

Deamidation analysis by peptide mapping

Samples were reduced with 20 mM dithiothreitol in 6 M
guanidine hydrochloride, 360 mM Tris, and 2 mM ethylene-
diaminetetraacetic acid at pH 8.6 for 1 hour. The reduced
samples were cooled to room temperature and alkylated using
1 M iodoacetic acid (final concentration, 50 mM) for 15 min-
utes in the dark. The samples were then buffer-exchanged into
digestion buffer (25 mM Tris, 2 mM CaCl2, pH 8.2). The
buffer-exchanged samples were digested with trypsin for
4 hours at 37°C using a 1:40 (w/w) enzyme to substrate
ratio. The digestion was stopped by addition of formic acid
to a final concentration of 3.0%.

Tryptic digests were analyzed using LC-MS on a Q
ExactiveTM Hybrid Quadrupole-OrbitrapTM instrument
(Thermo Fisher Scientific). The system was interfaced with
an Acquity UPLC® H-Class Bio system (Waters Corporation,
Milford, MA, USA). Separations were carried out on a 1.7 μm,
130 Å, 2.1 x 150 mm, Acquity UPLC® CSH column (Waters
Corporation) at a flow rate of 0.2 mL/min (45 min gradient),
with mobile phases containing 0.1% formic acid in water
(solvent A) and 0.1% formic acid in acetonitrile (solvent B).
The column temperature was set to 77°C and a peptide
mixture corresponding to 10 μg of protein was injected onto
the column. Full scan accurate mass data was acquired at a
resolution of 17,500 in positive ion mode scanning from 200
to 2000 m/z. Data was processed using XcaliburTM software
(Thermo Fisher Scientific).

Relative percent deamidation values were calculated by
taking the peak areas of the extracted ion chromatograms
for the deamidated peptide(s), dividing by the sum of the
peak areas of extracted ion chromatograms the native and
deamidated peptides, and multiplying by 100
(Supplementary Figures 2, 3). Deamidation values for stressed
material were then compared to control samples to determine
the increase in deamidation following stress. MS and MS/MS
analysis allowed for localization of deamidation site to N28
and/or N30 (Supplementary Figures 2, 3). Length of the
tryptic peptide containing light chain residue N28 was 31
residues for Antibody #1 and 23 residues for Antibody #91.
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