
REPORT

Localized conformational interrogation of antibody and antibody-drug conjugates
by site-specific carboxyl group footprinting

Lucy Yan Pan, Oscar Salas-Solano, and John F. Valliere-Douglass

Seattle Genetics, Inc., Bothell, WA, USA

ARTICLE HISTORY
Received 12 October 2016
Revised 14 November 2016
Accepted 29 November 2016

ABSTRACT
Establishing and maintaining conformational integrity of monoclonal antibodies (mAbs) and antibody-
drug conjugates (ADCs) during development and manufacturing is critical for ensuring their clinical
efficacy. As presented here, we applied site-specific carboxyl group footprinting (CGF) for localized
conformational interrogation of mAbs. The approach relies on covalent labeling that introduces glycine
ethyl ester tags onto solvent-accessible side chains of protein carboxylates. Peptide mapping is used to
monitor the labeling kinetics of carboxyl residues and the labeling kinetics reflects the conformation or
solvent-accessibility of side chains. Our results for two case studies are shown here. The first study was
aimed at defining the conformational changes of mAbs induced by deglycosylation. We found that two
residues in CH2 domain (D268 and E297) show significantly enhanced side chain accessibility upon
deglycosylation. This site-specific result highlighted the advantage of monitoring the labeling kinetics at
the amino acid level as opposed to the peptide level, which would result in averaging out of highly
localized conformational differences. The second study was designed to assess conformational effects
brought on by conjugation of mAbs with drug-linkers. All 59 monitored carboxyl residues displayed
similar solvent-accessibility between the ADC and mAb under native conditions, which suggests the ADC
and mAb share similar side chain conformation. The findings are well correlated and complementary with
results from other assays. This work illustrated that site-specific CGF is capable of pinpointing local
conformational changes in mAbs or ADCs that might arise during development and manufacturing. The
methodology can be readily implemented within the industry to provide comprehensive conformational
assessment of these molecules.

Abbreviations:mAb, monoclonal antibody; ADC, antibody-drug conjugate; HDX, hydrogen/deuterium exchange;
MS, mass spectrometry; vcMMAE, valine-citrulline-monomethyl auristatin E; CD, circular dichroism; DSC, differential
scanning calorimetry; IgG, Immunoglobulin G; Fc, fragment crystallizable; Fab, fragment antigen-binding; LC/MS,
liquid chromatography mass spectrometry; RC, rate constant; GEE, glycine ethyl ester; EDC, 1-ethyl-3-[3-dimethyla-
minopropyl] carbodiimide hydrochloride
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Introduction

Monoclonal antibodies (mAbs) have played a substantial role
in advancing options for treating many types of diseases,
including cancer, infectious diseases and immune-mediated
disorders, during the past two decades.1 More recently, anti-
body-drug conjugates (ADCs) consisting of a mAb scaffold
that is chemically linked to a cytotoxic small-molecule drug
have emerged as effective cancer therapies and therapeutic
candidates.,2,3 Several properties of mAbs make them highly
useful in a therapeutic setting: they bind specifically to a cog-
nate epitope, have relatively long half lives in vivo and may
elicit a clinically relevant immune response. In ADCs, the
targeting specificity of the mAb component ensures that the
cytotoxic payload is delivered only to cancer cells expressing
the antigen, thereby avoiding some of the more debilitating
side effects of traditional chemotherapy.4,5

Therapeutic mAbs and ADCs are complicated multimeric
molecules, and chemical modifications to their primary amino

acid sequence may be incurred during the manufacturing and
storage. There is potential for the clinical efficacy of mAbs and
ADCs to be compromised by post-translational modifications
(PTMs) and chemical modifications due to their effects on anti-
gen binding or biological clearance. Disruption of mAb/ADC
conformation or higher-order structure also has the potential
to impair the potency and stability of the therapeutic. While
indirect evidence of conformational changes might be apparent
in some analytical assays used for product release and charac-
terization such as binding, potency assays and some chro-
matographic assays,6 more traditional biophysical assays such
as circular dichroism (CD), fluorescence spectroscopy, and dif-
ferential scanning calorimetry (DSC) have typically been used
for conformational characterization.7-11 These assays can moni-
tor the global state conformation of protein samples in a simple
and rapid manner, but are not suitable for detecting small local-
ized, but potentially significant, conformational differences that
may exist between protein samples.
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As use of high-resolution mass spectrometry (MS) has
become more commonplace, chemical labeling coupled with
MS has become a viable approach for investigating protein
conformation. This general approach has contributed to the
understanding of conformational features of globular pro-
teins, membrane proteins and large protein complexes at
the peptide or residue level.12-19 While MS-based technology
has not been widely used for conformational elucidation of
protein therapeutics yet, some applications demonstrating
the utility of the approach can be found in the literature.
Hydrogen/deuterium exchange (HDX) coupled with MS is
the most common approach used in the studies of biothera-
peutic proteins.20-30 Classic or “bottom-up” HDX MS moni-
tors isotope exchange kinetics of amide hydrogens on a
protein to gain conformational insights into the protein
backbone. Solvent-exposed and non-structured amides will
undergo rapid HDX, while those buried in protein tertiary
structures or engaged in stable secondary structures will
show much slower HDX. HDX MS has been successfully
applied to reveal the impact of various chemical modifica-
tions and post-translational modifications on the conforma-
tion and dynamics of IgG molecules.20,21,26,27 The role of
N-glycans on the function and stability of mAbs has also
been characterized by HDX MS21,24 while others have used
HDX MS to assess the structural changes associated with
charge and size variants of mAbs.22,25 To achieve a peptide-
level resolution, HDX MS typically utilizes proteolytic
enzymes to cleave isotope-labeled protein samples into pep-
tides that are subsequently separated by liquid chromatogra-
phy and detected by MS. However, due to the labile nature
of HDX, rapid back-exchange of deuterium to hydrogen
during the sample handling is always a concern because the
back-exchange can result in a false readout due to the
method induced loss of deuterium labels. To minimize the
back-exchange, HDX MS requires rapid enzymatic treat-
ment and chromatographic separation (usually within 10
min) at quenched conditions (0�C and pH 2.5). This
requirement limits its applications for studying protein sam-
ples that need extensive post-labeling purification or separa-
tion. Often protein therapeutics are formulated in a
complex matrix that is essential to maintain the active con-
formation and stability, and the matrix may not be compat-
ible with downstream MS analysis. To measure the HDX
kinetics of individual peptides by MS, additional post-label-
ing purification may be needed. The inherent challenge of
analyzing protein samples that require non-MS-compatible
matrices tends to limit the application of HDX MS.

Covalent labeling is an alternative approach for studying
therapeutic protein molecules. In principle, covalent labeling
coupled with MS (termed “footprinting” technology)15-18,31-38

is orthogonal method to HDX MS because covalent labeling
utilizes reagents that target and react with amino acid side
chains instead of protein backbone. Solvent-exposed side
chains are labeled readily in a protein solution and those buried
in the protein higher-order structure or interacted with other
partners/molecules are more protected and less-labeled.
MS-based peptide mapping is then used to measure the labeling
kinetics of individual side chains. The labeling kinetics reflect
the side chain conformation or accessibility present in the

solution. From the standpoint of technical execution, covalent
labeling has some advantages over “labile” labeling techniques
such as HDX because the chemical label is stable and not sub-
ject to back-exchange. Eliminating back-exchange allows for
greater flexibility in sample handling and makes this approach
attractive for studying protein samples in complex-challenging
matrices. Extensive post-labeling protein purification and con-
centration steps can be included to minimize the interference
of excipient molecules (such as polymers, detergents, mem-
branes, etc.) with downstream MS analysis. Various post-label-
ing chromatographic methods and enzymatic treatments can
be used to achieve good separation and detection of peptides
and high overall sequence coverage.

Different covalent labeling strategies have been developed
over the years. Some of them target specific types of amino
acid side chains, whereas others are more non-specific.
Hydroxyl radical footprinting is one of the commonly used
covalent labeling techniques.15,37,39 Hydroxyl radicals can
label up to 16 of 20 amino acid side chains and offer excel-
lent sequence coverage. The structural information obtained
can be quite detailed and rich, but the approach is impracti-
cal for many investigators because special equipment for
generation of radicals is usually required. Moreover, due to
the extremely high reactivity of hydroxyl radicals, the
approach requires a comprehensive search for multiple dif-
ferent labeling products, and the data processing and inter-
pretation can be very time-consuming and challenging.
While different covalent labeling strategies have been
reported, fewer can be used in a simple and rapid manner.
EDC (1-ethyl-3-[3-dimethylaminopropyl] carbodiimide
hydrochloride)-mediated carboxyl group footprinting (CGF)
represents a promising strategy that is well suited to investi-
gating the protein conformation of biopharmaceuticals. The
approach makes use of simple bench-top chemistry that
introduces GEE tags on solvent-accessible side chains of
carboxyl residues,32,35,36,40 and requires no special equip-
ment and can be done in any analytical lab. The specificity
of labeling on Asp and Glu residues makes data analysis
and interpretation relatively simple and straightforward,
assuming that there are sufficient D/E residues distributed
throughout the primary sequence. In the case of mAbs,
approximately 10% of the sequence is composed of D/E res-
idues, so the CGF approach can provide reasonable cover-
age,32 and the subsequent trypsin peptide mapping used for
detecting and quantitating the extent of labeling does not
have to vary significantly from standard methodologies used
for in-depth PTM characterization within the industry.

In this work, we aimed to develop a site-specific CGF meth-
odology to provide localized conformational insights into
mAbs and ADCs. Site-specific CGF was performed on an IgG1
molecule, herein referred to as mAb-A, and deglycosylated
mAb-A to demonstrate that the site-specific CGF is capable of
pinpointing subtle and highly localized conformational differ-
ences across mAb samples. Site-specific CGF was then applied
to ADC characterization to further our understanding of the
conformational impact of drug-conjugation on the antibodies.
We believe the site-specific CGF methodology can be readily
implemented in the industry and generally applied to mAbs
and ADCs for localized conformational interrogation.

308 L. Y. PAN ET AL.



Results

mAb vs. deglycosylated mAb

To interrogate the conformational changes in a mAb induced
by deglycosylation, CGF was performed on mAb-A and degly-
cosylated mAb-A in parallel as described in Materials and
Methods. The labeled samples were then denatured and fully
reduced with dithiothreitol (DTT). The labeling kinetics were
first monitored at the subunit level by acquiring light chain
(LC) and heavy chain (HC) mass spectra as a function of label-
ing time. As expected, the LC or HC of labeled samples dis-
played C85 Da adducts that are characteristic of GEE
incorporation. No additional fragments were detected com-
pared with unlabeled samples (data not shown). Fig. 1 illus-
trates the deconvoluted mass of HC for labeled deglycosylated
mAb-A. After labeling for 2 min, the unlabeled HC with a mass
of 49379 Da was still the predominant species (Fig. 1A), but
satellite peaks with a mass shift of C85 Da are clearly apparent.
As expected, continuing increases in labeling time yield an
increase in the C85 Da satellite peaks in the HC and a corre-
sponding decrease in the intensity of unlabeled HC (Fig. 1B
and 1C). The results from monitoring GEE incorporation at
the subunit level suggested that the labeling conditions were
appropriate, generally mild and did not cause fragmentation or
cross-linking to the mAb.

In order to assess the labeling kinetics of each D/E residue
distributed throughout the mAbs primary sequence, all labeled
samples were subjected to trypsin peptide mapping as described
in Materials and Methods. Fig. 2 shows a representation of the

primary sequence of mAb-A superimposed above the recovered
tryptic peptides, and the distribution of D/E residues through-
out the sequence is indicated in red font. Coverage of »95% of
the amino acid sequence in mAb-A was obtained in the tryptic
peptide maps and all subsequent quantitative and qualitative
comparisons were performed on the basis of these data sets.
Many of the covalent labeling studies discussed in the literature
report the level of modification seen at the peptide level instead
of the level of modification seen at individual amino acid sites.
It is especially common for hydroxyl radical-based labeling to
be analyzed and presented at the peptide level.6,40,42 because
the approach labels up to »16 of the 20 amino acids and usu-
ally results in multiple different modifications within a peptide.
It is very challenging to identify and separate each individual
modified species due to the extreme complexity of MS/MS data
and coelution of peptide isomers. Residue level of data analysis
has been reported in some cases where the studied proteins
were considerably smaller than mAbs.38 Nevertheless, it
remains difficult to achieve a residue level of modification
assignment and separation when applying hydroxyl radical
labeling to large proteins like mAbs.41 Since EDC-mediated
GEE labeling is highly specific for D and E carboxylates, identi-
fying labeling sites at the amino acid level is relatively straight-
forward. MAbs typically contain more than one D/E residue in
tryptic peptides, thus quantitating CGF results at the peptide
level (and not amino acid level) may result in an averaging out
of subtle conformational differences in comparative studies. In
this work, our goal was to achieve site-specific CGF results and
provide highly localized conformational information for mAbs
and ADCs. For individual labeled tryptic peptides, we primarily
observed a mass shift of C85.0527 (predominant form), and
very low levels of C57.0215 (label hydrolysis product) or
C170.1055 Da (doubly modified, only for complementarity-
determining region peptides). All these modifications were sep-
arated chromatographically and site-specifically assigned to
particular D/E residues. For any peptide consisting of n labeling
sites (D/E residues), fraction unlabeled, Fun (i), of a specific
labeling site i was determined by Eq. (1) and Eq. (2). Labeling
rate constant (RC), RC(i), of the specific site i was then deter-
mined by the dose-response plot Fun (i) as a function of labeling
time.

The labeled HC peptide 258–280 (259TPEVTCVVVDV-
SHEDPEVK) represents one of the most complicated scenarios
in that it contains 5 potential labeling sites (D/E residues), and
is therefore a good example to illustrate the data analysis and
RC determination process. Extracted ion chromatogram (EIC)
of the unmodified peptide and the C85.0527 Da modified spe-
cies in the labeled, deglycosylated mAb-A are shown in Fig. 3A
and B, respectively. There are extremely low levels of
C57.0215 Da modified species (which are not shown), but no
detectable doubly labeled species found on this peptide. Based
on the EIC shown in Fig. 3B, there are likely 5 unique modified
species. MS/MS data from the 5 individual peaks was used to
confidently assign each peak to a specific labeled site (shown in
Fig. S1) and the identified labeling site was shown on the top of
each peak. With the precise labeling localization and separa-
tion, we are able to determine the RC of each labeling site by
generating a dose-response plot of each specific labeling site
using Eq. (1)-(2). For comparison, first we determined the

Figure 1. Deconvoluted mass spectra of heavy chain (HC) for labeled deglycosy-
lated mAb-A. (A) labeling time D 2 min, (B) labeling time D 5 min, (C) labeling
timeD 10 min.
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averaged RC of the peptide (Fig. 4A) by generating a dose-
response plot of the peptide using Eq. (3). Comparing the aver-
aged RC of the peptide in the glycosylated mAb (0.73/hr) and
the deglycosylated mAb (0.84/hr), one could draw the conclu-
sion that deglycosylation does not induce a significant change
in side chain solvent accessibility in this peptide based on the
error bar (Fig. 4A). At a residue level, however, the RCs of indi-
vidual D/E amino acids in this peptide (Fig. 4 B-D) indicate
that there are profound differences between these samples. For
example, the RC for the Asp residue at position 268 increased
over 20-fold after deglycosylation. This suggests that the side
chain accessibility of D268 changed substantially after deglyco-
sylation and highlights the advantages of site-specific RC com-
parison for pinpointing highly localized conformational
changes in mAbs that would be missed by traditional peptide-
level averaged RC comparisons.

As shown in Fig. 2, the recovered tryptic peptides of mAb-A
include 59 D/E residues that will act as structural probes for the

conformational interrogation of the mAb in the carboxyl label-
ing strategy. Fig. 5A shows the site-specific CGF of mAb-A
(top) and deglycosylated mAb-A (bottom). The labeling kinet-
ics of the 59 D/E residues that are distributed across the mAb
primary structure are quite different and the RCs differ by over
three orders of magnitude. This result suggests that there are
profound differences in side-chain accessibility, which is an
indicator for different side chain conformations. Note that
some bars are absent in the plots depicted in Fig. 5A, this is
because either the corresponding D/E residues are not labeled
or their RCs are less than 0.002 hr¡1. It was generally estab-
lished that the EDC-mediated carboxyl group labeling in a pro-
tein solution is a pseudo first-order reaction.32,35,36,40 To ensure
the structural integrity of proteins in the labeling experiments,
the extent of modification has been well controlled and opti-
mized to ensure that deviation from first-order reaction kinet-
ics, which would indicate chemical modification-induced
protein unfolding,18,32 does not occur. The RCs of some D/E

Figure 2. Primary sequence of mAb-A with amino acid position numbering. Each black bar under the sequence indicates the recovered tryptic peptide. Potential labeling
sites (D/E residues) are highlighted in red color. Variable domain residues are represented with “X.”
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residues vary from 0.01 hr¡1 to as high as 1.1 hr¡1 (shown in
Fig. S2); nevertheless, the dose response plots fit well to a first-
order exponential equation. These data confirm that structural
perturbation induced by the chemical labeling in our experi-
ments is negligible.18,32

To facilitate the comparison of RCs between samples, a RC
difference (DRC %) of individual carboxyl residues between
mAb-A and deglycosylated mAb-A was plotted (Fig. 5B). The
DRC% of each carboxyl residue was calculated using Eq. (4).
Based on multiple independent experimental replicates, the
experimental error or variance associated with RC determina-
tion was 5»20% for most carboxyl residues. However, we
found that when RC is less than 0.01 hr¡1, the associated error
tends to increase and could be as high as 35%, which is consis-
tent with previous reports.32 Based on these observations, we
consider the variance of RC determination for a carboxyl resi-
due to be § 35%. We then used »3 times the max variance as
the threshold for defining significant differences. Thus, we sug-
gested that a threshold of § 100% for DRC% be adopted for
the purpose of identifying significantly different RCs for the
labeling of carboxyl residues between two comparator samples.
From Fig. 5B, it is apparent that most D/E residues have similar
RCs in the mAb and deglycosylated mAb samples. However,
two residues (D268 and E297) stand out from the others as
having RCs that change significantly upon deglycosylation. The
DRC% for these residues are much greater than 100%, indicat-
ing the side chains of D268 and E297 have very different (sol-
vent) accessibility in the two samples, and, that they become
much more accessible after deglycosylation.

To better contextualize the carboxyl labeling result, we inter-
rogated the crystal structure of a model Fc domain (PDB:
3AVE), which has the same primary sequence and glycan mole-
cules as mAb-A. Fig. 6 shows a zoomed-in view of the model
structure of the Fc domain (PDB: 3AVE). The residues of inter-
est, D268 and E297 are highlighted in magenta sticks and green
dotted lines represent stable H-bonds identified by Swiss PDB
Viewer with default values,42 i.e., a donor¡acceptor distance

between 2.195 and 3.3 A
�
, respectively, and a minimum angle of

90�C. The crystal structure indicates that the side chains of
D268 and K249 form stable H-bonds with the glycan mole-
cules. The D268 is buried inside and highly protected by the
glycan molecules. The absence the N-glycans eliminates the H-
bond between the glycan molecules and the side-chain of
D268, which explains why D268 become so much more accessi-
ble for carboxyl labeling after deglycosylation. As for D297, the
increased labeling at this site is likely due to its location, proxi-
mal to D268 and N300. In general, the case study illustrates the
capability of site-specific CGF for pinpointing subtle and highly
localized conformational differences between mAb samples.

mAb vs. ADC

The interchain cysteine-linked ADC was manufactured by con-
jugating drug-linkers (vcMMAE) with the partially reduced
mAb-A.27,43 Site-specific CGF comparison of mAb-A and the
corresponding ADC was performed in the same manner as the
comparison of mAb-A and deglycosylated mAb-A. Briefly,
mAb-A and ADC were labeled side-by-side in native condition
(sodium phosphate buffer, pH 7.0), followed by reduced LC/
MS analysis and trypsin peptide map. RCs of individual car-
boxyl residues were determined by their dose-response plots
and the DRC% of each carboxyl residue is calculated by Eq.(5)
and plotted in Fig. 7. All 59 carboxyl residues displayed similar
RCs in the mAb and ADC, suggesting that there are no signifi-
cant differences in the solvent accessibility of these side chains
in the two samples. Since the 59 D/E residues are well distrib-
uted throughout the entire primary sequence, our results sug-
gest that the mAb and ADC share similar side chain
conformation under native conditions. It should be noted that
the kinetics of the carboxyl labeling chemistry that we used
here are relatively slow. Since the structural integrity of proteins
is preserved in the labeling experiments, the labeling kinetics of
a carboxyl group will only reflect the dominant or averaged
conformation of the side chain at the particular condition. We
would not expect the data to reflect conformational dynamics
or stability of side chains. The data interpretation is thus differ-
ent than a classical HDX study where the labeling kinetics of
any amide hydrogen depends on both solvent accessibility and
conformational fluctuations of the amide hydrogen-bonding
network.12,14 To understand the conformational impacts of
drug conjugation from orthogonal assays, circular dichroism
(CD) spectra comparison and DSC thermogram comparison of
the mAb and ADC are also provided (shown in Fig. S3 and S4),
and discussed in the next section.

Discussion

MAbs, and increasingly ADCs, are among the most rapidly
expanding protein therapeutics in the biopharmaceutical devel-
opment pipeline. Characterizing the domain-specific confor-
mation of mAbs and ADCs is challenging due to their
structural heterogeneity and large size. HDX MS has demon-
strated great utility as a technique for probing the conformation
and dynamics of mAbs and ADCs, and has been increasingly
adopted by researchers in the biopharmaceutical industry. Clas-
sical HDX MS utilizes the isotope exchange kinetics of amide

Figure 3. Extracted ion chromatogram (EIC) of the HC peptide 259–280 unmodi-
fied (A) and different C85.0527 Da modified species (B) from the labeled deglyco-
sylated mAb-A. The carboxyl residue on each individual modified species denotes
the identified labeling site based on MS/MS data shown in S1.
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hydrogens on a protein to provide conformational insights into
the protein backbone. However, the rapid back-exchange limits
the application of HDX for some protein samples. Also, this
approach does not directly probe amino acid side chain confor-
mation, which plays an important role in protein-protein inter-
actions and protein-ligand binding.44,45 For a given protein
amino acid, conformational changes at the side chain (e.g.,
dihedral angle rotation, solvent-exposed or buried, free or H-
bonded with other molecules) may or may not necessarily
occur concomitantly with conformational changes in the back-
bone amide and thus be detectable by HDX. In this work, we
highlighted an orthogonal methodology based on covalent
labeling on amino acid side chains to provide complementary
structural information for complex biologics mAbs and ADCs.

Site-specific CGF results from our investigation of confor-
mational changes in mAb-A induced by deglycosylation pin-
pointed two residues, D268 and E297 (N-glycan attached at
N300) in the Fc domain, that were more solvent accessible in

the mAb after deglycosylation. The change observed in D268
was especially pronounced as its RC was found to increase 25-
fold after deglycosylation. These findings are supported by a
crystal structure of a model Fc domain with glycan molecules,
as discussed above. Houde et al previously used HDX MS to
study the effect of deglycosylation on IgG1 mAbs20,21 Their
HDX comparison at a peptide level found two regions in Fc
domain (residues “FLFPPKPKDTLM” and “PREEAYN-
STYRVVSVLT,” which correspond to HC 244–254 and HC
294–307 in our mAb-A) have altered isotope exchange upon
deglycosylation.21 Since the second region contains the glyco-
sylation site N300, it is difficult to directly interpret the HDX
data at the peptide level because its comparator is the glycosy-
lated peptide. The more recent study22 narrowed down the first
region to residues “LFPPK” (HC 245–249 in our mAb-A) and
found that these residues had increased deuterium uptake after
deglycosylation. In contrast, our CGF data indicated that the
side chains of D268 and E297 in Fc domain have significantly

Figure 4. Dose response plots of the whole peptide 259TPEVTCVVVDVSHEDPEVK (A), or individual residues E261 (B), D268 (C), E272 (D) in intact or deglycosylated mAb-A.
Black color represents the intact mAb and red color represents deglycosylated mAb-A and each data point is an average of three experiments. The solid lines show the
best fit to first-order exponential equation on which the RC of the peptide or individual residues was determined and shown on the right.
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enhanced accessibility after deglycosylation. These results illus-
trate that the two approaches (HDX and CGF) are complemen-
tary. In principle, CGF is sensitive to changes in the solvent
accessibility of D/E side chains while classical HDX MS reveals
information about the conformation and dynamics of the back-
bone amide H-bonding network. Regardless of the principle
behind these methods, it is not surprising that conformational
changes in the Fc region 245LFPPK induced by deglycosylation
were not detected by CGF since this region lacks D/E residues,
which would be labeled in this approach. The change in side
chain accessibility of E297 and the changed HDX kinetics of
HC294–307 after deglycosylation may be linked in some man-
ner to fundamental structural changes wrought by deglycosyla-
tion. Likely E297 has been shielded to some extent by the
presence of the glycan molecules and become more exposed
and susceptible to labeling as a consequence of glycan removal.
The region HC294–307 probably also becomes more dynamic
or solvent-exposed after glycan removal. In previous HDX
studies,20,21 HDX MS did not detect local conformational
changes close to D268. This may be because the deglycosylation
results in significantly increased side chain accessibility of
D268, but does not concomitantly induce significant conforma-
tional changes in the backbone amide. It is also quite possible
that the backbone conformational differences were not detected
because the HDX MS data are essentially a deuterium uptake
readout that is averaged across all amino acid amides in a pep-
tide. It is also possible that small changes were lost due to back-

exchange during chromatographic separation, which is typi-
cally 10»25% in an HDX experiment. Overall, this case study
highlighted that site-specific CGF is well suited for detecting
subtle and highly localized conformational differences across
comparator mAb samples and it is complementary to classic
HDX MS.

Variations on the site-specific CGF that we used here have
been applied to different types of protein conformation studies
but, to our knowledge, CGF methodology has never been used
to assess the downstream effects of drug conjugation on mAb
conformation. A side-by-side comparison of mAb-A and the
corresponding interchain cysteine linked ADC was performed
under native conditions. All the 59 carboxyl residues that are
well-distributed on the primary sequence displayed very similar
RCs in the mAb and ADC, indicating there are no significant
changes in solvent accessibility of these side chains after drug
conjugation. It suggests that the mAb and ADC have a high
degree of similarity in side chain conformation at native condi-
tions. But it does not necessarily mean the ADC and parent
mAb share the same conformation at any local area, since the
CGF approach can only directly monitor the side chain accessi-
bility of D/E resides and there are uncovered regions such as
the 222SCDK. Nevertheless the CGF result is consistent with the
high degree of similarity observed in circular dichroism (CD)
spectra of the mAb and ADC at native conditions (shown in
Fig. S3), and is generally consistent with findings obtained by
other groups using orthogonal approaches.7,11,46

Figure 5. Site-specific rate constant (RC) comparison. (A) Mirror plot of RC for individual carboxyl residues in mAb-A (top) versus deglycosylated mAb-A (bottom). X-axis
corresponds to individual carboxyl residues. The primary sequence and numerical position are defined in Fig. 2. The Y-axis is experimental RC of individual carboxyl resi-
dues and each data point is an average of three experiments. (B) RC difference plot of individual carboxyl residues for mAb-A and deglycosylated mAb-A. The DRC% was
calculated from the data shown in (A) using Eq.(4). The dotted lines at the y-axis value of § 100% represent the threshold for identifying significantly different RCs
between two compared samples. RCs of carboxyl residues with star in the x-axis are absent in (A) because these residues are either not labeled or their RCs are less than
0.002 hr¡1 in both samples and the DRC% of these residues is defined as zero in (B).
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Spectroscopic analyses performed on similar interchain cys-
teine-linked ADCs composed of the same drug-linker
(vcMMAE) and lgG1 mAbs indicated that the ADC and parent
mAb share similar secondary and tertiary structures.7 Native
ion mobility MS of this class of ADCs revealed that differen-
tially drug-loaded subpopulations of the ADC have a gas phase
conformation that is similar to the unconjugated mAb.46 How-
ever, DSC studies from different groups indicated that inter-
chain cysteine-linked ADCs have lower thermal stability

relative to parental mAbs.7,11 Our DSC comparison of mAb-A
and the corresponding ADC also indicated that the ADC has
lower melting temperature in the CH2 domain than mAb-A
(shown in Fig. S4), but this does not mean that the DSC and
CGF data are inconsistent. Slow covalent labeling approaches
such as the carboxyl group labeling used here provides an
assessment of the dominant or averaged conformation of side
chains on a protein in a particular solution environment, but it
does not include information on the conformational stability of
the protein itself. Caution is thus warranted when comparing
the CGF with stability related assays such as DSC. To investi-
gate the conformational stability of side chains on mAb/ADCs,
carboxyl group labeling experiments can be performed on
stressed samples and, under these conditions, ADCs and their
parental mAbs may display different side chain accessibility on
some specific carboxyl residues.

We can further contextualize the current CGF results by
comparing the data to a previous HDX MS study on the same
system (mAb-A and ADC).27 In the HDX study,27 it was found
that »90% of the primary sequence of the ADC displayed the
same HDX kinetics as the parent mAb-A under native condi-
tions, which indicated that the ADC and mAb-A share very
similar backbone conformation. Combining the results from
the two complementary methods, HDX MS and site-specific
CGF, as well as other orthogonal assays, it can generally be con-
cluded that mAb-A and the ADC share similar conformation at
native conditions. It is worth noting, however, that HDX MS
results pointed to two regions (244FLFPPKPKDTLM and
337KTISKAKGQPREPQV) in the Fc domain that show
increased HDX kinetics in the ADC.27 The data indicated that
the backbone amide H-bonding network of the two regions
become more conformationally dynamic or more solvent-
accessible in the ADC, but no conclusions can be drawn regard-
ing the side chain conformation of the two regions. Based on
the HDX MS data, one might expect the CGF data to show dif-
ferences in the side chain solvent-accessibility of D252 and
E348 between mAb-A and the corresponding ADC; however,
no such difference was detected in these experiments. Based on
the HDX and CGF data, it is very likely that these two regions
become more conformationally dynamic in the backbone as a
consequence of drug conjugation, but nevertheless have similar
solvent accessibility at native conditions. As mentioned earlier,
HDX MS primarily monitors the conformation and dynamics
of the protein backbone, while site-specific CGF provides an
assessment on the dominant conformation of side chains. Since

Figure 6. Zoomed-in view of the crystal structure of a model Fc domain (PDB:
3AVE). The backbone amide hydrogen is depicted in blue and the carbonyl oxygen
is depicted in red. Glycans (Man3GlcNAc4Fuc1) are depicted as yellow sticks. The
glycosylation site N300 is highlighted with light blue sticks, residues D268 and
E297 are highlighted with magenta sticks and K249 is highlighted with red sticks.
Green dotted lines represent stable H-bonds identified by Swiss PDB Viewer with
default values. Note that Protein Data Bank file 3AVE has a different amino acid
numbering. Subtracting 3 from the number used here corresponds to the number-
ing in 3AVE.

Figure 7. Site-specific rate constant (RC) comparison of mAb-A and ADC under native conditions. The DRC% was calculated using Eq.(5) and the dotted lines at the y-axis
value of § 100% represent the threshold for identifying significantly different RCs between two comparator samples.
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these approaches are measuring different aspects of conforma-
tion, it should not be assumed that result from one approach
will mirror the result from the other even though the results
from different approaches are likely correlated. In fact, this case
study demonstrates that combining the two complementary
methods for the analysis of a given system can provide a more
complete picture of the conformational feature of proteins than
either technique alone.

It is worth noting that while HDX and CGF are complemen-
tary approaches, the experimental execution of the two assays is
quite different. The execution of HDX MS remains somewhat
challenging. Pepsin and other acidic proteases used for HDX
MS can result in unpredictable cleavage patterns and a large
number of overlapping peptides that may require special soft-
ware or instrumentation for identification and data processing.
Rapid back-exchange of deuterium to hydrogen during the
post-labeling sample handling limits the applications of HDX
for some protein samples. A common challenge is the difficulty
of generating and recovering enough peptic peptides across the
entire sequence of a protein during the very short time at
quench conditions (0�C and pH 2.5) that are required to mini-
mize the back-exchange.17 However, HDX is generally consid-
ered to be “structurally benign.” Conformational changes
induced by the isotope labeling are negligible. There is thus no
need to intentionally control and optimize the isotope labeling
level to ensure the structural integrity of proteins in the labeling
experiments.

In contrast to HDX, we have found that EDC-mediated car-
boxyl group footprinting is essentially a simple bench chemis-
try experiment which can be executed in any analytical lab that
routinely carries out peptide map experiments. More impor-
tantly, the stable label from the CGF approach makes sample
handling much more robust and flexible. Unlike typical HDX
MS approaches, back-exchange or scrambling of covalently
attached labels during LC/MS/MS is not a concern. Site-specific
CGF can be readily performed on protein therapeutics in com-
plicated biological matrices that require intensive post-labeling
sample preparation. These types of sample conditions are quite
challenging to analyze using traditional HDX MS experiments.
We have performed site-specific CGF on mAbs and ADCs in a
variety of conditions and the experimental execution was not
limited by complicated formulation buffers that are not com-
patible with downstream MS detection. Extensive post-labeling
protein purification can be incorporated prior to enzymatic
treatment and much longer chromatographic separations at
higher temperatures can be used during LC/MS/MS analyses,
and this can dramatically improve the CGF readout by peptide
map. Also, different proteases can be used besides trypsin to
recover all the peptides of interest if it is necessary. The intro-
duction of covalent modifications in the CGF approach can
potentially result in conformational changes of proteins, and
thus the labeling experiments should be carefully controlled.
Assuring that first-order labeling kinetics is maintained
throughout the labeling time-course is an easy and well-
accepted way to prevent artificial results.

For site-specific covalent labeling strategies like CGF, the
common drawback is limited sequence coverage. Regardless of
the targeted residue, it is difficult to cover more than 13% of
mAb sequence based on typical amino acid composition of

mAbs. Non-specific labeling strategies such as hydroxyl radical
footprinting can offer excellent sequence coverage, but it
requires special equipment and complex data processing work-
flows. In an ideal scenario, different labeling strategies (e.g.,
HDX, CGF, hydroxyl radical labeling) would be implemented
in a complementary manner to provide a detailed and complete
conformational assessment of mAbs and ADCs. This ideal,
however, may not be easy to achieve for a given lab or investi-
gator due to constraints in resources or expertise. Given the rel-
ative simplicity of the CGF labeling procedure, the extent of
sequence coverage (»10% of well-distributed sequence) and
straightforward data analysis, we believe that the site-specific
CGF approach is technically quite tractable, and can be readily
and routinely implemented for localized conformational assess-
ment of mAbs and ADCs. It could be performed in a stand-
alone manner or complementarily with other techniques
depending on different needs and available resources. The
approach can be very useful for performing site-specific confor-
mational comparability studies of mAbs and ADCs during pro-
cess development and manufacturing.

Materials and methods

Materials

Glycine ethyl ester (GEE), sodium phosphate, sodium chloride,
8 M urea, formic acid, DTT, iodoacetic acid (IAA), 8 M guani-
dine hydrochloride (guanidine HCl), 1 M Tris buffer (pH D 8)
were purchased from Sigma (St. Louis, MO). NAP-5 columns
were obtained from GE Healthcare. HPLC grade water and ace-
tonitrile, 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide
hydrochloride (EDC) were obtained from Thermo Fisher Sci-
entific (Rockford, IL). Trypsin (V5111, lot: 0000190933) was
obtained from Promega (Madison, WI) and PNGase F
(P0704L, lot: 0421507) was obtained from New England Biol-
abs (Ipswich, MA). All chemicals were used as received.

MAb-A, a humanized IgG1 kappa monoclonal antibody,
was expressed in Chinese hamster ovary cells. mAb-A was con-
jugated with valine-citrulline-monomethyl auristatin E
(vcMMAE) to form interchain cysteine-linked ADCs according
to procedures established at Seattle Genetics.43 The averaged
drug-antibody ratio of the ADC was determined to be 4.1 by
hydrophobic interaction chromatography.27 Deglycosylated
mAb-A was prepared by adding 2 mL of PNGase F per 100 mg
of mAb-A and incubating at 37�C for 5 hours.

Labeling and trypsin peptide mapping

Prior to labeling, all samples (mAb or ADC) were buffer-
exchanged into the labeling buffer (5 mM sodium phosphate,
100 mM sodium chloride, pH 7.0) using NAP-5 columns. Stock
solutions of GEE (1 M) and EDC (120 mM) were prepared in
the labeling buffer. The carboxyl labeling reactions were per-
formed at room temperature by adding 35 mL of GEE and
15 mL of EDC stock solution to 100 mL of mAb or ADC (»1.5
mg/mL) and incubating for 2, 5, or 10 minutes. The labeling
reaction was quenched by adding 6 uL of 5% formic acid. The
labeled samples were then buffer exchanged to 6 M guanidine/
HCl (0.1 mM Tris, pH D 8), and fully reduced with 10 mM
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DTT at 45�C for 30 min. A portion of the fully reduced samples
was set aside for LC/MS interrogation of labeling extent on the
HC and LC subunits. The remainder was alkylated with 25 mM
IAA for 25 min at room temperature (in the dark). The reduced
and alkylated samples were then buffer exchanged to digestion
buffer (50 mM Tris, pH 7.5). The resulting samples (except for
the labeled, previously deglycosylated mAb-A sample) were
subsequently deglycosylated by adding 2 mL of PNGase F per
100 mg of mAb or ADC and incubating at 37�C for 1.5 hours.
Following deglycosylation, the samples were then digested with
trypsin (enzyme: substrate ratio D 1:10) at 37�C for 4 hours
and analyzed by LC/MS.

Reduced LC/MS analysis

Labeled samples (mAb or ADC) were denatured and reduced
with DTT as described above. The resulting light chain (LC)
and heavy chain (HC) subdomains of the mAb or ADC were
separated with a 2.1£150 mm PLRP-S reversed-phase column
(Agilent, Santa Clara, CA)) at 65�C. The column eluent was
delivered to an Agilent 6510 QTOF MS (Agilent) operating in
positive electrospray ionization (ESI) mode. The deconvoluted
mass of the LC or HC was obtained using a maximum entropy
deconvolution algorithm within the MassHunter workstation
software version B.06.00.

LC/MS/MS analysis

Tryptic peptides of the labeled mAb or ADC were separated
with a Waters UPLC BEH C18 column (2.1£150 mm, 1.7 mm)
operated at 60 �C. Solvent A consisted of water with 0.1% for-
mic acid and solvent B was acetonitrile with 0.08% formic acid.
Peptides were eluted using a gradient of 0% to 34% solvent B
over 114 min, and 34% to 70% solvent B over 10 min. The
eluted peptides were analyzed with a Thermo Q-Exactive mass
spectrometer with an ESI interface (San Jose, CA). Peptide
mass spectra were acquired in positive ion mode at a resolution
of 70,000 for MS1 scans and 17,500 for data-dependent MS/MS
scans.

The MS data was analyzed with Byonic and Byologic soft-
ware developed by Protein Metrics Inc. (San Carlos, CA). The
expected tryptic peptides and labeled peptides were searched
with precursor mass tolerance of 10 ppm for MS1 scans and
fragment mass tolerance of 20 ppm for MS/MS scans with vari-
able modifications of C85.0527 and C57.0215 Da on glutamic
acid and aspartic acid (D/E) residues corresponding to the
expected mass shift for GEE incorporation and its hydrolysis
product, respectively. The labeled peptides were verified by
manually comparing the MS/MS scans to the MS/MS from the
corresponding unlabeled peptides. The extent of D/E labeling
was determined by comparing the EIC area of the labeled and
unlabeled peptides from the MS1 scan. Labeling RC of individ-
ual carboxyl residues in a given peptide was determined on the
basis of EIC peak areas.

Site-specific rate constant (RC) determination

For a peptide consisting of N labeling sites (D/E residues), the
labeled fraction Flabel (i) of a specific labeling site i was

determined by

Flabel.i/D Alabel.i/

Aun C
XN

jD 1
Alabel.j/

(1)

Aun represents EIC peak area of the unmodified peptide; Ala-

bel (i) represents EIC peak areas of individual modified species
that were labeled at the site i either exclusively or in combina-
tion with other labeling sites.

Fraction unlabeled Fun (i) of a specific labeling site i can be
calculated as

Fun.i/D 1¡ Flabel.i/ (2)

RC (i) of a specific site i can be obtained from the dose-
response plot Fun (i) as a function of labeling time fit to a first-
order exponential equation.

Unlike the site-specific RC determination, averaged RC of a
peptide was determined by the dose-response plot Fun (peptide)
as a function of labeling time, where Fun (peptide) represents
fraction unlabeled of the peptide and was defined as previously
reported15,36,39,47

Fun.peptide/D Aun

Aun C
XN

jD 1
Alabel.j/

(3)

Eq. (1)»(3) are based on the commonly made assumption
that differences in the ionization efficiency between unmodified
peptides and the corresponding modified forms are
negligible.15,36,39,47

The RC difference DRC % of individual labeling sites
between the mAb, deglycosylated mAb and ADC was deter-
mined as:

DRC%D RCDegly ¡RCmAb

RCmAb
£100 (4)

Or

DRC%D RCADC ¡RCmAb

RCmAb
£100 (5)

where RC mAb, RC degly, and RC ADC are the RC of individual
labeling sites in the mAb, deglycosylated mAb or ADC,
respectively.
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