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Abstract

Diethylpyrocarbonate (DEPC)-based covalent labeling together with mass spectrometry is a
promising tool for the higher-order structural analysis of antibody therapeutics. Reliable
information about antibody higher-order structure can be obtained, though, only when the
protein’s structural integrity is preserved during labeling. In this work, we have evaluated the
applicability of DEPC reaction kinetics for ensuring the structural integrity of monoclonal
antibodies (mAbs) during labeling. By monitoring the modification extent of selected proteolytic
fragments as a function of DEPC concentration, we find that a common DEPC concentration can
be used for different monoclonal antibodies in formulated samples without perturbing their higher-
order structure. Under these labeling conditions, we find that the antibodies can accommodate up
to four DEPC maodifications without being structurally perturbed, indicating that multi-domain
proteins can withstand more than one label, which contrasts to previously studied single-domain
proteins. This more extensive labeling provides a more sensitive measure of structure, making
DEPC-based covalent labeling-mass spectrometry suitable for the higher-order structural analyses
of mAbs.

GRAPHICAL ABSTRACT

Reaction kinetics can be used to ensure the structural integrity of multi-domain monoclonal
antibodies (mAbs) during labeling, allowing reliable information about higher-order structure of
mADs to be obtained from covalent labeling.
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INTRODUCTION

Mass spectrometry (MS) has emerged as one of the leading techniques used for the routine
structural analysis of antibody therapeutics to ensure the quality, efficacy and safety
throughout a product life cycle.14 Higher-order structure (HOS) is one of the quality
attributes of therapeutic monoclonal antibody (mAb) that has to be characterized as changes
in HOS can cause decrease in therapeutic efficacy, reduced stability, or possible
immunogenicity.>" In addition, identifying specific residues involved in antigen-antibody
interactions, i.e. epitope/paratope mapping, is particularly useful to evaluate epitope novelty,
predict immunogenicity, and assess and optimize binding characteristics.8: © The wider use
of MS-based methods to probe protein’s HOS results from (a) an ability to obtain residue-
level structural information that optical spectroscopy cannot provide, and (b) a more rapid,
sensitive, and sample-efficient analysis compared to X-ray crystallography and NMR
spectroscopy.

The two most commonly used MS-based tools for studying mAb HOS are hydrogen-
deuterium exchange (HDX) and covalent labeling (CL). HDX has been extensively used to
investigate HOS changes and aggregation of mAbs during drug development.10-15 Epitope
mapping and comparability studies are also examples of how HDX-MS has been used.14-22
CL of amino acid side chains is another technique that can be used to encode a protein’s
structural properties into the mass of protein, allowing information about a protein’s
structure in solution to be read-out through MS-based bottom-up approaches.23-27 CL-MS
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has more recently been applied to study mAb higher order structure. Compared to hydrogen-
deuterium exchange (HDX), CL benefits from limited label loss and scrambling due to the
irreversible nature of the labeling reaction. Non-specific reagents (e.g., hydroxyl radicals,
carbenes, and diethylpyrocarbonate) can simultaneously probe a range of different side
chains, allowing excellent structural resolution to be obtained. Hydroxyl radical footprinting
(HRF) has been used to characterize the conformations and dimer interfaces of mAb
therapeutics and to perform epitope mapping for various antigen-antibody interactions,28-33
Carboxyl group footprinting has also been used to characterize the HOS of mAbs and was
found to provide complementary information to HRF.34

Our group has developed and used diethylpyrocarbonate (DEPC) as a labeling reagent
because it is simple to use, commercially available, and labels a range of nucleophilic
residues and the N-terminus of proteins once added into a solution. DEPC CL-MS has been
used to reveal aggregation sites and HOS changes for heat-stressed murine 1gG1 and
rituximab, providing structural information for up to 30% of the residues in these mAbs.
35,36 An important principle of CL-MS experimental design is that a protein’s structure
must not be perturbed during the labeling reaction, so that the probe can correctly report
accurate structural information.23: 37 There are at least three general ways to assess a
protein’s structural integrity upon CL. One way is to use a complementary measurement,
such as CD spectroscopy, fluorescence spectroscopy, or an activity assay, to monitor any
HOS change after labeling.36-38 These techniques are typically not sensitive enough to
detect local structural perturbations. A second way is to ensure that the labeling reaction
occurs faster than any label-induced HOS change can happen, guaranteeing a protein’s HOS
is not affected during CL. This approach only works for fast labeling chemistries, e.g. HRF,
that require laser or synchrotron sources.39-42

A third method, which is more reliable and effective, is to monitor labeling reaction kinetics.
By plotting the unmodified fraction of a protein (or better, each of its peptide fragments) as
function of reagent concentration, any labeling-induced structural perturbations can be
revealed by deviations from the proper reaction order Kinetics, e.g. pseudo first-order
kinetics for HRF and second-order kinetics for DEPC CL.37: 43-45 Such dose-response plots
of an intact protein are less useful than plots of peptide fragments as intact protein plots are
ensemble averages, much like CD measurements, and do not provide site-specific
information. Dose-response plots for proteolytic fragments obtained from bottom-up
analysis of a labeled protein have been shown to be much more sensitive and reliable probes
of possible protein structural perturbations as they provide information about any local
structural perturbations caused by either nearby or distant modifications.3” Deviations in the
kinetics allow the researcher to identify the highest reagent dose to use while still ensuring
the structural integrity of the protein. Using the highest dose, while preventing structural
perturbations, maximizes the labeling extent and thus the structural resolution of the method.
Kinetic measurements via dose-response plots have been effective for ensuring the reliability
of the structural information for proteins ranging from cytochrome c to lysozyme to gelsolin.
43-45 These measurements, however, have only been used for, single-domain proteins, and so
an interesting question is whether they are beneficial for multi-domain proteins like mAbs.
Moreover, it would be valuable to know if CL on a residue in one domain of a protein (e.g.
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variable light chain in a mAb) can affect the structure and labeling of a distant domain (e.g.
constant heavy chain in a mAb).

In this work, we have acquired DEPC labeling dose-response plots for proteolytic fragments
of different mAbs to: (1) test the applicability of this method for ensuring the structural
integrity of multi-domain mAbs during CL-MS-based structural analyses, (2) identify if a
common DEPC molar excess might be suitable for DEPC-based CL-MS analyses of mAbs,
and (3) evaluate the extent to which a multi-domain protein’s structure is sensitive to
multiple DEPC modifications. Results suggest that multi-domain proteins can withstand
more than one DEPC label without being perturbed structurally, which allows a more
sensitive and higher resolution measure of structure because more modifications can be
detected. In addition, based on the limited set of mAbs studied here, there seems to be a
common DEPC molar ratio that can be used without worrying about structural perturbations.

EXPERIMENTAL

Materials

Rituximab (Rituxan® 100 mg/10 mL vial, lot#3209283, Genentech) and the NIST
Monoclonal Antibody Reference Material 8671 (NISTmAb 10 mg/mL vial, lot#14HB-
D-002) were ordered from Myoderm (Norristown, PA) and the National Institute of
Standards and Technology (NIST, Gaithersburg, MD), respectively. Diethylpyrocarbonate
(DEPC) (#D5758), imidazole (#15513), iodoacetamide (#16125), tris(2-
carboxyethyl)phosphine (TCEP) (#C4706), and trypsin (#T1426) were all purchased from
Sigma-Aldrich (St. Louis, MO). Sodium phosphate monobasic monohydrate (#50710) was
ordered from EM Science (Darmstadt, Hesse, Germany). Sodium phosphate dibasic
anhydrous (#S374), LC/MS-grade formic acid (#A117), acetonitrile (#A998), and water
(#W7) were obtained from Fisher Scientific (Fair Lawn, NJ). All reagents used in this study
have no known potential hazards.

Sample Preparation and DEPC labeling reactions

Rituximab was used as is in its formulation, which contains 10 mg/mL rituximab, 0.7
mg/mL polysorbate 80, 7.35 mg/mL sodium citrate dihydrate and 9 mg/mL sodium chloride
in water at pH 6.5. For the NISTmADb formulation, L-histidine was removed from the
formulation using PD SpinTrap G-25 spin columns (#28918004, GE Healthcare Life
Sciences, Marlborough, MA) to prevent this amino acid from interfering with the DEPC
reaction. The NISTmADb was then buffer exchanged in 50 mM phosphate buffer at pH 6.0,
which is the pH of the formulation before L-histidine removal. Aliquots of rituximab and the
NISTmADb (10 mg/mL, 70 uM) with only minor dilution (to 60 uM) were reacted with
DEPC. Stock solutions of DEPC (69 mM) were freshly prepared in acetonitrile, and the final
solution of DEPC was then prepared in water. Labeling of each mAb was performed for 5
min at 37 °C and was initiated by adding various molar excesses of DEPC, from 2-fold up to
30-fold). The reaction was quenched by the addition of imidazole at a 1:50 DEPC to
imidazole molar ratio. For experiments at each DEPC concentration, at least three replicates
were performed on the rituximab and NISTmAb samples.
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Proteolytic digestion

After quenching, the labeled mAb samples were diluted in 50 mM phosphate buffer at pH
7.4 and added into a urea-containing tube. The resulting mixture contained 8 M urea for
protein denaturation at room temperature. TCEP was added at the final concentration of 25
mM to reduce the disulfide bonds, and iodoacetamide was simultaneously added at the same
final concentration to alkylate the reduced Cys residues. The samples were then kept in the
dark at room temperature for 20 min. For rituximab samples, DetergentOUT™ Tween®
Micro spin columns (#786-214, G-Biosciences, St. Louis, MO) were used to remove
Tween® 80 from the samples. Subsequently, overnight digestion at 37 °C was performed
with trypsin at a 1:10 (w/w) enzyme to substrate ratio. Following digestion, trypsin was
removed from the resulting rituximab or NISTmADb peptides through ultrafiltration using an
Amicon® centrifugal filter with a 10 kDa molecular weight cutoff (#UFC501096, Millipore,
Burlington, MA). The flow-through was collected, flash-frozen in liquid nitrogen, and stored
at —20 °C until LC-MS/MS analysis.

HPLC separation

Online LC-MS/MS analyses were performed on all rituximab and NISTmADb digests. A
sample containing approximately 5 pg of the digested protein was loaded on a Thermo
Scientific Dionex Ultimate 3000 HPLC system (Waltham, MA). The separation of peptides
was performed on a Thermo Scientific Acclaim™ PepMap™ RSLC C18 column (15 cm X
300 um, 2 um particle size, 100 A pore size) with a flow rate of 4 pL/min. LC/MS-grade
water (solvent A) and acetonitrile (solvent B), each containing 0.1% formic acid, were used
as mobile phases. Desalting was performed at 5% B during the first 5 min after sample
injection. A linear gradient of solvent B was increased from 5% B to 35% B over 65 min.
The gradient was finally elevated to and held at 95% B to flush the column.

Mass Spectrometry

Mass spectra were acquired on a Thermo Scientific Orbitrap Fusion mass spectrometer
(Waltham, MA). The electrospray needle voltage was kept at ~4 kV (positive mode), and the
ion transfer tube temperature was set to 275 °C. Tandem mass spectrometry (MS/MS) was
conducted on a set of selected mAb peptides. The precursor ions (unmodified or modified
peptide ions) were selected using a quadrupole mass filter at an isolation width of 2.0. The
AGC target and maximum injection time were set to 5 x 104 ions and 50 msec, respectively.
Collision induced dissociation (CID) was performed in a linear quadrupole ion trap with a
normalized collision energy of 35%. Mass spectra of product ions were acquired on an
Orbitrap analyzer with a resolution of 30,000.

Dose-Response Plots

DEPC can modify His, Lys, Ser, Thr, Tyr, and N-termini, and the labeling results in a single
type of modification product with mass addition of 72.02 Da (Scheme 1a and Figure S1).
Under the conditions used in this study, the reaction of DEPC with a specific site in the
protein follows second order kinetics3” (Equation 1),
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where [P]p is the initial concentration of unmodified mAb, [X]y is the initial concentration of
DEPC, [P] is the concentration of unmodified mAb at time t, [X] is the DEPC concentration
at time t, and k is the second-order rate coefficient. Details about how this equation is
derived can be found in the Supplementary Information.

[X]olP]

For each specific labeling site, a plot between ln(m) and [X]o was produced for a given

peptide from LC-MS/MS data of that peptide. [P]/[P]g is the ratio of the peak area for the
unmodified peptide to the sum of the peak areas for the modified and unmodified peptide,
and [X] is determined by the difference between the [P] and [P]g values. A hypothetical
dose-response plot for a second order reaction is shown in Scheme 1b.

A custom software pipeline specifically designed for protein CL-MS studies with

DEPC35: 36 was used for the initial identification of the peptides that were chosen for
MS/MS. Assignments of b and y ions from CID tandem mass spectra were performed with a
mass tolerance of 0.5 Da. From the LC-MS/MS analyses on a set of selected mAb peptides,
Thermo Scientific Xcalibur™ software was used to reconstruct product ion chromatograms
of unmodified and modified peptides. Peptide identification and peak quantification were
performed using tandem spectra and mass spectral peak areas, respectively.

RESULTS AND DISCUSSION

Dose-Response Plots as Indicators of Antibody Structural Changes upon DEPC Labeling

Reliable information about the HOS of mAbs can be obtained from CL-MS experiments
only when the protein’s structural integrity is preserved during the labeling. Under the
conditions that DEPC is normally used for labeling, its reaction with a specific site in a
protein follows second order kinetics.3” Deviations from these kinetics at high reagent
concentrations can indicate a structural perturbation, as the labeling kinetics are sensitive to
any structural changes that affect the reactivity of a given residue. We have shown in
previous work with DEPC that breaks in linearity in dose-response plots are indicators of
labeling-induced structural perturbations in small proteins, such as cytochrome c and
myoglobin.3” In addition, other investigators have used dose-response plots to measure
structural changes during HRF and carboxyl group footprinting.34 44 Because DEPC can
hydrolyze in water over time, the DEPC reactions are conducted at a constant reaction time
t, and a rate constant can be determined from a dose-response plot. Changes in local
structural features like solvent accessibility and microenvironment23: 37. 46 that can occur at
higher DEPC concentrations lead to breaks in the linearity of the plot, indicating these
structural perturbations (Scheme 1b). Dose-response plots for individual proteolytic
fragments of the labeled protein provide a sensitive measure of structural perturbations as
they report on local changes. The experimental workflow to generate dose-response plots for
proteolytic fragments is shown in Figure 1.
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The antibodies rituximab and NISTmAb were reacted with a range of DEPC concentrations,
and dose-response plots were generated for a set of representative peptides with labeled sites
spread throughout the antibody structure (Figure S2). One to two peptides per domain were
selected, and these peptides (a) had no post-translational modifications and (b) were
generated with no missed cleavages during the tryptic digestion. Several of the peptides that
are reported here include residues in the complementarity-determining regions (CDRS),
which makes them critically important for the antibody’s structure and function. Examples
of tandem mass spectra and label site identifications of these representative peptides can be
found in Figures S3 and S4.

Dose-response plots can be used to reveal labeling-induced structural perturbations for
antibodies, which are multi-domain proteins.

Dose-response plots for selected proteolytic fragments of rituximab are shown in Figure 2
and S5. For all of the peptides, linear relationships are observed at low DEPC
concentrations, suggesting that the protein’s HOS in different domains is maintained during
the DEPC labeling at these concentrations. Breaks in linearity of the dose-response plots
were determined from R? values and standard errors of regression (sy)." 8 Specifically,
R2 values above 0.95 and Syix below 30% were used as cutoffs for assessing linearity. The
30% value for sy, was chosen because we found that the average %RSD for all the data for
rituximab and NISTmADb is around 30%. One conclusion from the rituximab results is that
the linearity of the dose-response plots is maintained for at least up to 6-fold DEPC in all
cases, and for some residues it is maintained up to 10- or 15-fold DEPC [Table 1 and Figure
S5 (j) to (p)]. This observation means that rituximab’s HOS can be reliably maintained at
DEPC:protein molar ratios of 6-fold. An almost identical conclusion is made from the dose-
response plots for proteolytic fragments of NISTmAb (Figure 3 and S6). The dose-response
plots maintain linearity up to 6-fold for all peptides, while some peptides retain linearity at
DEPC:protein ratios as high as 15-fold [Table 1 and Figure S6 (f) to (0)]. In the data for both
mADbs, the error bars also tend to be larger at the higher DEPC concentrations, suggesting
increased protein structural heterogeneity when label-induced structural changes occur. The
fact that deviations in linearity occur at higher than 6-fold DEPC for both antibodies
suggests that there might be a DEPC:protein ratio that could be commonly used for mAbs
without worry of structural perturbations. Because therapeutic mAbs have similar overall
folds and tend to have similar F; domains, the results obtained here are probably
transferrable to all mAbs. However, more studies would be needed to thoroughly evaluate
this idea. Antibodies with different glycosylation profiles and antibody subclasses (e.g.
1gG1, 1gG2, 1gG3 and 1gG4) with different disulfide-bonding patterns have different stability
profiles,49-53 and these differences might lead to different DEPC concentrations at which
structural perturbations occur.

A closer look at the labeling data reveals that some antibody domains are more susceptible
to labeling-induced structural changes than others (Table 1 and Figure S7). Most notably, the
Fab has a greater percentage of sites (60%) whose linearity goes beyond 6-fold DEPC. In
contrast, the C2 domain has a smaller percentage (38%) of sites that maintain linearity past
6-fold DEPC. These observations are consistent with the known stability differences of the
Fap and CH2 domains. Previous studies have identified the melting temperatures (Ty,) to be
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71°C and 74°C for the CH2 and F,, domains of rituximab, respectively, and 69°C and 83°C
for those of the NISTmAb.%4 55 The C,y2 domains of both antibodies have lower T, values
than that of F4, domains, which may explain why the C2 domain is more sensitive to
labeling-induced structural perturbations. Upon comparing the Fyy, sites in each antibody, the
NISTmADb has higher number of sites whose linearity goes beyond 6-fold DEPC (70%) than
rituximab (50%). Perhaps the higher overall stability of NISTmAb’s Fae explains why it has
higher number of sites whose linearity goes beyond 6-fold DEPC.

Labeling rate coefficients can be determined from dose-response plots

DEPC modification rate coefficients (k) range from 2.2 x 1073 t0 8.0 x 10~1 M~1s71 (Table
1). These are “apparent’ rate coefficients because differences in ionization efficiencies
between the labeled and unlabeled peptides make it difficult to obtain real rate coefficients
from the experiments. The reaction rate coefficients tend to be higher for His and Lys
residues than for Ser, Thr, and Tyr residues. Around 85% of His/Lys residues have k values
greater than 1 x 1072 M~1s71, while about 50% of the Ser/Thr/Tyr residues have k values
greater than 1 x 1072 M~1s71, These results are consistent with our previous studies that His
and Lys side chains have higher intrinsic reactivities towards DEPC labeling than Ser, Thr,
and Tyr side chains.23 3746

Because the two mAbs have the same constant domain sequences, and presumably similar
structures in these regions, we also can compare DEPC labeling rate coefficients for eight
common residues in these constant regions (C, CH1, and F¢) to understand how the
different formulations affect the labeling rates. Upon comparing the common residues, we
find that H289/K292 (H288/K291) and Y377 (Y376) in the heavy chain and T108 in the
light chain have essentially the same rate coefficients for the two mAbs. Note that the
NISTmADb’s residue numbers are shown in parentheses as its heavy chain has one less
residue at the N-terminus than rituximab. In contrast, the rate coefficients for Y153 (Y152),
Y282 (Y281), T254 (T253), and S258 (S257) in the heavy chain change by a factor of 2 to
4, and the rate coefficient for S170/T171/Y172 in the light chain changes by a factor of
almost 60. The difference in labeling rate coefficients for these residues can be ascribed to
(a) differences in the rituximab and NISTmADb formulations and/or (b) changes in the
microenvironment around these residues due to the formulation differences or non-identical
local structures in the constant regions of these mAbs.

The key differences of the rituximab and NISTmAb formulations are pH (6.5 and 6.0,
respectively) and the presence of polysorbate 80 in the former. The residues Y153, Y282,
and T254 have acidic residues within 4 A. The difference in the pH of the two mAb
formulations could affect the protonation states of these adjacent acidic residues, thereby
influencing the pK, values and thus the DEPC reactivity of these Tyr and Thr residues.2® In
contrast, there are no acidic residues adjacent to H289/K292, Y377, and T108, perhaps
explaining why the rate coefficients for these residues are almost the same for the two mAbs.
Interestingly, S170 has a nearby acidic residue in the NISTmADb, but in rituximab an Arg
residue is close. It is reasonable that such a dramatic change in the electrostatic environment
around S170 could explain why S170/T171/Y172 is 60-fold more reactive in rituximab.
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Moreover, the microenvironment around these residues in each mAb is quite different in
terms of nearby hydrophobic residues and other polar residues.

Multi-domain antibodies can be labeled with more than one DEPC molecules before being
structurally perturbed

The ‘single hit rule’ in CL indicates that the addition of subsequent covalent labels after the
first will necessarily occur to a chemically perturbed protein and should thus be avoided. We
were interested, though, to see how many DEPC labels a multi-domain protein could
accommodate before structural changes actually occurred, as evidenced by changes in the
reaction Kinetics. Because the dose-response plots for both antibodies were still linear up to
a 6-fold excess of DEPC, we separately reacted each antibody with this level of DEPC and
then measured the extent of labeling on the intact light and heavy chains using LC-MS (see
analysis details in the Supplementary Information). We find that the weighted average
numbers of labels on the light chains of rituximab and NISTmADb are 0.6 and 0.7,
respectively, whereas the weighted average number of labels on the two heavy chains of
rituximab and NISTmADb are 2.3 and 2.7, respectively (Figure 4). Note that the heavy
chain’s spectra are complicated by N-glycan heterogeneity. Enzymatic removal of the
glycoform to reduce spectral complexity is possible, but we did not perform this because we
wanted to limit any possible hydrolysis of the DEPC labeled sites during the relatively long
enzymatic reaction time. Because each protein has two light chains, the total extent of
labeling is 3.5 for rituximab and 4.1 for NISTmADb.

The fact that both antibodies can accommodate 3 or 4 labels before any structural
perturbation is observed suggests that the ‘single hit rule’ is not relevant to such large multi-
domain proteins such as antibodies. Previous work in our group on relatively small (< 30
kDa) single-domain proteins showed that modification conditions that lead to 0.8 to 1.2
labels per protein on average can maintain the structural integrity of these proteins during
the labeling.37. 56: 57 Being able to add more than one label per mAb is beneficial for CL-MS
studies, as it allows a more sensitive measure of structure because more modifications are
detected. It is perhaps not surprising that multi-domain proteins such as mAbs are capable of
accommodating more than one label, as the multi-domain structure of these proteins likely
make them less readily perturbed when modifications are occurring at distant sites (e.g.
different domains). This explanation is supported by the success of therapeutic antibody-
drug conjugates (ADCSs) that have hydrophobic drugs attached. Conjugation of these drugs,
often at multiple sites, do not significantly perturb the structure and function of the multi-
domain antibody.58-61 While up to 4 DEPC modifications can be accommodated by the
mADbs studied here, these proteins do have 12 domains, so modification-induced structural
changes still do occur across domains. Overall, our findings indicate that multi-domain
antibodies can be labeled with more than one DEPC molecule before being structurally
perturbed, thus improving the CL-MS resolution substantially compared to the single-hit
rule. In addition, these results could be helpful for understanding the extent to which ADCs
could be conjugated with drug molecules before structural perturbations are observed.
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CONCLUSION

Measuring the kinetics of DEPC CL reactions can reveal the DEPC concentrations at which
labeling-induced structural perturbations occur for antibodies. For two separate antibodies
that have different formulations, we find that a 6-fold molar excess of DEPC can be used
without perturbing the protein’s structure, suggesting that this is a reliable DEPC
concentration for CL studies of antibodies. This practical finding should avoid the need for
time-consuming optimization of DEPC CL conditions for antibodies. Moreover, at these
DEPC:mAD labeling ratios, up to four DEPC modifications can be added, indicating that
these multi-domain proteins can accommodate more than one label without being
structurally perturbed. Interestingly, most of the domains in the NISTmAb maintain their
structural integrity at higher DEPC concentrations than rituximab, which is consistent with
the greater stability of this mAb. This observation may suggest that more thermally stable
proteins could accommodate even higher levels of labeling, allowing a more sensitive
measure of HOS by DEPC CL. Overall, these studies improve our ability to use DEPC CL
to study the HOS of protein therapeutics.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

The experimental workflow used to generate dose-response plots for selected proteolytic
fragments of the mAbs studied here. The mAb reacts with DEPC at different reagent
concentrations. The labeled mAb is subjected to proteolytic digestion, and the labeled

peptides are analyzed using LC-MS/MS. Peak areas of unmodified and modified species are

used to generate a dose-response plot.
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Figure 2.
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Dose-response plots for selected proteolytic fragments of rituximab after labeling with
DEPC at concentrations varying from 2- to 30-fold DEPC:protein molar ratios. Plots of
select reactive residues from each of the six antibody domains in heavy chain (HC) and light
chain (LC), (8) Vn, (b) CH1, (c) CH2, (d) CH3, (e) V|, and (f) C, are shown here. The plots
of other reactive sites in rituximab can be found in Figure S5. Linear relationships are
observed between the unmodified fraction and the DEPC concentrations at low reagent
concentrations. The rate coefficients (k) in M1 s~ are obtained by dividing the measured
slopes by the reaction time (see Equation 1). Error bars for the rate coefficients are
calculated from the standard error of the slope.
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Figure 3.
Dose-response plots for selected proteolytic fragments of NISTmADb after labeling with

DEPC at concentrations varying from 2- to 30-fold DEPC:protein molar ratios. Plots of
select reactive residues from each of the six antibody domains in heavy chain (HC) and light
chain (LC), (d) Vn, (b) CH1, (c) CH2, (d) CH3, (e) V|, and (f) C, are shown here. The plots
of other reactive sites in NISTmADb can be found in Figure S6. Linear relationships are
observed between the unmodified fraction and the DEPC concentrations at low reagent
concentrations. The rate coefficients (k) in M1 s~ are obtained by dividing the measured
slopes by the reaction time (see Equation 1). Error bars for the rate coefficients are
calculated from the standard error of the slope.
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Figure 4.

Mass spectra obtained from LC-MS analyses of DEPC-labeled mAbs, showing the extent of
modification for the light and heavy chains of (a) rituximab and (b) NISTmADb after labeling
at a 6-fold DEPC:protein molar ratio. COEt refers to a carbethoxy group that is the product
upon modification with DEPC. Because of glycan heterogeneity on the heavy chain (HC)
and signal overlap with the light chain (LC), only the G1F/G1F glycoform of a non-reduced
heavy chain (2HC) is shown.
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(a) DEPC labeling of nucleophilic side chains (His, Lys, Tyr, Ser, and Thr) in the antibodies.
(b) A hypothetical dose-response plot for a given peptide fragment can be used to identify
any labeling-induced structural perturbation to the protein in the region represented by the
measured peptide. In this example, a break in linearity is indicative of a structural
perturbation at a high DEPC concentration.
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Table 1.

A summary of the dose-response data for residues in rituximab and the NISTmADb.

Antibody Residue®

Secondary structure

Linearity Rate coefficient kb

up to

(M1s7h)
Rituximab
- i -1
LC S170M171/Y1725 B-sheet & random coil 6X 7.4+08x10
i -1
HC H289/K292° Random coil 10X 3.1+0.2x10
HC Y282 B-sheet 6X 1.6+0.1x1071
LC H33 B-sheet 6X 1.0+0.1x 1071
i -2
HC s25/v27° Random coil 10X 7.2+0.6 x 10
LC Y48 Random coil 15X 49+0.3x1072
i, -2
HC Y395/K396° B-sheet 10X 22+0.1x10
HC T254 B-sheet 6X 21+0.4x1072
HC Y377 Random coil 6X 1.34+0.02 x 1072
HC S258 Random coil 6X 1.31+0.06 x 1072
HC Y153 Random coil 6X 85+0.1x1073
HC Y52 B-sheet 6X 3.6+0.2x1073
i -3
HC Y60/K63€ Random coil 6X 35+0.2x10
. -3
HC s185/s187/s188¢  PSheet X 25£01x10
HC s161 B-sheet 10X 25+02x1073
LC T108 Random coil 10X 22+01x1073
NISTmAb
- i -1
HC K58/K59¢ B-sheet & random coil 6X 8.0+0.2x10
HC Y281 B-sheet 10X 36+0.1x107!
i -1
HC H288/K291° Random coil 10X 35+0.1x10
HC K13 Random coil 8X 3.2+0.2x101
LC Y31 Random coil 15X 43+0.5x1072
LC H33 B-sheet 15X 23+02x1072
- i -2
LC T50/S51/K525 B-sheet & random coil 6X 1.22+0.04x 10
- i -2
LC S170/T171/v172° B-sheet & random coil 10X 1.22+£0.09 x 10
HC Y376 Random coil 10X 1.1+0.1x1072
HC T253 B-sheet 6X 47+05x 1073
HC Y152 B-sheet 10X 45+03x1073
HC S127 f-sheet 6X 36+01x1073
HC S257 Random coil 6X 31+02x1073
- i _3
HC s134/S135/K136° & helix 10X 29+0.2x10
LC T108 Random coil 8X 22+0.1x1073

aLC refers to light chain, and HC refers to heavy chain.
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bThe k values are obtained by dividing the measured slope by the reaction time (see Equation 1). Error bars are calculated from the standard error
of the slope.

Tandem mass spectrometry does not enable the precise modification site to be definitively identified.
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