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Abstract

Identifying changes in the higher-order structure (HOS) of therapeutic monoclonal antibodies 

upon storage, stress, or mishandling is important for ensuring efficacy and avoiding adverse 

effects. Here, we demonstrate diethylpyrocarbonate (DEPC)-based covalent labeling (CL) mass 

spectrometry (MS) and hydrogen deuterium exchange (HDX)/MS can be used together to provide 

site-specific information about subtle conformational changes that are undetectable by traditional 

techniques. Using heat-stressed rituximab as a model protein, we demonstrate that CL/MS is more 

sensitive than HDX/MS to subtle HOS structural changes under low stress conditions (e.g. 45 and 

55 °C for 4 h). At higher heat stress (65 °C for 4 h), we find CL/MS and HDX/MS provide 

complementary information, as CL/MS reports on changes in side chain orientation while 

HDX/MS reveals changes in backbone dynamics. More interestingly, we demonstrate that the two 

techniques work synergistically to identify likely aggregation sites in the heat-stressed protein. In 

particular, the CH3 and CL domains experience decreases in deuterium uptake after heat stress, 

while only the CH3 domain experiences decreases in DEPC labeling extent as well, suggesting the 

CH3 domain is a likely site of aggregation and the CL domain only undergoes a decrease in 

backbone dynamics. The combination of DEPC-CL/MS and HDX/MS provides valuable structural 

information, and the two techniques should be employed together when investigating the HOS of 

protein therapeutics.
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Introduction

The market for monoclonal antibodies (mAbs) has grown tremendously in the past 25 years 

and is estimated to be a $300 billion market in 2025. 1-4 As the mAb market is growing, 

there is an increasing need to characterize their higher order structure (HOS) quickly and 

effectively. Unlike small molecules, mAb structure is complex, and changes in HOS 

resulting from mishandling or storage can lead to reduced stability, loss of efficacy, or 

possible immunogenicity.5,6 In addition to monitoring changes in HOS, general structural 

information is useful for biologics license applications as it is necessary to demonstrate lot-

to-lot comparability and stability.7 Methods to assess HOS are also essential in biosimilar 

development as comparability of a biosimilar to an approved drug is necessary for FDA 

approval.8

Detecting mAb HOS changes is difficult due to their complexity and multidomain nature. 

High resolution methods such as nuclear magnetic resonance (NMR) or X-ray 

crystallography can provide atomic-level resolution; however, these techniques require large 

amounts of sample, have difficulty with heterogeneous proteins (e.g. multiple glycoforms), 

and/or are incapable of analyzing high molecular weight mAbs. Conversely, low-resolution 

techniques such as differential scanning calorimetry, dynamic light scattering, fluorescence 

spectroscopy, infrared spectroscopy, and circular dichroism spectroscopy are relatively fast 

and have low sample consumption, but they do not provide site-specific information about 

localized conformational changes. As a result, there is a need for methods that are rapid, low 

on sample consumption, and provide high enough resolution to detect site-specific HOS 

changes.

Mass spectrometry (MS) is a powerful tool for protein analysis and has some advantages 

over other structural characterization techniques. MS-based methods have the benefits of 

limited sample consumption, essentially no molecular weight limitation, and the ability to 

analyze complex protein mixtures. MS is emerging as a method that can examine protein 

HOS.7,9 To characterize protein HOS, protein structural information must be encoded into 

the protein’s mass. One commonly used method to achieve this is hydrogen deuterium 

exchange (HDX). HDX/MS is well established in industry for detecting protein dynamics, 
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protein/protein interactions, and protein-ligand binding, including for mAbs.10-18 In 

HDX/MS the exchange of backbone amide hydrogens with deuterium is measured, and the 

extent of exchange depends on solvent accessibility, H-bonding, and dynamics, resulting in 

an increase in mass that can be detected and localized to peptide fragments using MS after 

proteolytic digestion.

Covalent labeling (CL) with MS detection has also been used increasingly to characterize 

protein HOS such as protein-ligand binding sites and protein/protein interactions,19,20 and 

recently the method has been applied for structural analysis and epitope-paratope mapping 

of antibodies.19,21-25 In CL a reagent is used to covalently modify solvent exposed amino 

acid side chains, resulting in a mass shift that can be detected with MS. When used with 

bottom-up tandem MS (MS/MS), residue-level resolution can be obtained, which contrasts 

with typical HDX measurements that are limited to peptide-level information. CL/MS 

methods have the additional advantage of being permanent modifications that are typically 

not lost during analysis, as can happen to deuterium labels during HDX/MS.

HDX/MS and CL/MS are complementary methods as HDX provides protein backbone 

information while CL reports on side chains. The complementarity of the two techniques has 

recently been used to gain deeper structural information about a variety of protein systems.
21,26-28 For example, Gross and coworkers have used fast photochemical oxidation of 

proteins (FPOP), which is a CL/MS method, and HDX/MS to investigate the conformational 

changes that take place in the interleukin-6 receptor when it binds with different adnectins. 

The same group also used FPOP and HDX/MS to structurally characterize antibodies, 

finding that the two methods provide overlapping results, while FPOP was able to identify 

potential residues within the epitope.26 An important aspect of FPOP is the hydroxyl 

radicals that are used react on the μs to ms timescale, which is similar to the intrinsic (or 

chemical) exchange rate of HDX. Our group recently demonstrated other CL reagents, such 

as diethylpyrocarbonate (DEPC), which react on a slower time scale (i.e. s) can be combined 

with HDX/MS data to provide synergistic structural information about protein-ligand 

interactions.29 DEPC reacts with nucleophilic residues, including Cys, Lys, His, Thr, Ser, 

and Tyr, labeling around 30% of the surface exposed residues on the average protein. 

HDX/MS measures both changes in solvent exposure and dynamics, which can lead to 

uncertainty when studying protein interactions, while CL/MS with DEPC is primarily 

sensitive to changes in solvent exposure because of the relatively slow-reacting nature of the 

reagent. Moreover, unlike typical HDX experiments that are done at different time points 

(e.g. 10 s to 24 h), CL experiments are typically conducted at a single reaction time point 

(e.g. 5 min), and thus lack the kinetic information that might report on dynamics. Together, 

the two techniques can provide greater insight into binding sites and binding-induced 

structural or dynamical changes.

Here, we demonstrate HDX/MS and DEPC-based CL/MS can be used to provide 

complementary and synergistic HOS information about heat-stressed therapeutic mAbs, 

using rituximab as a model system. Three levels of heat stress were chosen to induce 

different extents of structural changes to compare the information provided by these two 

techniques. Under low and moderate heat stress (i.e. 45 °C and 55 °C), the two methods 

provide complementary information about regions of rituximab that undergo subtle 
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structural changes. By using high heat stress conditions, just below the melting temperature 

of the protein, we demonstrate that the two techniques together more clearly differentiate 

structural changes resulting from changes in protein dynamics from those resulting from 

decreases in solvent exposure due to aggregation. The techniques provide greater confidence 

in the aggregation sites by using CL data to clarify ambiguous HDX results. Together, 

DEPC-based CL/MS and HDX/MS provide a more comprehensive picture of the structural 

changes that take place in a heat-stressed mAb.

Methods

Materials

Rituximab formulation (Rituxan® 100 mg/10 mL vial, lot# 3209283, Genentech) was 

purchased from Myoderm. Diethylpyrocarbonate (DEPC) (#D5758), imidazole (#I5513), 

iodoacetamide (#I6125), tris(2-carboxyethyl)phosphine (TCEP) (#C4706), deuterium oxide 

(D2O) (#151882), Guanidine hydrochloride (GnHCl) (#G3272), sodium chloride (#S5886), 

and trypsin (#T1426) were obtained from Sigma-Aldrich. Urea (#AC424581000) was 

purchased from Acros Organics. Sodium phosphate monobasic monohydrate (#S0710-1) 

was obtained from EM Science. Sodium phosphate dibasic anhydrous (#S374-500), LC/MS-

grade formic acid (#A117-50), acetonitrile (#A998-4), and water (#W7-4) were purchased 

from Fisher Scientific.

Heat treatment

Formulated rituximab was used in all experiments. The formulation consists of 10 mg/mL 

(69.5 μM) 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. Samples were aliquoted from a rituximab 

formulation stored at 4 °C. Control samples were incubated at 37 °C for 5 min, and heat-

stressed samples were incubated at 45 °C, 55 °C, and 65 °C for 4 h in a water bath prior to 

cooling to an appropriate temperature for DEPC labeling or HDX experiments.

DEPC labeling and proteolytic digestion

DEPC stock solutions were prepared in acetonitrile and further diluted in water in order to 

have acetonitrile levels that are less than 1% v/v in the final samples. The DEPC labeling 

reaction was done on the rituximab formulation (5 μL aliquot) with only a small dilution (to 

58 μM) due to the addition of DEPC. Labeling was conducted at a DEPC:protein molar ratio 

of 4:1 at 37 °C for 5 min. We have found that a 5-min reaction a 4:1 molar ratio leads to 

sufficient labeling of antibodies without perturbing the protein’s structure.30 Imidazole was 

then added at a 1:50 DEPC:imidazole molar ratio to quench the reaction. For each stress 

conditions, at least three replicates were performed on the rituximab samples.

The quenched reaction mixtures were subsequently added into a urea-containing microtube 

and diluted in 50 mM phosphate buffer (pH 7.4). Protein denaturation was conducted in an 8 

M urea solution. To reduce the disulfide bonds and alkylate the reduced Cys residues, TCEP 

and iodoacetamide were both added at final concentrations of 25 mM. The samples were 

kept in the dark for 20 min at room temperature to prevent photodegradation of 

iodoacetamide. DetergentOUT™ Tween® Micro spin columns (#786–214, G-Biosciences) 
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were then used to remove polysorbate 80 from the samples. Subsequently, samples were 

diluted 4-fold with phosphate buffer to ensure less than 2 M urea was present during the 

digestion. Proteolytic digestion was performed using trypsin at a 1:10 (w/w) enzyme to 

substrate, and the protein was digested overnight at 37 °C. To remove trypsin and collect the 

resulting peptides after the digestion, the samples were filtered through an Amicon® 

centrifugal filter with a 10 kDa molecular weight cutoff (#UFC501096, Millipore). The 

filtrate was collected, flash-frozen in liquid nitrogen, and stored at −20 °C until LC-MS/MS 

analysis.

LC-MS/MS of CL samples

For online LC-MS/MS analyses, a sample containing approximately 2 μg of rituximab 

peptides was loaded on an Easy-NanoLC 1000 system (Thermo Scientific). The flow rate 

was set at 300 nL/min. An Acclaim PepMap C18 trap column (2 cm × 75 μm, 3 μm, Thermo 

Scientific) was used for sample trapping and desalting. The separation of peptides was then 

performed using a FortisBIO C18 nanocolumn (15 cm x 75 μm, 1.7 μm; Fortis 

Technologies). LC/MS-grade water (solvent A) and acetonitrile (solvent B), each containing 

0.1% formic acid, were used as mobile phases. A linear gradient of solvent B was increased 

from 0% B to 50% B over 90 min. A nanoelectrospray ionization was used as an ion source 

at a needle voltage of 2100 V (positive mode). Mass spectra were acquired on a Thermo 

Scientific Orbitrap Fusion mass spectrometer. Tandem mass spectrometry (MS/MS) was 

conducted using collision-induced dissociation (CID) on a linear quadrupole ion trap.

CL/MS data analysis

Details about a custom software pipeline designed specifically for protein DEPC CL/MS 

experiments were described previously.31 Briefly, CID tandem mass spectra were searched 

against the sequence database to achieve peptide mapping with labeled site identification. 

The search parameters were set as follows: a precursor mass tolerance of 10 ppm, a product 

ion tolerance of 0.5 Da, carbamidomethylation of Cys and DEPC modification of His, Lys, 

Ser, Thr, Tyr, and N-terminus (mass addition of 72.0211 Da) as variable modifications. For 

semi-quantitation of modification extent, peak areas of labeled and unlabeled species 

obtained from reconstructed ion chromatograms of each species are used to calculate percent 

labeling at each labeled site.

HDX procedure

Samples were aliquoted (15 μL) from a rituximab formulation stored at 4 °C and then were 

incubated at 45 °C, 55 °C, or 65 °C for 4 h in a temperature-controlled water bath. After 

incubation, samples were diluted to 3 mg/mL and cooled to 10 °C for 15 min prior to HDX. 

Control samples were diluted to 3 mg/mL, and then cooled to 10 °C for 15 min prior to 

HDX.

D2O was prepared in a 10 mM phosphate buffer. The pD was adjusted via a pH meter 

corrected by the following relationship: pD = pH reading + 0.41.32 HDX experiments were 

conducted using the Leap HDX Automation Manager as part of the Waters nanoACQUITY 

UPLC system (Waters Corporation, Milford, MA, USA). The HDX procedure, including the 
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exchange reaction, quench, proteolytic digestion, LC separation, and MS conditions are 

detailed in the SI.

A 3.0 μL aliquot of native or stressed rituximab sample was diluted into 57.0 μL D2O buffer 

and allowed to exchange for various lengths of time ranging from 10 s to 24 h at 10 °C. At 

the end of each exchange period, the reaction was quenched by mixing the sample with a 

quenching buffer (1:1, v/v) that contained 4 M GnHCl, 0.5 M TCEP, and 200 mM Na2PO4 

in water (pH = 2.5) at 1 °C for 5 min. After the quench step, the sample was transferred and 

injected into the Waters ACQUITY UPLC System.

LC-MS of HDX samples

Online digestion was performed using a Waters ENZYMATE immobilized pepsin column 

(ID: 2.1 length: 30 mm) at high pressure (~11000 psi) and 10 °C. The proteolytic peptides 

were collected by a trap column (HSS T3 pre-column, 100 Å, 1.8 μm, 2.1 mm X 5 mm, 

Waters) for 4.5 min at 0 °C. Then, trapped peptides were eluted into a Waters ACQUITY 

C18 column (2.1 x 50 mm, 1.8 μm). The LC separation was conducted using binary solvent 

system; solvent A was water with 0.1% formic acid at pH 2.5, and solvent B was acetonitrile 

with 0.1% formic acid. The separation was carried out at 0 °C with a linear gradient that was 

increased from 5% B to 35% B over 7 min. The column was then washed by increasing from 

35% B to 85% B in 1 min at a flow rate of 40 μL/min. The eluent was then directed into a 

Waters SYNAPT G2Si mass spectrometer for analysis in MSE mode over the m/z range of 

50-2000.

HDX data analysis

The deuterium uptake level of each measured peptide at different exchange time points was 

automatically calculated using the Waters DynamX 3.0 software. Each peptide was manually 

inspected. Sequence coverage is >80% for all conditions. Averaged values from triplicate 

experiments with propagated error are reported. The reported deuterium uptake values are 

not corrected for back-exchange. Back exchange experiments were performed as described 

previously, and back exchange ranged from 30 to 50% for the measured peptides.33 The 

relatively long quench times (i.e. 5 min) and high pressure digestion conditions facilitate 

protein digestion at the expense of higher back exchange. However, back exchange was still 

within an acceptable range.33 Differences in exchange at the peptide level comparing native 

and heat stressed states were calculated in Excel for peptides that had 4 or more time points 

in at least 2 trials. Peptides were found to be statistically different if they were 3σ outside of 

the average of all differences for all time points and for all peptides. For the 45 °C samples, 

the ΔD that indicated significant difference was found to be 0.21 Da. For 55 °C, the value 

was 0.30 Da, and for 65 °C it was 0.46 Da. Peptides were further validated as significant by 

calculating their deuterium uptake change on a per residue basis (ΔD / # of exchangeable 

residues in peptide), with peptides being considered significantly different if they were 3σ 
outside the average of the per residue change. The peptides that were significantly different 

by absolute difference in deuterium uptake and per residue difference in deuterium uptake 

were consistent with each other for 45 °C and 55 °C; however, for the 65 °C data, some 

peptides that were found to be different by absolute value were not significantly different on 

a per residue basis. These peptides were still considered different, as no peptide was 
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significantly different on only a per residue basis. The ion intensities of the peptides that 

exhibited two different exchange distributions were exported to the program Origin, and 

multiple peak fitting was used to fit separate Gaussians to each distribution so that the 

exchange rates could be determined.

Biophysical characterization and activity assays—The technical details of these 

methods can be found in the Supplementary Material.

Results

Heat stress at 45 °C for 4 h

HDX and DEPC-CL with MS detection were used to identify any HOS changes experienced 

by rituximab after heat stress. Each heavy chain/light chain dimer of rituximab contains 236 

total His, Lys, Tyr, Thr, and Ser residues that can be labeled by DEPC (Table S1). After 

heating the protein at 45 °C for 4 h and then reacting it with DEPC, we find 154 residues are 

labeled, but only 17 undergo a significant change in labeling extent in comparison to the 

unheated (i.e. 37 °C) state (Table 1). These 17 residues are scattered throughout the protein 

and do not cluster in any one location (Figure 1A). Moreover, 12 of these 17 residues are 

Ser, Thr, and Tyr, whose CL reactivity with DEPC is influenced by the microenvironment 

around these residues,25 suggesting the changes in reactivity are primarily due to the re-

orientation of these side chains. The majority of the remaining five Lys and His residues that 

undergo changes are found to increase in labeling, which is consistent with mild heating 

leading to minor structural changes in some protein molecules that cause higher solvent 

exposure of these residues. These minor structural changes, however, do not cause any 

significant changes in HDX between the 45 °C heated and native states (Figure 1B and S1). 

Importantly, three of the 87 peptides used for the HDX/MS analysis exhibit two exchange 

distributions in both the stressed and the native state, indicating that at least two different 

conformations of rituximab exist in solution (Figure S2). However, these three peptides do 

not show any significant difference between the 45 °C stressed and native conditions. 

Additionally, activity and biophysical assays show no significant change in rituximab upon 

heating at 45 °C for 4 h (Figures S3 and S4). Overall, it appears that the structure of 

rituximab is not significantly altered after 4 h of heat stress at 45 °C.

Heat stress at 55 °C for 4 h

After heating rituximab at 55 °C for 4 h, changes in DEPC CL (Table S2) are primarily 

clustered in the Fab region, with scattered CL increases in the Fc region (Figure 2A). Out of 

the 236 labelable residues, 133 are labeled, while 31 undergo a significant change in labeling 

extent upon heat stress. Like the 45 °C heat stress condition, the majority (70%) of residues 

that undergo CL changes are Ser, Thr, and Tyr residues (Table 1). Most of the remaining His 

and Lys residues that change in labeling undergo increased CL, which one would expect 

upon heating, as some protein molecules partially unfold and have increased side chain 

solvent accessibility. The His and Lys residues that have increased CL mostly reside in the 

Fab and hinge regions. HDX/MS data show that one region of the protein, 148-171, in the CL 

domain undergoes increased deuterium uptake (Figure 2B and Figure S5). The differences in 

deuterium uptake of this peptide disappears after 24 h of exchange. Identical deuterium 
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exchange after 24 h, while having differential uptake at shorter exchange times (i.e. 1 and 4 

h), is consistent with increases in protein dynamics, which likely occur upon protein heating.

Closer inspection of the HDX data reveals that eight out of the 80 peptides are found to have 

two exchange distributions, again suggesting two conformations in solution. Three of these 

peptides come from the C-terminal end of the light chain, four come from the C-terminal 

end of the heavy chain, and one is from the middle of the CH1 domain. These two 

distributions can be separated into “slow exchangers” and “fast exchangers” (Figures S6 and 

S7), yet we find no significant differences between the slow and fast exchangers for these 

peptides upon comparing the native and 55 °C stress states. So, even if new protein 

conformations are populated in these regions upon heating at 55 °C, they are not readily 

resolvable by HDX/MS. Only the region spanned by 148-171 in the CL domain undergoes a 

significant change in exchange. The change in HDX in this one location and the changes in 

DEPC labeling extent are supported by activity assays that show significant changes in Fab 

activity. The activity assay results for the Fc region are somewhat ambiguous (Figure S3), 

and circular dichroism spectroscopy is insensitive to these changes at 55 °C (Figure S4).

Heat stress at 65 °C for 4 h

After heating rituximab at 65 °C for 4 h, significant structural changes are apparent from 

both DEPC CL/MS (Table S3) and HDX/MS results. Visually, the solution becomes cloudy, 

which is indicative of protein aggregation, but this cloudiness mostly disappears upon 

dilution for the labeling experiments. Moreover, dynamic light scattering and size-exclusion 

chromatography experiments reveal the existence of larger molecules in solution, further 

confirming aggregation (Figure S8). Because the measured sequence coverage is comparable 

for the 45 °C, 55 °C, and 65 °C experiments, we do not feel that the observed aggregation 

has affected our results significantly.

While 65 °C is below the melting temperature of rituximab, the protein was heated at this 

temperature for 4 h to cause significant structural changes that we expected to be measurable 

by the two MS techniques.35 Significant changes in CL extent are observed for 22 residues, 

and six peptides are found to undergo significant changes in deuterium uptake. Of the 22 

residues, seven increase and 15 decrease in CL, while two of the six peptides increase in 

HDX and four decrease (Figure 3). Notably, one of the two peptides that increases in 

exchange is the same peptide (i.e. 148-171) that increases in exchange when heated at 55 °C, 

suggesting this part of the protein is prone to unfolding or increased dynamics after heating 

(Figure S9).

Additionally, seven of the 128 peptides considered in the HDX analysis have two exchange 

distributions, indicating multiple conformations (Figures S10, S11, and S12). In two of the 

seven peptides that display multiple conformations, the slow-exchanging conformation 

becomes more abundant after heating, which is consistent with these sites becoming buried 

due to aggregation in a fraction of the protein molecules. Considering the data overall, the 

results from CL/MS and HDX/MS are generally consistent with each other (Table 2). The 

relatively few increases in CL and deuterium uptake occur in the Fab region, while decreases 

are measured throughout the protein (Figure 3A and B). The prevalence of decreased 
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labeling and exchange is expected due to the protein aggregation that occurs at this 

temperature.

While the CL/MS and HDX/MS results are mostly consistent, a closer inspection of the 65 

°C data provides a useful comparison of the information provided by the two techniques. 

Residues that undergo changes in DEPC labeling are located within regions that have either 

(i) no coverage by HDX, (ii) no change in HDX, (iii) the opposite change as HDX, or (iv) 

the same change as HDX (Table 2). While we have excellent protein sequence coverage (> 

80%) in our HDX/MS experiments (Figure S13), two of the 22 residues that undergo 

changes in CL are in regions lacking coverage by HDX/MS, making it difficult to compare 

the data for these residues. Fifteen of the residues that undergo CL changes are in regions 

with no change in deuterium uptake, with five having increased CL and the other 10 

undergoing decreased labeling. The CL decreases are mostly for Ser, Thr, or Tyr residues, 

which are sensitive to changes in the side chain microenvironment. This inherent sensitivity 

to changes in microenvironment may explain why CL changes are observed and HDX 

changes are not. The CL reactivity of Ser, Thr, and Tyr residues is exquisitely sensitive to 

changes in microenvironment, as is seen in the 45 °C data, whereas more substantial 

structural changes are necessary to result in measurable changes in HDX/MS.36

Only one residue, Thr101, undergoes a change in CL that appears to be the opposite of the 

HDX results. Thr101 undergoes decreased CL and is located in a peptide (94-103) in the 

heavy chain that increases in deuterium uptake after heating. Two other residues in the 

protein region spanned by this peptide are also covalently labeled, but their CL changes are 

statistically insignificant (i.e. Thr96 [2.0 ± 0.6% to 4 ± 2%] and Lys102 [0.08 ± 0.02% to 

0.04 ± 0.02%], see Table S3). The CL increase for Thr96 might be consistent with the HDX 

increase in this protein region, but the poor measurement precision for this residue does not 

allow us to draw this conclusion with confidence.

Finally, four residues undergo CL changes that are consistent with the HDX results. Ser428, 

His439, Tyr440, and Lys451 undergo a decrease in CL after heating at 65 °C, and a peptide 

measured by HDX/MS that spans this region of the heavy chain (428-450) also undergoes a 

decrease in deuterium uptake. This peptide exhibits both slow and fast-exchanging 

distributions in the native and heat-stressed states. Interestingly, only the slow-exchanging 

distribution decreases in exchange in the stressed state, while the fast-exchanging 

distribution increases in exchange in the stressed state. Furthermore, this 28-residue region 

of the protein contains nine residues that are covalently labeled (see Table S3). Unlike 

Ser428, His439, Tyr440, and Lys451, five residues (Ser430, His433, His437, Lys443, and 

Ser448) do not undergo statistically significant changes in labeling. These observations point 

to a mixture of conformations and some complex structural changes to this region of the 

protein.

Discussion

The work described here is one of the first studies that has used CL/MS and HDX/MS 

together to examine the same heat-stressed mAb. While a few other studies have reported 

oxidative labeling (e.g. FPOP)21,37 together with HDX/MS to analyze mAb structure and 
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interactions, the use of DEPC as the labeling agent in this study provides a unique set of 

information for stressed mAbs because of the rate at which the reagent reacts with residue 

side chains. Our results support the idea that DEPC CL/MS can be more sensitive to subtle 

structural changes than HDX/MS. In addition, we demonstrate that the methods are 

complementary, as might be expected, but they also provide some synergistic information, 

yielding new insight not available from either technique alone.

CL is more sensitive than HDX

The CL/MS results for rituximab at 45 and 55 °C indicate that DEPC-CL is more sensitive 

to subtle HOS changes than HDX. After heating at 45 °C, no significant changes in HDX 

are detected, while 17 residues undergo changes in CL extent. About 70% of the changes in 

DEPC-CL are residues that are weakly nucleophilic, namely Ser, Thr, and Tyr. The 

sensitivity of DEPC CL/MS to subtle structural changes is primarily due to how the 

reactivity of weakly nucleophilic Ser, Thr, and Tyr residues are influenced by small changes 

in their microenvironment. Previous studies have demonstrated that unlike the more highly 

nucleophilic residues, His and Lys, the reactivity of Ser, Thr, and Tyr are not dictated 

primarily by their solvent exposure.36 Instead, a partially exposed hydrophobic 

microenvironment increases the reactivity of these weakly nucleophilic residues by 

increasing the local concentration of hydrophobic DEPC. If the microenvironment around a 

Ser, Thr, or Tyr becomes more hydrophilic because of side chain rearrangements or other 

HOS changes, the reactivity of the residue will decrease, thus leading to a lower extent of 

labeling even though the residue might have similar solvent exposure. Measurable changes 

in deuterium uptake in HDX require making or breaking of H-bonds along the backbone to 

bury or expose amide hydrogens. Such changes require more energy than simple side chain 

reorientations, explaining why no HDX changes are observed upon heating at only 45 °C. 

Together the HDX/MS and CL/MS data suggest structural changes at 45 °C are likely a 

result of some side chain orientation changes and not large-scale structural or dynamic 

changes. None of the structural changes is sufficient to cause any measurable change in 

rituximab activity (Figure S2) or circular dichroism signal (Figure S3).

The DEPC CL/MS and HDX/MS data after heating at 55 °C further demonstrate the greater 

sensitivity of DEPC CL/MS to rituximab structural changes. Only one peptide has increased 

exchange in HDX, while CL changes are clustered in the antigen-binding region of the 

protein and scattered in the Fc region. The CL/MS, and not the HDX/MS data, is consistent 

with the Raji cell pull-down activity assay at 55 °C (Figure S2C), which indicates a 

significant change in the Fab region. Two other Fc-specific activity assays, the rituximab 

bridging ELISA and the Alamar blue assays, are somewhat ambiguous in whether 

significant changes are occurring in the Fc region. A small, but statistically significant 

change is detected in Fc binding from the bridging ELISA assay near 55 °C (Figure S2A), 

but the Alamar blue assay shows no significant change in the activity of the Fc region 

(Figure S2B). This discrepancy may reflect the scattered changes in labeling extent in the 

CL/MS data from Fc region. The increase in HDX at 55 °C is not reflected in the activity 

assays, as no significant changes in deuterium uptake are measured in the antigen-binding or 

Fc regions. This observation indicates that HDX is not sensitive to the structural changes that 

influence activity, in the same way CL/MS is. It may be that most of the changes detected by 
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HDX/MS are changes in backbone dynamics that have little effect on the activity assays. 

The idea that HDX/MS is reporting on backbone dynamics is further supported by the fact 

that changes in deuterium uptake upon heating at 55 °C are no longer apparent after 24 h of 

exchange. After 24 h of exchange, regions that are less dynamic under native conditions can 

exchange fully, adding deuterium to the same extent as a region made more dynamic upon 

heating. The different responses of the two MS-based methods can perhaps be understood by 

appreciating that DEPC-based CL/MS is better at reporting on changes in side chain 

orientations, interactions, and solvent accessibility, whereas HDX/MS better measures 

backbone dynamics and backbone solvent accessibility. Since binding in the Fab region, as 

reported by the activity assays, is mostly mediated by side chain interactions, it is perhaps 

not surprising that DEPC-CL more sensitively detects these sorts of changes.

Methods are complementary

HDX/MS and CL/MS are complementary methods because HDX provides information 

about the backbone and CL monitors side chains. The full scope of the methods’ 

complementarity is especially apparent in the 65 °C heat-stress data. Overall, the structural 

information obtained from both methods is consistent, in that increases take place only in the 

Fab, while decreases take place throughout the protein, yet each method fills in gaps of 

information for the other. For example, locations where HDX/MS cannot detect changes, but 

CL/MS can, is a good demonstration of complementarity. Upon heating at 65 °C, the VH 

domain undergoes no significant changes in HDX, but there are six residues (His35, Lys67, 

Lys74, Ser77, Thr118, and Ser120) that undergo significant changes in CL. The Raji cell 

pull-down assay shows substantial changes in Fab binding upon heating at 65 °C heat stress, 

which is consistent with the changes in CL in the VH domain. The lack of changes in the 

HDX/MS data in this region might indicate that changes in activity assay are entirely the 

result of side chain re-orientations and not significant backbone changes in this domain, 

which would undoubtedly lead to HDX changes. These data illustrate the advantage of using 

both methods to detect HOS changes. Clearly, if only HDX/MS had been used, structural 

changes in VH domain would not have been detected, even though they are substantial 

enough to affect the activity of rituximab.

Locations where one method indicates an increase in labeling or exchange, while the other 

indicates a decrease in labeling or exchange could seem contradictory. However, these 

particular data demonstrate the complementarity of CL/MS and HDX/MS. Our data contain 

one example of apparently contradictory HDX-MS and CL-MS results. In the VL domain 

(Figure 4), there is a peptide that increases (94-103) in HDX, one that decreases (10-24) in 

HDX, and three residues that decrease in CL (Ser5, Tyr70, and Thr101). The apparent 

contradiction involves Thr101, which undergoes a CL decrease, while the relatively short 

peptide that spans this residue undergoes an increase in HDX. It is likely that the VL domain 

partially unfolds at 65 °C, leading to an increase in solvent exposure at peptide 94-103 and a 

decrease in solvent exposure around peptide 10-24 that is caused by aggregation or 

repacking of the hydrophobic core. The HDX data reveal that residues 10-24 are in a region 

of conformational heterogeneity as there are two exchange distributions. The decreased 

deuterium uptake after heating is only observed in the slow-exchanging conformation of the 

peptide, while the fast-exchanging conformation shows no difference in the stressed and 
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native states (Figure S10). The differences in deuterium uptake for the peptide 10-24 persists 

even after 24 h of exchange, suggesting the HOS changes that take place might not be 

caused by changes in protein dynamics. The increase in solvent exposure at peptide 94-103 

likely eliminates hydrophobic contacts with Thr101, creating a more hydrophilic 

microenvironment that decreases the CL of this residue.36 Structural changes that affect the 

microenvironment around Thr101 likely affect the positioning of residues Tyr70 and Ser5 as 

well. These residues undergo significant decreases in CL and are directly adjacent in 3D 

space to peptide 10-24, which also decreases in deuterium uptake (Figure 4). The decreases 

in both methods could be a result of a repacking of the hydrophobic core involving residues 

Leu11 and Ile10. By interpreting the complex changes detected in the VL domain by each 

method, we conclude that significant structural changes are taking place here upon heat 

stress. Data from both methods thus provide complementary information that yield a more 

complete picture.

Methods are synergistic

When used together CL/MS can clarify ambiguous HDX/MS data, providing new 

information that neither method can provide alone. This synergism is a result of the 

differences in intrinsic reactions rates of each method. The intrinsic or chemical exchange 

rate of HDX is on the order of ms, which means HDX is sensitive to protein dynamic 

changes. In contrast, the intrinsic reaction rate of DEPC-CL is on the order of s to min and is 

not used in a time course, making DEPC-CL essentially blind to protein dynamics.29 

Because of the differences in intrinsic reaction rates, DEPC-CL can clarify ambiguous HDX 

data, thus providing insight not accessible from HDX-MS. HDX/MS data can sometimes be 

ambiguous because decreases in exchange can be the result of changes in dynamics or 

solvent accessibility. DEPC-CL/MS can be used to help determine which of these changes is 

taking place.

After heating at 65 °C, HDX decreases are measured throughout protein (Figure 3), yet few 

regions show overlapping decreases in both CL and HDX. As previously discussed, many of 

the labeling and exchange results provide complementary information (e.g. VH domain 

data), so positive correlations for the two methods yield additional information. One such 

region is the CH3 domain in which the peptide 428-450 undergoes significant HDX changes, 

and several residues in or near this region also undergo decreased CL. As indicated in the 

Results section, the protein region spanned by residues 428-450 exists in two conformations, 

with the slow-exchanging conformation decreasing in deuterium uptake after heating and the 

fast-exchanging conformation increasing in uptake after heating (Figure S12). The decreased 

exchange in the slow-exchanging conformation together with the decrease in CL in this 

protein region and sample cloudiness upon heating at 65 °C suggests that protein 

aggregation is occurring in this domain. The conformational heterogeneity revealed by the 

HDX data indicates additional unique behavior for this protein region. The increased 

exchange of the fast-exchanging conformation suggest that some protein molecules unfold 

in the Fc region instead of aggregate.

In the absence of other experimental data to confirm protein aggregation in the Fc region, we 

used several aggregation prediction algorithms to identify possible aggregation “hot spots” 
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in rituximab. Aggregation hotspots that are identified by the algorithms PASTA, 

AGGRESCAN, and TANGO include regions of the CH2 domain, the CL domain, and the 

CH3 domain (Figure S7),38-42 Our experimental results are only somewhat consistent with 

these theoretical predictions. The CH2 region is predicted to have the highest likelihood of 

aggregation, yet we only observe one peptide (268-281) that decreases in HDX and one 

residue (Ser302) that decreases in CL in this domain upon heating at 65 °C. A larger cluster 

of HDX/MS and CL/MS decreases would be expected if the CH2 domain were an 

aggregation site. It should be noted that PASTA and TANGO, which most definitively 

predict aggregation in the CH2 domain, are algorithms primarily used to predict amyloid-like 

aggregation. Thus, these algorithms may not be well suited for predicting mAb aggregation 

upon heating. Our HDX/MS and CL/MS data do not support the predicted aggregation in the 

CL domain. The region in the CL domain that is predicted to aggregate by AGGRESCAN 

and TANGO undergoes an increase in HDX upon heating at both the 55 and 65 °C (i.e. 

peptide 148-171). Moreover, The CL domain contains 18 labeled residues; however, only 

one has a significant change in labeling, and it is an increase in labeling (His196).

AGGRESCAN and TANGO also indicate that there are aggregation “hot spots” in the CH3 

domain. There is a cluster of residues in this domain that undergo decreased CL (Ser428, 

His439, Tyr440, Lys451) within a region that also undergoes decreased HDX (428-450), 

suggesting aggregation does occur at this site. HDX/MS data by itself might suggest the CH3 

region as an aggregation site, but it would also indicate the CH2 domain as an aggregation 

site because the residues 268-281 in this domain undergo a significant decrease in exchange 

as well. However, there are three DEPC labelable residues in the span from 268 to 281, and 

none of them undergo a significant decrease in CL upon heating. Based on the reaction 

timescales of the two methods, a decrease in HDX that does not coincide with a decrease in 

CL suggests reduced backbone dynamics, rather than a site of aggregation. Drawing this 

conclusion from the HDX/MS data alone would be difficult, although using much longer 

exchange times (≥ 24 h) can sometimes distinguish between decreased protein dynamics and 

aggregation. However, if the aggregated protein molecules are in equilibrium with un-

aggregated protein molecules, as the multiple exchange distributions observed in the HDX 

data suggest, even longer exchange times might not accurately distinguish between 

aggregated sites and decreased protein dynamics. Additionally, it is possible that soluble 

aggregates become insoluble at longer times, rendering them undetectable by HDX at longer 

exchange times (>24 h). When considered together, the HDX/MS and CL/MS data indicate 

that predicted aggregation in the CH2 and CL domains is not observed experimentally, but 

the predicted aggregation in the CH3 domain is. Overall, the differences in intrinsic reaction 

rates of HDX and CL allow us to obtain clearer information about the structural and 

dynamic changes caused by heat stress to rituximab.

Conclusions

We have demonstrated here that HDX and DEPC-CL provide complementary, and 

sometimes synergistic, information about structural perturbations undergone by mAbs upon 

exposure to heat stress. We find that DEPC-CL uniquely detects subtle shifts in side chain 

orientation, as demonstrated by heating rituximab at 45 °C for 4 h. Upon this mild heating, 

changes in DEPC-CL/MS were detected throughout the protein, while no significant 
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changes in HDX were measured. Under higher heat-stress conditions, results from the two 

methods complement one another. CL/MS can reveal changes in side chain orientation and 

solvent exposure that are not accompanied by changes in backbone solvent exposure or 

dynamics. On the other hand, HDX/MS is sensitive to changes in backbone dynamics that 

are not accompanied by changes in side chain orientation or solvent exposure. This 

capability is exemplified by changes that are observed in the VL domain upon heating at 65 

°C. Finally, under conditions that lead to aggregation, the two techniques work 

synergistically to identify likely aggregation sites. This synergy is a result of differences in 

the intrinsic reactions rates. The intrinsic reaction rate of HDX is fast enough for HDX/MS 

to report on changes in protein dynamics, while the slower intrinsic reaction rate of DEPC-

CL and the way we apply it means this method is blind to changes in dynamics. Due to 

differences in their intrinsic reactions rates, DEPC-CL can be used to clarify ambiguous 

HDX/MS data, as demonstrated by changes in labeling and exchange in the CH3 and CH2 

domain upon heating at 65 °C. Both domains contain peptides that undergo decreased HDX 

after heat stress, but only the CH3 domain also undergoes decreased DEPC CL, indicating 

this region as a likely aggregation site. Given the complementarity of the two methods, 

HDX/MS and CL/MS together should be amenable for studies of the HOS perturbations of 

other protein therapeutics. Moreover, these methods should be applicable to epitope and 

paratope mapping studies and biosimilar evaluation, while providing deeper structural 

insight that could improve protein therapeutic design.
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Figure 1: 
DEPC CL/MS and HDX/MS results of heat stressed (4 h at 45 °C) rituximab. (A) DEPC CL 

changes. Residues depicted in red represent increases in CL extent while residues in blue 

represent decreases in CL extent. Representative plots of change in labeling extent are 

shown for residues Ser158 and Lys396. Dark gray indicates the native state while the light 

gray indicates the heat stressed state. Changes are scattered throughout the entire protein 

with no clustering, which indicates a lack of substantial HOS changes. Atomic coordinates 

of an existing IgG1 Fab crystal structure (PDB 1FC2) and a generic IgG1 Fc crystal structure 

(PDB 2IG2) were used as templates to generate the rituximab structure, with the hinge 

region theoretically modeled.34 The Fc (PDB 4W4N) and Fab (PDB 4KAQ) structures of 

rituximab were then aligned to the template, using the molecular visualization system 

PyMOL. For clarity, CL on only one light chain and one heavy chain are indicated. (B) 

Representative deuterium uptake plots from HDX/MS of rituximab after heating at 45 °C. 

The unheated state is shown in black, and the heat-stressed state is shown in red. No 

measurable difference in deuterium uptake is observed.
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Figure 2: 
DEPC CL/MS and HDX/MS of heat stressed (4 h at 55 °C) rituximab. (A) DEPC CL and 

HDX changes. Residues depicted in red represent increases in CL extent while residues in 

blue represent decreases in CL extent. Residues that undergo changes in CL extent are 

clustered in the Fab (circled with a dotted black line). Representative plots of CL/MS 

changes in labeling extent are shown for residues Lys226, Thr20, and Ser407. Dark gray 

indicates the native state while the light gray indicates the heat stressed state. Highlighted in 

orange on the structure is the peptide that undergoes increased HDX. Details of the 

molecular model of rituximab are found in the Figure 1 caption. For clarity, only labeling on 

one heavy chain and one light chain is shown. (B) Deuterium uptake plot from HDX/MS of 

rituximab after heating at 55 °C for peptide 148-171 that experiences a significant change in 

uptake. The unheated state is in black, and the heat-stressed state is shown in red. (C) 

Representative deuterium uptake plot from HDX/MS of rituximab after heating at 55 °C for 

peptide 353-368 that does not experience a significant change in uptake. The unheated state 

is in black, and the heat-stressed state is shown in red. Peptides were found to be statistically 

different if they were 3σ outside of the average of all differences for all time points and for 

all peptides.
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Figure 3: 
DEPC CL/MS and HDX/MS of heat stressed (4 h at 65 °C) rituximab. (A) Increases in 

DEPC CL extent and HDX uptake. Residues depicted in red represent increases in CL extent 

while peptides highlighted in orange represent increases in deuterium uptake. Representative 

plots of change in labeling extent are shown for residues Lys67 and His197. Dark gray 

indicates the native state while the light gray indicates the heat stressed state. (B) DEPC 

CL/MS and HDX/MS decreases. Residues depicted in blue represent increases in CL extent 

while peptides highlighted in cyan represent increases in deuterium uptake. Representative 

plots of change in labeling extent are shown for residues Lys74 and Thr363. Dark gray 

indicates the native state while the light gray indicates the heat stressed state. (C) Expanded 

view of the CH3 region where decreases overlap from both methods. (D, E) Representative 

deuterium uptake plots from HDX/MS of rituximab after heating at 65 °C. The unheated 

state is shown in black, and the heat-stressed state is shown in red. Peptides were found to be 

statistically different if they were 3σ outside of the average of all differences for all time 

points and for all peptides.
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Figure 4: 
Expanded view of the VL domain of rituximab and the CL/MS and HDX/MS changes that 

occur in this region upon heat stress at 65 °C for 4 h. Residues indicated in blue spheres 

undergo decreased CL upon heating. The strands in orange and cyan represent peptides that 

undergo increased or decreased HDX, respectively, upon heating. The peptide 10-24 

becomes more solvent exposed, eliminating the hydrophobic microenvironment around 

Thr101, while peptide 94-103 experiences a decrease in solvent exposure as a result of 

aggregation or repacking of the hydrophobic core.
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Table 1:

Table of significant changes in DEPC labeling extent under different heat-stress conditions

Residue Native Stressed

45 °C for 4 h

Light chain

Ser155 5 ± 2% 9 ± 4%

Ser158 5 ± 2% 9 ± 4%

Ser161 5 ± 2% 9 ± 4%

Ser181 1.0 ± 0.5% 0.31 ± 0.06%

Heavy chain

Ser76 26 ± 7% 6 ± 4%

Ser77 14 ± 4% 2 ± 2%

Lys137 0.05 ± 0.02% 0.2 ± 0.1%

Ser140 0.3 ± 0.2% 0.06 ± 0.03%

Thr143 0.3 ± 0.2% 0.07 ± 0.04%

Ser194 0.04 ± 0.02% 0.2 ± 0.1%

Lys226 40 ± 10% 73 ± 20%

Thr293 7 ± 3% 20 ± 10%

Lys294 7 ± 3% 20 ± 10%

Thr370 8 ± 1% 14 ± 4%

Lys374 8 ± 1% 14 ± 4%

Lys396 0.2 ± 0.1% 0.05 ± 0.02%

Ser448 17 ± 2% 26 ± 4%

55 °C for 4

Residue Native Stressed

Light chain

Thr20 17 ± 4% 8 ± 2%

His33 0.08 ± 0.02% 0.20 ± 0.02%

Lys44 0.06 ± 0.02% 0.15 ± 0.01%

Thr73 50 ± 10% 86 ± 3%

Ser75 50 ± 10% 86 ± 3%

Thr84 1.3 ± 0.2% 2.6 ± 0.5%

Tyr85 1.3 ± 0.2% 2.6 ± 0.5%

Thr91 0.03 ± 0.02% 0.10 ± 0.01%

Thr128 5 ± 1% 3.1 ± 0.3%

Ser130 5 ± 1% 3.1 ± 0.3%

Tyr185 23.5 ± 0.3% 27 ± 2%

His188 55 ± 2% 64 ± 3%

Heavy Chain

Lys13 2.7 ± 0.5% 3.7 ± 0.3%
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Residue Native Stressed

Ser21 24 ± 4% 11 ± 4%

His35 23 ± 3% 4 ± 1%

Lys38 30 ± 2% 22 ± 3%

Lys74 79 ± 4% 87 ± 1%

Ser76 2.4 ± 0.2% 1.5 ± 0.2%

Thr118 71 ± 3% 59 ± 7%

Ser120 84 ± 2% 70 ± 7%

Ser164 0.002 ± 0.001% 0.016 ± 0.005%

Lys226 33 ± 7% 72 ± 5%

Thr293 38 ± 6% 85 ± 8%

Ser302 38 ± 3% 16 ± 6%

Tyr353 0.4 ± 0.6% 14 ± 2%

Thr363 0.006 ± 0.002% 0.012 ± 0.003%

Ser368 0.02 ± 0.02% 0.18 ± 0.01%

Ser407 15 ± 4% 30 ± 6%

Tyr411 7 ± 5% 20 ± 4%

Ser448 70 ± 10% 92 ± 4%

Lys451 40 ± 30% 79 ± 7%

65 °C for 4 h

Residue Native Stressed

Light chain

Ser5 0.03 ± 0.01% 0.01 ± 0.01%

Tyr70 14 ± 5% 2 ± 2 %

Thr101 0.18 ± 0.01% 0.07 ± 0.05%

His197 0.11 ± 0.03% 0.6 ± 0.2%

Heavy Chain

His35 23 ± 3% 11 ± 3%

Lys67 23 ± 7% 70 ± 20%

Lys74 79 ± 4% 52 ± 8%

Ser77 0.01 ± 0.01% 0.03 ± 0.01%

Thr118 71 ± 3% 55 ± 5%

Ser120 84 ± 2% 69 ± 4%

Ser161 1.8 ± 0.2% 1.2 ± 0.2%

Ser196 0.01 ± 0.00% 0.08 ± 0.02%

Thr199 0.01 ± 0.00% 0.05 ± 0.02%

His208 0 ± 0% 0.04 ± 0.01%

Ser211 0 ± 0% 0.21 ± 0.02%

Ser258 5 ± 2% 1 ± 1%

Ser302 38 ± 3% 10 ± 10%
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Residue Native Stressed

Thr363 0.006 ± 0.002% 0.002 ± 0.001%

Ser428 0.86 ± 0.08% 0.4 ± 0.2%

His439 5.4 ± 0.9% 2.5 ± 0.3%

Tyr440 0.02 ± 0.01% 0.01 ± 0.01%

Lys451 40 ± 20% 5 ± 5%
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Table 2:

Comparison of HDX and CL changes

Covalently labeled
residues that fall within

peptides that have:

Sites of CL Increases Sites of CL Decreases

Light Chain Heavy Chain Light Chain Heavy Chain

No Change in HDX His197 Lys 67, Ser196, Thr199, His208 Ser5, Tyr70, His35, Lys74, Thr118, Ser120, Ser161, 
Ser258, Ser302, Thr363

Opposite change as HDX None Thr101 None

Same change as HDX None None Ser428, His439, Tyr440, Lys451

No HDX coverage None Ser77, Ser211 None
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