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Abstract

Membrane proteins are vital in the human proteome for their cellular functions and make up 

a majority of drug targets in the US. However, characterizing their higher-order structures 

and interactions remains challenging. Most often membrane proteins are studied in artificial 

membranes, but such artificial systems do not fully account for the diversity of components 

present in cell membranes. In this study, we demonstrate that diethylpyrocarbonate (DEPC) 

covalent labeling-mass spectrometry can provide binding site information for membrane proteins 

in living cells using membrane-bound tumor necrosis factor α (mTNFα) as a model system. 

Using three therapeutic monoclonal antibodies that bind TNFα, our results show that residues 

that are buried in the epitope upon antibody binding generally decrease in DEPC labeling extent. 

Additionally, serine, threonine, and tyrosine residues on the periphery of the epitope increase 

in labeling upon antibody binding because of a more hydrophobic microenvironment that is 

created. We also observe changes in labeling away from the epitope, indicating changes to the 

packing of the mTNFα homotrimer, compaction of the mTNFα trimer against the cell membrane, 

and/or previously uncharacterized allosteric changes upon antibody binding. Overall, DEPC-based 

covalent labeling-mass spectrometry offers an effective means of characterizing structure and 

interactions of membrane proteins in living cells.
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Introduction

Membrane proteins account for about 25% of the human proteome and carry out numerous 

functions ranging from cell signaling to cell-cell adhesion. Some viruses, including 

coronaviruses, for example, utilize membrane proteins as receptors to facilitate cellular 

entry.1,2 Membrane proteins are also targets of close to 60% of the drugs approved in 

the US.3,4 Despite their importance, characterizing their higher-order structures (HOS) and 

binding interactions is challenging when compared to water-soluble proteins as they have 

extensive hydrophobic domains, are often flexible, and are prone to precipitation when 

removed from their lipid bilayer.5

Analyzing membrane protein HOS usually involves studying the soluble domain alone or 

the full protein in an artificial membrane. Analysis of the soluble portion of a membrane 

protein is straightforward, but limited information is obtained, as the full context of the 

protein is not included. Embedding the protein into an artificial membrane,6,7 such as 

a micelle, bicelle, amphipol, vesicle, or lipid nanodisc, better resembles cell membrane 

environments, but it does not fully account for the diversity of components that are present 

in real cell membranes. For instance, lipid rafts and asymmetric membrane bilayers are 

crucial for membrane protein function, and cytoskeletal components dictate membrane 

phase behavior and architecture, thus influencing membrane protein assembly and HOS.8 

Therefore, analyzing membrane proteins in cells, not just artificial membranes, is important.

Membrane protein structures are commonly characterized by X-ray crystallography, nuclear 

magnetic resonance (NMR), cryo-electron microscopy (cryo-EM), and various fluorescence 

spectroscopies. X-ray crystallography is not applicable to membrane proteins in cells, and 

NMR is challenging to apply in such settings. Cyro-EM holds great promise for membrane 

protein HOS analysis, although its resolution for intact cell studies is currently somewhat 

limited.9–11 Several novel fluorescence techniques have been developed recently to study 

membrane protein oligomerization in live cells, but they are unable to provide domain-

specific, much less residue-specific, structural information.12

Mass spectrometry (MS) has emerged as a powerful tool for studying protein HOS 

and interactions and is beginning to be applied to membrane proteins.13–16 Native 
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MS measurements of membrane proteins, which are typically solubilized in artificial 

membrane systems, enable the characterization of protein complex stoichiometries, ligand-

binding affinities, and ligand-induced conformational changes.17 More resolved structural 

information about membrane proteins can be gathered from labeling methods such as 

hydrogen-deuterium exchange,18–21 chemical cross linking (XL),22,23 and covalent labeling 

(or footprinting).24,25 These approaches encode structural information into the mass of the 

protein that is then ‘read-out’ after proteolytic digestion and LC-MS/MS analyses.

Chemical XL and covalent labeling (CL) are intriguing methods as they have the potential 

to provide HOS information for membrane proteins in live cells. In both methods, HOS 

information is encoded via the formation of covalent bonds that survive the many steps 

(i.e. cell lysis, extraction, digestion, separation, MS/MS) needed to analyze proteins by MS. 

XL-MS on intact cells has been applied to study protein interaction networks in bacteria, 

yeast, and mammalian cells,26–28 although few XL-MS studies have focused on membrane 

proteins in live cells, because of the challenges associated with their MS detection.

CL-MS methods have recently been applied for structural characterization in live cells due 

to the technique’s inherent simplicity and structural resolution. CL reagents can react with 

a wide variety of residue types, and the resulting MS and MS/MS data are simpler to 

interpret and use to obtain residue-level structural resolution. Fast photochemical oxidation 

of proteins (FPOP) has been most commonly applied to study proteins in living cells.29–31 

In FPOP, cells are incubated with hydrogen peroxide that upon irradiation with a UV laser 

produces hydroxyl radicals that react with solvent-accessible amino acid side chains. This 

approach can lead to the oxidation of any cellular proteins because hydrogen peroxide 

readily crosses the cell membrane. Protein oxidation includes membrane proteins, but 

because these proteins are underrepresented in most proteomic approaches, they have not 

been a focus of FPOP studies. Residue-specific labeling reagents, such as N-ethylmaleimide 

for Cys residues and the combination of 1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide 

(EDC) and glycine ethyl ester (GEE) for Asp and Glu residues, have been explored to study 

membrane proteins in living cells,32,33 but these reagents and approaches provide limited 

structural information.

Given the potential of CL-MS to provide membrane protein HOS and binding information, 

we have begun to investigate diethylpyrocarbonate (DEPC) as a reagent for live cell studies. 

DEPC can modify a range of nucleophilic residues, including His, Lys, Tyr, Ser, Thr, 

Cys, and the N-terminus, thereby providing excellent structural coverage. Previous work 

has shown the potential of this reagent to study membrane associated proteins in artificial 

membrane systems,34–36 but the applicability of this reagent for studying membrane protein 

structure and interactions in living cells has not been demonstrated to our knowledge. 

Here, we describe investigations of whether DEPC-based CL-MS can successfully identify 

binding sites on a transmembrane protein in living cells. As a testbed, we study the 

binding of three monoclonal antibodies (mAbs) to membrane-bound tumor necrosis factor 

α (mTNFα) in HEK293T cells. Each of the three mAbs recognize a slightly different 

epitope on TNFα,37 providing a robust test of the ability of DEPC CL-MS to obtain binding 

information for membrane proteins in cells. Our results show that mTNFα residues that are 

buried upon mAb binding undergo significant decreases in labeling, as expected. In addition, 
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we find some residues distant from the epitope also undergo changes in labeling extents that 

provide new insight into HOS changes associated with mAb binding. Altogether, our results 

show DEPC-based CL-MS is a promising approach for studying membrane protein binding 

in living cells.

Materials and Methods

Materials

Golimumab formulation (Simponi, lot no. HJSV01, Janssen), infliximab formulation 

(Remicade, lot no. HIL49016P1, Janssen), adalimumab formulation (Humira, lot no. 

1088193, Abbvie), and rituximab formulation (Rituxan, lot no. 3209283, Genentech) were 

purchased from Myoderm.

Diethylpyrocarbonate (DEPC), dimethyl sulfoxide (DMSO), Tris, iodoacetamide, 

sequencing-grade trypsin, and Protease Inhibitor Tablets were purchased from Sigma-

Aldrich. LC-MS grade formic acid, LC-MS grade acetonitrile, LC-MS grade water, 

CaptureSelect beads, Bond-Breaker tris(2-carboxyethyl)phosphine (TCEP) solution neutral 

pH, Halt Protease & Phosphatase Single-Use Inhibitor Cocktail, DMEM high glucose 

(4 g/L) media, Opti-MEM, Lipofectamine 3000 transfection reagent, phosphate-buffered 

saline (PBS), benzonuclease, dodecyl-β-D-maltose (DDM), cholesteryl hemisuccinate tris 

salt (CHS), and fetal bovine serum (FBS) were purchased from ThermoFisher Scientific.

Protein Deglycosylation Mix II and the restriction enzymes KPN1 and XBA1 were 

purchased from New England Biolabs. HEK293T cells purchased from ATCC. mTNFα 
primers were purchased from IDT-DNA. BigDye Terminator v. 3.1 Cycle Sequencing Kit 

was purchased from Applied Biosystems.

mTNFα Plasmid Transfection

HEK293T cells were cultured in DMEM high glucose media (4 g/L, ThermoFisher) 

supplemented with 10% FBS. The cells were transfected in T-75 flasks at 70% confluence 

using DNA encoding membrane-bound TNFα (mTNFα) with a four-residue C-terminal 

purification tag, EPEA, which was created by using polymerase chain reaction (PCR). The 

details of this procedure can be found in the Supporting Information (SI).

Protein expression, extraction efficiency, and tracking of mTNFα through purification 

was verified by western blot analysis using the Invitrogen Bolt™ system (Thermo Fisher 

Scientific), as described in the SI.

DEPC Labeling and Cell Lysis

Each experimental replicate represents one T-75 flask prepared as described in the previous 

section. Experiments were initiated 24 h after transfection. The cells were washed twice 

with cold PBS, discarded, then exposed to 1 mL of PBS supplemented with 150 μg 

mAb and incubated for 5 min at room temperature to ensure binding saturation. The PBS 

was removed, supplemented with 20 μL of 1 M DEPC pre-diluted in dimethyl sulfoxide 

(DMSO), and then immediately returned to the flask to initiate labeling. The final DEPC 

concentration in the cell media was 20 mM. The 1 M stock of DEPC in DMSO was 
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prepared immediately before use. The cells were reacted with DEPC for 5 min at room 

temperature. The DEPC reaction was quenched by addition of 50 μL of 1 M Tris pH 8 

directly to the wells. 10 μL of 500 mM iodoacetamide in 1 M Tris pH 8 was then added to 

the plate to alkylate any free cysteines which may be present within the cells to avoid DEPC 

scrambling.38

To lyse the cells, a solution of MS-compatible detergents were used. This procedure is 

described in the SI.

Purification and Digestion of mTNFα from Cell Lysate

CaptureSelect™ beads were used with gravity filtration columns for mTNFα enrichment, as 

described in the SI.

Proteolytic processing of samples started with a pre-digest using 1 μg of Lys-C and 

incubated for 1 h at 37°C. Next, 5 μL of 0.5 M TCEP (Bond-Breaker) was added to each 

sample, mixed, and immediately followed by addition of 10 μL of 500 mM iodoacetamide in 

1 M Tris pH 8.0. The addition of excess reducing agent immediately followed by alkylating 

agent was done this way to minimize label scrambling. Samples were then incubated for 20 

minutes at 37 °C. After alkylation, the samples were then diluted to 150 μL using 25 mM 

Tris pH 8 and supplemented with 2 μL of Protein Deglycosylation Mix II and incubated for 

90 minutes at 37°C. Trypsin was reconstituted in 25 mM Tris pH 8 to 1 mg/mL, and 6 μL of 

this trypsin solution was added to each sample. The samples were then digested for 3 hours 

at 37 °C before inactivation by addition of 7.5 μL of 10% formic acid. Digests were then 

flash-frozen in liquid N2 until LC-MS/MS analysis.

LC-MS/MS Analysis

Online LC-MS/MS analysis was performed using a Dionex Ultimate 3000 (Thermo 

Scientific, Tewksbury, MA). The flow rate was 10 μL/min. Peptides were eluted on a 

ZORBAX 300SB-C18 MicroBore RR column (1.0 × 150 mm, 3.5 μm particle size, Agilent, 

Wilmington, DE) with LC-MS grade water and 0.1% formic acid as solvent A and LC-MS 

grade acetonitrile (ACN) with 0.1% formic acid as solvent B. A linear gradient from 5 

to 35% over 85 min with a final wash at 80% B for 5 min was used. Mass spectra 

were acquired using a Thermo Scientific Orbitrap LTQ-Elite mass spectrometer with an 

electrospray ionization source. The electrospray ionization source was used in the positive 

mode with a needle voltage of 5000 V. Tandem mass spectra were generated using data-

dependent acquisition with a CID collision energy of 35. Following an MS1 scan the 15 

most intense ions were selected for rapid MS/MS with dynamic exclusion of repeat scans 

for 180 sec. A custom software pipeline designed for DEPC-CL/MS was used to analyze the 

LC-MS/MS spectra, as described in the SI.

Results and Discussion

DEPC reaction optimization and membrane protein purification

Minimizing perturbations to cells is important in these studies to ensure accurate protein 

binding information. DEPC has moderate solubility in water (~40 mM) so stock solutions 
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must be prepared in an organic solvent, with ACN being commonly used at <2% v/v to 

avoid protein structural pertubations.15,40 However, adding even low percentages of ACN 

caused rapid cell detachment. As an alternative, DMSO at 1.7% v/v was chosen as a 

solvent as it did not cause cell detachment during the labeling reaction. DMSO can disrupt 

cell membranes, but not at the concentrations used here.41 Furthermore, experiments with 

the CellTiter-Glo® assay indicate no significant change in cell viability under the labeling 

conditions used (Figure S1).

Typical DEPC CL-MS experiments involve comparing the labeling of free and bound 

protein (Figure 1). In-cell labeling experiments of TNFα-mAb complexes require additional 

considerations because the mAb, the cell media, and the cells themselves can influence 

DEPC reactivity. In previous work, we showed that a non-binding protein was necessary as a 

control to account for the greater number of labelable sites available with a mAb present.42 

Rituximab was chosen for this non-binding control in experiments described here because it 

does not bind to TNFα and has a comparable number of labelable sites to the mAbs that do 

bind (see Table S1).

Because membrane proteins like mTNFα can be difficult to detect in the presence of more 

abundant cytosolic proteins, mTNFα was expressed with an EPEA C-terminal affinity tag 

to enable enrichment of the protein. EPEA was chosen as the affinity tag because it has no 

DEPC-labelable residues, so purification of DEPC-labeled and unlabeled mTNFα should be 

identical.

Upon applying these optimized conditions and using the affinity tag, we were able to obtain 

good structural coverage of mTNFα in cells from the DEPC labeling experiments. Tryptic 

digestion of purified mTNFα resulted in approximately 85% overall sequence coverage with 

99% of the extracellular region and 82% of the intracellular region being detected (Figure 

S2). mTNFα is a 233-residue transmembrane protein consisting of four His, eight Lys, 20 

Ser, 10 Thr, and seven Tyr residues, for a total of 49 labelable sites (Figure S3). We observed 

labeling at 30 of these sites, accounting for approximately 60% of the labelable sites when 

the protein was reacted in cells with 20 mM DEPC for 5 min. The labeling was primarily 

located on the extracellular domain, but two Lys residues on the intracellular domain were 

also labeled. This extent of labeling is comparable to what we observed in previous work 

with soluble TNFα (sTNFα) in free solution.42 Although, it should be noted that higher 

DEPC concentrations were needed in the present studies due to the greater number of 

molecules that could react or interact with DEPC in cell culture.

To test the ability of DEPC CL-MS to provide correct protein binding information in cell 

culture, three therapeutic mAbs, each recognizing slightly different epitopes on TNFα, 

were studied.37,43,44 For the purposes of this work, the epitope residues are defined as (i) 

those with at least one non-hydrogen atom within 5 Å of the bound mAb and/or (ii) those 

that are buried upon complexation with the mAb (see the Supporting Methods for a more 

detailed description). A caveat is that the epitopes for these mAbs are based on crystal 

structures of sTNFα (i.e. most of the extracellular domain of mTNFα) in complex with 

the antigen-binding (Fab) domains of the mAbs, whereas in our experiments the full-length 
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mAbs were added in culture to cells containing membrane-inserted TNFα, which includes 

its full extracellular, transmembrane and intracellular domains.

mTNFα in complex with adalimumab

Adalimumab has the largest epitope of the three mAbs studied, comprising two protomers of 

the TNFα trimer (Figure 2A). The epitope has residues in the A and D β-strands and in the 

A-A’, D-E, E-F, and G-H loops (Figure 2B).37 There are 16 residues in the epitope region 

that can be labeled, and 13 of them are modified by DEPC in the presence of rituximab (i.e. 

non-binding control) or adalimumab. Nine of these residues undergo significant changes in 

labeling upon comparing the rituximab control and adalimumab (Figure 2C and Table S2). 

Seven of these nine residues, including Lys140, Ser146, Thr147, Lys165, Ser170, Ser174, 

and Lys187, decrease in labeling because of burial upon adalimumab binding to mTNFα 
(Figure 2D). His148, Thr152, His153, and Lys173 do not significantly change in labeling, 

perhaps because the adalimumab epitope in mTNFα is slightly different than in sTNFα. 

Such a difference would be consistent with the lower dissociation constant (Kd) that has 

been measured for mTNFα as compared to sTNFα.45

Two of the epitope residues, Tyr216 and Tyr190, increase in labeling (Figure 2E). Tyr216 

is located on the edge of where adalimumab binds the mTNFα trimer. The hydroxyl group 

of Tyr216 is comparably exposed in bound and unbound mTNFα and is not buried by 

bound adalimumab. Its increased labeling can be explained by the increase in hydrophobic 

microenvironment introduced by the binding of adalimumab. It has been shown previously 

that Ser, Thr, and Tyr residues can undergo an increase in DEPC labeling when they go 

from exposed to a more hydrophobic microenvironment, which increases the reactivity of 

these residues through an increased local concentration of DEPC.46,47 This phenomenon is 

particular to Ser, Thr, and Tyr residues because of their weak nucleophilicity compared to 

Lys and His. The increased labeling of Tyr190 is more difficult to explain because Tyr190 

should be buried upon binding to adalimumab. Perhaps the epitope region of mTNFα for 

adalimumab is slightly different than in sTNFα. This same Tyr residue (Tyr115 in sTNFα) 

undergoes a slight decrease in DEPC labeling when studying the adalimumab-sTNFα 
complex in previous work.42 Tyr190 is at the end of a β-strand near the TNFα trimer 

interface, and adalimumab is known to stabilize the TNFα trimer in the soluble version 

of the protein.48 Perhaps adalimumab binding to the membrane-bound version of TNFα 
influences the trimer interface in a different manner, thereby changing the microenvironment 

around Tyr190.

In addition to the 13 labeled residues in the epitope, there are 17 non-epitope residues 

that are labeled, seven of which significantly change in labeling (Figure 2C). Four of 

these seven residues decrease in labeling: Ser84, Thr180, Tyr194, and Lys203. Thr180 is 

approximately 10 Å from the nearest adalimumab contact, and its decrease in labeling 

could be attributed to a change in its microenvironment upon adalimumab binding as DEPC 

labeling of Thr, Ser, and Tyr residues is very sensitive to changes in microenvironment 

(Figure S4A).46 Tyr194 is located at the TNFα trimer interface. Adalimumab stabilizes the 

sTNFα trimer, and in previous DEPC CL-MS studies of sTNFα, we found that this same 

Tyr residue undergoes a change in labeling upon adalimumab binding.42,48 It is possible 
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that the binding of adalimumab affects the way the mTNFα trimer packs together, changing 

the microenvironment of Tyr194 (Figure S4B). Ser84 and Lys203 are both distant from the 

epitope and trimer interface; however, they are near the membrane-associated end of the 

trimer (Figure S4C) that undergoes a conformational change upon binding to the TNFα 
receptor on nearby cells. This conformational change occurs in the linker that connects 

the transmembrane and extracellular domains, and results in the protein compacting up 

against the cell membrane.49 While it is unknown if this compaction of the linker occurs in 

the absence of TNFα receptors, because adalimumab competitively inhibits the binding of 

TNFα to the TNFα receptor, it is likely that a similar conformational change occurs upon 

adalimumab binding, explaining why Ser84 and Lys203 decrease in labeling.37

Three non-epitope residues increase in labeling: Ser161, Tyr162, and Ser208. The increases 

observed for all three residues might be explained by their proximity to adalimumab upon 

binding, which creates a more hydrophobic microenvironment (Figure S4D). A comparable 

effect was shown in previous studies with sTNFα, where Ser, Thr, and Tyr residues on 

the periphery of the epitope region increased in labeling as a result of a more hydrophobic 

microenvironment.42 Overall, despite some epitope residues not undergoing the expected 

changes in labeling, the DEPC CL-MS results are largely consistent with the structure of the 

TNFα-adalimumab complex in free solution, suggesting that DEPC CL-MS is valuable for 

studying membrane protein interactions in live cells. Moreover, the labeling results for the 

non-epitope residues provide new insight into how the rest of the protein likely restructures 

upon binding to adalimumab.

mTNFα in complex with golimumab

Golimumab has the smallest epitope of the three mAbs studied, comprising residues in the 

A-A’, C-D, E-F, and G-H loops (Figure 3A).44 Unlike adalimumab, golimumab binds only 

a single protomer in the TNFα trimer. There are six labelable residues in the epitope, all of 

which are labeled in the control or in the presence of golimumab. Two of the six residues 

undergo significant decreases in labeling because of burial on golimumab binding: Thr147 

and Thr180 (Figure 3B). Ser146 and Tyr216 also did not significantly change in labeling. 

The lack of labeling changes for Ser146 and Tyr216 are perplexing as they are buried 

to similar extents as Thr147 in the sTNFα-golimumab complex. For reasons that are not 

clear, there are fewer overall labeling changes in the golimumab experiments than observed 

in the adalimumab and infliximab experiments (see below). In previous DEPC CL-MS 

work with soluble TNFα, 17 total significant changes were observed when golimumab was 

bound, 17 when adalimumab was bound, and 13 when infliximab was bound.42 However, 

in cell-based experiments described here, there are only nine significant changes when 

golimumab is bound and 16 and 19 for adalimumab and infliximab, respectively. This 

discrepancy may suggest that golimumab is not binding mTNFα in the cells to the same 

extent as adalimumab or infliximab, hindering us from better mapping the epitope.

There are 24 residues outside of the epitope that are labeled, seven of which undergo 

significant changes in labeling (Figure 3C). Four of these seven residues decrease in 

labeling: Ser174, Tyr194, Lys203, and Ser208. Ser174 and Tyr194 are near the TNFα 
trimer interface, so it is possible that changes to the way the trimer packs together upon 
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golimumab binding causes these decreases, as was seen with adalimumab (Figure S5A). 

Decreased labeling of Lys203 might occur for the same reason that it does in adalimumab 

via compaction of this linker region of mTNFα against the cell membrane upon golimumab 

binding (Figure S4C). Curiously, however, Ser84 does not undergo a decrease in labeling as 

it did with adalimumab. Ser208 decreased labeling might be explained by an uncharacterized 

allosteric structural change upon antibody binding, as this residue is distant from the epitope, 

not part of the trimer interface, and not close enough to the linker to compact against the cell 

membrane (Figure S5B).

The remaining three of the seven significant changes are increases in labeling: His148, 

Ser161, and Tyr190. His148 is close to a neighboring TNFα protomer (Figure S5C), so it 

is possible that golimumab binding causes this residue to re-orient in a way that increases 

its solvent accessibility and reactivity with DEPC. Ser161 is distant from the epitope, trimer 

interface, and linker region, so its increase in labeling is more challenging to explain. It is 

possible that Ser161 undergoes a change in microenvironment because of a conformational 

change of the D-E loop upon golimumab binding (Figure S5D), as was observed in DEPC 

labeling studies of soluble TNFα.42 Tyr190 is located on the edge of the epitope, and 

the proximity of Tyr53, Gly55, and Ser56 from golimumab (Figure S5E) likely create a 

more hydrophobic microenvironment that accounts for the increased labeling of this residue. 

Overall, the DEPC labeling results for mTNFα bound to golimumab are not as clearly 

indicative of the epitope as was observed with adalimumab, but the results are consistent 

with other structural features.

mTNFα in complex with infliximab

The infliximab epitope is made up of residues in the C-D and E-F loops as well as residues 

in the C and D β-strands (Figure 4A).43 Similar to golimumab, infliximab only binds one 

protomer of the mTNFα trimer. There are seven labelable residues in the epitope, all of 

which are labeled by DEPC in the control or in the presence of infliximab. Six of the seven 

epitope residues undergo significant decreases in labeling because of burial upon infliximab 

binding: Ser146, Thr147, His148, Thr152, Thr180, and Lys187 (Figure 4B). Tyr216 did 

not undergo any significant change in labeling, perhaps because the infliximab epitope in 

mTNFα is slightly different than in sTNFα.

Outside of the epitope, 22 residues are labeled, of which 13 significantly change in labeling 

(Figure 4C and Table S4). Ser70, His90, Tyr134, Lys140, Thr164, Lys165, Ser174, Tyr194, 

Lys203, and Ser208 decrease in labeling. Ser70 is part of the extracellular domain of 

mTNFα but is not present in crystal structures of sTNFα because it is part of the mTNFα 
sequence that is cleaved off by TNFα converting enzyme to produce the soluble form. 

Therefore, there is no structural information available to predict what happens with this 

residue. Similar to the decrease observed for Ser84 and Lys203 upon adalimumab binding, 

compaction of the mTNFα trimer against the cell membrane upon binding to infliximab 

could bury this residue. The same potential phenomenon explains the decrease in Lys203 

labeling too (Figure S4C).

Decreased labeling of His90, Tyr134, Ser174, and Tyr194 may be explained by their 

presence at the TNFα trimer interface (Figure S6A). Like adalimumab, infliximab stabilizes 
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the sTNFα trimer in solution, although to a lower extent, so it is likely that infliximab 

binding changes the microenvironment of these interfacial residues, causing a change in 

DEPC reactivity.48 Lys140 is approximately 6 Å from infliximab, so it is not part of the 

infliximab epitope by our definition; however, upon infliximab binding, the side chain 

of Lys140 is partially blocked (Figure S6B), explaining its decrease in labeling. Thr164, 

Lys165, and Ser208 also decrease in labeling. These residues are distant from the epitope, 

not part of the trimer interface, nor are they in the vicinity of the linker region such that 

they might approach the cell membrane upon infliximab binding. All three residues are close 

in 3D space (Figure S6C), though, so it is possible that infliximab binding causes some 

uncharacterized allosteric change in this region of mTNFα that results in labeling changes.

Three residues are observed to increase in labeling upon infliximab binding: Tyr162, 

Lys173, and Tyr190. In free and complexed sTNFα, Tyr162 is exposed, but perhaps the 

same uncharacterized structural change that influences the reactivity of nearby Thr164, 

Lys165, and Ser208 also changes the microenvironment and thus DEPC reactivity of 

Tyr162. Lys173 is located at the trimer interface and forms a salt bridge with Glu191. 

It is possible that infliximab binding disrupts this salt bridge, enabling Lys173 to react 

more extensively with DEPC (Figure S6D). The increased labeling of Tyr190 is most 

likely explained by its position at the periphery of the epitope. Phe and Val residues 

on nearby infliximab (Figure S6E) provide a more hydrophobic microenvironment that 

increases Tyr190 labeling. Overall, like the adalimumab results, the DEPC CL-MS results 

with infliximab are largely consistent with the structure of the TNFα complex, indicating 

that DEPC CL-MS is valuable for studying membrane protein interactions in live cells.

Conclusions

We demonstrate here that DEPC CL-MS can successfully provide epitope information for 

membrane proteins in living cells. Using therapeutic mAbs that bind mTNFα, we find 

residues that are buried in the epitope upon binding to the mAbs adalimumab and infliximab 

generally decrease in DEPC labeling extent. In addition, residues on the periphery of the 

epitope – particularly Ser, Thr, and Tyr residues – increase in labeling upon binding to 

these two mAbs because of a more hydrophobic microenvironment that is created by the 

bound mAb. In effect, a “bull’s eye” is created around the epitope with completely buried 

residues protected from labeling and partially buried Ser, Thr, and Tyr residues undergoing 

an increase in labeling. In a few instances, residues known to be in the epitope of the 

soluble version of TNFα (i.e. sTNFα) did not significantly change in labeling extent, 

suggesting that the epitopes on mTNFα may be slightly different. Away from the epitope, 

we observe changes in labeling upon mAb binding that suggest changes to the packing 

of the mTNFα homotrimer, compaction of the protein against the cell membrane, and/or 

previously uncharacterized allosteric changes upon mAb binding. It is important to note 

that the experiments with golimumab, which do not as clearly indicate the epitope as 

with adalimumab and infliximab, suggest that sufficient antibody binding to the membrane 

protein is necessary to observe sufficient changes in DEPC labeling.

Overall, DEPC CL-MS seems to have excellent potential for studying membrane protein 

binding in living cells, offering a new means of characterizing the structure and interactions 
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of these difficult to study protein systems. While the current work investigates a protein 

that has been expressed with a tag to facilitate its enrichment and detection, endogenous 

membrane proteins could be investigated too as long as enough labeled tryptic fragments are 

detected for these proteins. One could even envision using a labeling reagent that contains an 

enrichment handle itself to further facilitate detection.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Workflow for in-cell labeling of mTNFα. mTNFα expressed in HEK293T cells was 

incubated with a binding or non-binding mAb and then labeled by DEPC. After the DEPC 

reaction, the cells were lysed, and the protein was purified from the cell lysate using a 

C-terminal EPEA affinity tag. LC-MS/MS was then used to compare the labelling extents 

between the two conditions.
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Figure 2. 
Structure and DEPC labeling results of TNFα in complex with adalimumab. (A) Surface/

cartoon representation of three adalimumab Fab fragments in complex with sTNFα trimer 

(PDB ID: 3WD5). (B) sTNFα trimer structure with epitope residues across two TNFα 
protomers colored in purple (PDB ID: 1TNF). (C) DEPC labeling extents for mTNFα 
residues with and without full-length adalimumab bound. Epitope residues are highlighted 

in purple and statistically significant changes in labeling at 90% confidence are marked with 

an asterisk. (D) Epitope residues that decrease in labeling (blue) upon adalimumab binding, 

mapped on the sTNFα trimer. The adalimumab Fab fragments are shown in yellow and the 

sTNFα trimer is shown in gray. (E) Epitope residues that increase in labeling (red) upon 

adalimumab binding, mapped on the sTNFα trimer.
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Figure 3. 
Structure and DEPC labeling results of TNFα in complex with golimumab. (A) sTNFα 
trimer structure with epitope residues on one TNFα protomer colored in purple (PDB ID: 

1TNF). (B) Epitope residues that decrease in labeling (blue) upon golimumab binding, 

mapped on the sTNFα trimer. The golimumab Fab fragments are shown in green and the 

sTNFα trimer is shown in gray (PDB ID: 5YOY). (C) DEPC labeling extents for mTNFα 
residues with and without full-length golimumab bound. Epitope residues are highlighted in 

purple and statistically significant changes in labeling at 90% confidence are marked with an 

asterisk.
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Figure 4. 
Structure and DEPC labeling results of TNFα in complex with infliximab. (A) sTNFα 
trimer structure with epitope residues on one TNFα protomer colored in purple (PDB 

ID: 1TNF). (B) Epitope residues that decrease in labeling (blue) upon infliximab binding, 

mapped on the sTNFα trimer. The infliximab Fab fragments are shown in orange and the 

sTNFα trimer is shown in gray (PDB ID: 4G3Y). (C) DEPC labeling extents for mTNFα 
residues with and without full-length infliximab bound. Epitope residues are highlighted in 

purple and statistically significant changes in labeling at 90% confidence are marked with an 

asterisk.
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