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25  The experimental procedures for performing diethylpyrocarbonate-based covalent labeling with
26  mass spectrometric detection are described. Diethylpyrocarbonate is simply mixed with the
27  protein or protein complex of interest, leading to the modification of solvent accessible amino
28  acid residues. The modified residues can be identified after proteolytic digestion and liquid
29  chromatography/mass spectrometry analysis.
30
31 ABSTRACT:
32  Characterizing a protein’s higher-order structure is essential for understanding its function. Mass
33  spectrometry (MS) has emerged as a powerful tool for this purpose, especially for protein
34  systems that are difficult to study by traditional methods. To study a protein’s structure by MS,
35 specific chemical reactions are performed in solution that encode a protein’s structural
36 information into its mass. One particularly effective approach is to use reagents that covalently
37  modify solvent accessible amino acid side chains. These reactions lead to mass increases that can
38 belocalized with residue-level resolution when combined with proteolytic digestion and tandem
39  mass spectrometry. Here, we describe the protocols associated with use of diethylpyrocarbonate
40 (DEPC) as a covalent labeling reagent together with MS detection. DEPC is a highly electrophilic
41  molecule capable of labeling up to 30% of the residues in the average protein, thereby providing
42  excellent structural resolution. DEPC has been successfully used together with MS to obtain
43 structural information for small single-domain proteins, such as f2-microglobulin, to large multi-
44  domain proteins, such as monoclonal antibodies.
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INTRODUCTION:

Proteins are essential biomolecules in virtually every physiological process. The variety of
functions that proteins perform are possible because of the structures they adopt and the
interactions that they have with other biomolecules. To understand protein function at a deeper
level, biochemical and biophysical tools are needed to elucidate these important structural
features and interactions. Traditionally, X-ray crystallography, cryogenic electron microscopy,
and nuclear magnetic resonance (NMR) spectroscopy have provided the desired atomic-level
detail to reveal protein structure. However, numerous protein systems cannot be interrogated
by these techniques because of poor crystallization behavior, limited protein availability,
excessive sample heterogeneity, or molecular weight limitations. Consequently, newer analysis
methods have emerged that overcome these limitations. Among the emerging techniques that
can provide protein structural information is mass spectrometry.

Mass spectrometry (MS) measures a molecule’s mass-to-charge (m/z) ratio, so protein higher-
order structural information must be obtained by encoding the desired structural information
into the mass of the protein. Several approaches to encode this information have been
developed, including hydrogen-deuterium exchange (HDX)™, chemical crosslinking (XL)>®, and
covalent labeling (CL)’7%°. In HDX, backbone amide hydrogens are exchanged by slightly more
massive deuteriums at rates that depend on solvent accessibility and H-bonding extent. The
extent of HDX can be localized by rapidly digesting the protein into peptide fragments before
separating and measuring these fragments by the mass spectrometer or by dissociating the
protein in a top-down experiment. Determining the rate of exchange provides further insight into
protein dynamics. HDX has proven to be a valuable tool for characterizing protein structure
despite challenges associated with back exchange and the need for specialized equipment to
maximize reproducibility. In XL-MS, proteins are reacted with bi-functional reagents that
covalently link adjacent residue side chains within a given protein or between two proteins. In
doing so, XL-MS can provide distance constraints that can be used to characterize protein
structure. The regions of the protein that are cross-linked can be identified by proteolytic
digestion followed by liquid chromatography (LC)-MS analysis. While XL-MS is a versatile tool that
has been used to study a variety of protein complexes, including inside cells, identification of the
XL products is challenging and requires specialized software.

CL-MS has emerged recently as a complementary and sometimes alternative MS-based tool to
study protein structure and interactions. In CL-MS, a protein or protein complex is covalently
modified with a mono-functional reagent that can react with solvent-exposed side chains (Figure
1). By comparing the modification extents of a protein or protein complex under different
conditions, conformation changes, binding sites, and protein-protein interfaces can be revealed.
After the CL reaction, site-specific information, often at the single amino-acid level, can be
obtained using typical bottom-up proteomics workflows in which proteins are proteolytically
digested, peptide fragments are separated by LC, and modified sites are identified using tandem
MS (MS/MS). The rich history of bioconjugate chemistry has made numerous reagents available
for CL-MS experiments. CL reagents fall into two general categories: (i) specific and (ii) non-
specific. Specific reagents react with a single functional group (e.g., free amines)®!° and are easy



89

90

91

92

93

94

95

96

97

98

99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131

to implement, but they tend to provide limited structural information. Non-specific reagents
react with a wide range of side chains, but often require specialized equipment such as lasers or
synchrotron sources to produce these highly reactive species. Hydroxyl radicals are the most
commonly used non-specific reagent, having been applied in hydroxyl radical footprinting
(HRF)711713 experiments to study a wide range of proteins and protein complexes under a variety
of conditions.

Our research group has successfully used another relatively non-specific reagent called
diethylpyrocarbonate (DEPC) to study protein structure and interactions in the context of CL-MS
experiments'#2>, DEPC offers the simplicity of specific labeling reagents (i.e., no specialized
equipment is necessary to perform the reactions), while reacting with up to 30% of amino acids
in the average protein. As a highly electrophilic reagent, DEPC is capable of reacting with the N-
terminus and the nucleophilic side chains of cysteine, histidine, lysine, tyrosine, serine, and
threonine residues. Typically, a single product of these reactions is generated, resulting in a mass
increase of 72.02 Da. This single type of product contrasts with the up to 55 different products
that can be produced when proteins react with hydroxyl radicals’. Such simple chemistry
facilitates identification of labeled sites.

Here, we provide protocols for using DEPC-based CL-MS to study protein structure and
interactions. Details associated with reagent preparation, DEPC-protein reactions, protein
digestion conditions, LC-MS and MS/MS parameters, and data analysis are described. We also
demonstrate the utility of DEPC labeling by providing example results from protein-metal,
protein-ligand, and protein-protein interactions as well as proteins undergoing structural
changes upon heating.

PROTOCOL:

1. Protein and reagent preparation

NOTE: This protocol includes an example workflow for labeling a protein with DEPC. Some
conditions and reagent concentrations listed may vary based on the protein of choice.

1.1.  Prepare all reagent solutions in 1.5 mL microcentrifuge tubes.

1.2.  Prepare a protein solution of desired concentration, usually in the range of tens of uM, in
a 10 mM 3-(N-morpholino)propanesulfonic acid (MOPS) buffer at pH 7.4. Alternatively, prepare
a buffer-exchange existing protein solution in 10 mM pH 7.4 MOPS if the sample contains a
nucleophilic buffer that would be reactive with DEPC. Other buffers (e.g., phosphate buffered
saline) can also be used, as long as they do not have nucleophilic functional groups.

1.3.  Preparea 100 mM DEPCsolution in dry acetonitrile (ACN) by pipetting 1.45 pL of the stock
6.9 M DEPC solution into 98.55 L of the ACN.
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NOTE: There is no one set of concentrations that will work with every protein, though the optimal
concentrations can be estimated based on the number of His and Lys residues?3. For example,
with 50 pL of a 50 uM B2-microglobulin solution, react the protein with 0.2 uL of the 100 mM
DEPC for a final DEPC concentration of 200 uM (equal to 4x the protein concentration) to ensure
the desired molar ratio using this general example (Table 1). DEPC labeling is a 2" order reaction,
so changing either the concentration of protein or DEPC in the reaction mixture will change the
labeling rate.

1.4. Prepare 1M imidazole solution by weighing out 10 mg of imidazole and dissolving in 146.9
uL of HPLC-grade water.

2. Covalent labeling of intact protein
2.1.  Set water bath temperature to 37 °C and wait for the bath to reach a stable temperature.

NOTE: Reagent concentrations and volumes for an example labeling protocol can be found in
Table 1.

2.2.  Inanew microcentrifuge tube, mix MOPS buffer and protein solution in volumes listed in
Table 1.

2.3. To the protein and buffer add 0.2 pL of the DEPC solution, making sure to properly mix
the resulting solution, and then place the tube containing the reaction mixture into the 37 °C
water bath for 1 minute.

NOTE: The volume of ACN added should not exceed 1% of the total reaction volume to avoid
perturbation of the protein’s structure during the labeling reaction. Reaction time is up to the
user, although a 1 minute reaction under the example conditions minimizes overlabeling and the
potential hydrolysis of DEPC*4.

2.4.  After 1 minute, remove the tube containing the reaction mixture from the water bath and
guench the reaction with 1 pL of the 1 M imidazole solution to scavenge the remaining unreacted
DEPC.

NOTE: The final concentration of imidazole in the reaction mixture should equal 50x the
concentration of DEPC in the reaction mixture. This will ensure that remaining unreacted DEPC is

scavenged.

3. Preparation of protein digest for bottom-up LC-MS
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NOTE: Choose digestion conditions that are amenable to the protein of interest. Common steps
involve unfolding the protein and reducing and alkylating any disulfide bonds.

3.1.  Unfold the protein by adding an appropriate unfolding reagent to the reaction mixture.
NOTE: Common unfolding agents include ACN, urea, and guanidine hydrochloride (GuHClI).

3.2.  Prepare solutions of Tris(2-carboxyethyl)phosphine (TCEP) and iodoacetamide (IAM) by
weighing out 5 mg of each and dissolving them in new microcentrifuge tubes in 174.4 and 270.3
puL of 10 mM pH 7.4 MOPS buffer, respectively, for the reduction and alkylation steps.

3.3.  Reduce disulfide bonds by adding 2 pL of the 100 mM TCEP (final concentration of 2 mM
in reaction mixture) solution to the reaction mixture and reacting for 3 minutes at room
temperature.

NOTE: The final concentration of TCEP should equal 40x the protein concentration per disulfide
bond present in the solution.

3.4. Alkylate reduced cysteines with 4 pL of the 100 mM IAM solution (final concentration of
4 mM in reaction mixture) for 30 minutes in the dark. IAM is light-sensitive and will decompose
under direct light.

NOTE: The final concentration of IAM in solution should be twice the concentration used for
TCEP, or 80x the protein concentration per disulfide bond.

3.5. Digest the protein with an appropriate enzyme such as trypsin or chymotrypsin. A 10:1
protein:enzyme ratio for a 3-hour digestion at 37 °C with immobilized enzyme at a shaking rate
of 300 strokes/min is typically sufficient for DEPC-labeled proteins. See Discussion.

3.6. After digestion, separate the immobilized enzyme from the digested peptides by
centrifugation at 12,000 rpm for 5 minutes.

3.7. Analyze the sample immediately by LC-MS/MS or flash-freeze the sample with liquid
nitrogen to minimize sample degradation and label loss. Store the flash-frozen samples at < -20
°C until ready for LC-MS/MS analysis.

4. LC-MS/MS Analysis

NOTE: Standard LC-MS/MS parameters for bottom-up proteomics can be used to identify labeled
sites on the proteolytic peptide fragments. A general example is outlined below.
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4.1. Separate the DEPC-labeled peptides using a reversed-phase C18 stationary phase. Use a
typical LC mobile phase of two solvents: (A) water + 0.1% formic acid and (B) ACN + 0.1% formic
acid using a gradient (e.g., Figure 2) to achieve the best separation of peptides.

NOTE: The separation time can be optimized based on sample complexity, and mobile phase flow
rate depends on whether capillary or nano LC is used.

4.2. Use a mass spectrometer capable of doing on-line LC-MS and MS/MS to identify DEPC
modification sites on the peptide. In our experiments, we have successfully used several types of
mass spectrometers. Any mass spectrometer capable of automatically performing MS/MS of
many peptides during the course of an LC-MS analysis should be suitable. Relevant MS
parameters include: ESI source voltage = -4000 V for regular ESI; -2000 V for nanospray; Orbitrap
resolution = 60,000; Dynamic exclusion duration = 30 s; MS/MS activation type: CID, ETD, or both;
Mass scan range = 200-2,000; Automatic Gain Control = 4.0E5 (MS'in Orbitrap) and 5.0E4 (MS?
in linear quadrupole ion trap).

4.3. Load and inject the digested, labeled protein sample into the LC system and start the LC-
MS/MS acquisition. If the sample has been flash-frozen, thaw before analysis. Divert the LC
effluent to waste for the first 5 minutes to avoid excessive salts from getting into the ESI source.

NOTE: A5 pL injection loop is generally utilized, allowing for injection of approximately 2.5 ug of
protein to the LC-MS/MS. This is dependent on the loading conditions of the LC as to not clog the
sample injector.

5. Data analysis

5.1. Identify DEPC label sites and quantify peptide peak areas using appropriate software for
the mass spectrometer that is used.

5.2. Include DEPC addition (72.02 Da) and carbamidomethylation (57.02 Da) as variable
modifications. Additional search parameters for the MS/MS analysis are as follows: Maximum
missed cleavages = 3; Fragment ion types = b and y; Precursor m/z tolerance = 10 ppm (this value
should be higher if a quadrupole ion trap mass spectrometer is used); Fragment m/z tolerance =
0.5 Da (this value should be lower if a high-resolution mass spectrometer is used for a product
ion scan); Precursor charge = 1-4.

NOTE: Different database search algorithms have different scoring systems, and many can have
difficulty identifying DEPC-modified peptides because modification levels can be low. Adjusting
the score cutoff may be necessary to identify more labeled peptides. If so, then manual
interrogation of the MS/MS data should be used to verify low-scoring peptides. The product of
the hydrolysis of the DEPC label is not included in the data searching because the hydrolyzed



254
255
256
257
258
259
260
261
262

265

263
264
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294

DEPC is no longer reactive toward nucleophilic side chains.

5.3. Determine residue-level modification percentages using the chromatographic peak areas
of the modified and unmodified versions of the peptides.

NOTE: Any peptide containing the modified residue of interest must be considered and all charge
states that are included must be present in all the measured samples. Peptides having different
ionization efficiencies and eluting at different times causes this value to be a relative rather than
absolute measure of the modification of a specific site.

?=1Z;n=1AIiTlZOdiﬁ6d
n m modified n m unmodified *100
i=1 2z=1 Aiy + Xit Xzm1 Al
where Ai; represents peak area of any given peptide (i) that contains the residue of interest and
considers all detected charge states (z).

Percent modification =

5.4. Determine if a labeling change between a control and experimental sample is significant
using statistical evaluation. Three replicate measurements for each sample is typical, and t-tests
are most commonly utilized with 95 or 99% confidence intervals.

REPRESENTATIVE RESULTS:

Identifying DEPC modification sites and modification percentages

Mass addition due to covalent labeling can be measured at the (a) intact protein and (b) peptide
levels®®. At the intact level, a distribution of protein species with different numbers of labels can
be obtained from direct analysis or LC-MS of labeled protein samples. To obtain higher resolution
structural information (i.e., site-specific labeling data), measurements must be performed at the
peptide level. After the labeling and quenching steps, the labeled proteins are subjected to
bottom-up proteomic analysis (i.e., disulfide reduction, alkylation, proteolytic digestion, and LC-
MS/MS). Figure 3 shows how the DEPC labeled sites are identified and their modification levels
are calculated for a DEPC CL-MS experiment on the protein B-2-microglobulin (B2m)?t. MS/MS is
used to sequence the labeled peptides and pinpoint their DEPC labeled sites, while modification
percentages are calculated from their relative peak areas in extracted ion chromatograms (See
Figure 3A).

Protein surface mapping using DEPC CL-MS

Because of the relationship between protein topology and labeling rate, DEPC has been used to
study changes in protein higher-order structure (HOS) and identify protein interaction sites®°. An
example is the effect of Cu(ll) binding on the structure of B2m. DEPC modification rate
coefficients of peptide fragments from unbound f2m and Cu(ll)-bound B2m (b2m-Cu) can be
measured (Table 2) by varying DEPC concentrations and generating second-order kinetic
plots'#?4 The DEPC reactivity of residues in B2m-Cu reveals significant labeling rate changes for
His31, Ser33, and Thrd, while other sites, including different His residues, are statistically
unchanged. These data are consistent with the fact that His31, but not other His residues in 2m,
binds Cu causing structural changes near His31 (i.e., Ser33) and near the N-terminus (i.e., Thr4)
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(Figure 4)1426.27,

DEPC CL-MS for identifying changes in HOS

DEPC labeling with MS detection is also a valuable tool for characterizing HOS changes to
proteins, which has important implications for protein therapeutics, which are currently the
fastest growing segment of the pharmaceutical market?®. DEPC CL can identify specific protein
regions that undergo structural changes upon thermal and oxidative stress!® After B2m is
exposed to heat stress, many residues that undergo significant decreases in labeling extents (N-
terminus, Ser28, His31, Ser33, Ser55, Ser57, Lys58) are clustered on one side of the protein,
suggesting that this region of the protein undergoes a conformational change or possibly
mediates aggregation (Figure 5A). In addition to these residues, after the protein is exposed to
oxidative stress, other residues with a decrease in labeling (Ser11, His13, Lys19, Lys41, Lys94)
form a cluster on another face of the protein, indicating that the oxidation-induced
conformational changes occur elsewhere (Figure 5B). Other work from our group has also shown
that DEPC CL-MS can detect and identify sites of conformational changes in heat-stressed
monoclonal antibody therapeutics?.

DEPC CL-MS to study protein-protein interactions

Insight into protein-protein interaction sites and aggregation interfaces for amyloid-forming
proteins can be obtained using DEPC labeling as well®. Decreases in the modification levels of
residues upon oligomer formation can reveal the binding interfaces. DEPC CL-MS was used to
characterize the pre-amyloid oligomers of f2m, which is the protein that forms amyloids in
dialysis-related amyloidosis?®, after initiating amyloid formation with Cu(l1)!>26, Comparing the
DEPC reactivity of the f2m monomer with the pre-amyloid B2m dimer that is formed 2 h after
adding Cu(ll) shows that nine residues undergo decreases in labeling while six residues undergo
no change or slight increases in labeling (Figure 6A). Upon mapping these changes on the f2m,
itisimmediately apparent that the dimer interface involves the ABED B-sheets of f2m monomers
(Figure 6B)°.

DEPC CL-MS to study protein-ligand binding

Ligand binding to proteins leads to decreases in the solvent accessibility of residues that interact
with the ligand, and DEPC-based CL-MS can be used to identify ligand-binding sites on proteins.
For example, the binding sites of epigallocatechin-3-gallate (EGCG) on B2m under amyloid-
forming conditions can be identified by significant decreases in DEPC labeling at the residues
buried by EGCG binding. In the presence of ECGC, Lys6 and Lys91 have lower DEPC modification
percentages (Figure 7), and these residues are clustered in one region of the protein, indicating
residue protection due to ligand binding. The N-terminus, Thr4, and His31, meanwhile, undergo
increases in labeling extents (Figure 7), which are indicative of ECGC-induced structural changes
and suggest that the Cu(ll) binding sites on B2m (N-terminus and His31)43%31 may be disrupted
as a result of ECGC binding32. In addition, the binding sites of the other two small-molecule
inhibitors of B2m amyloid formation, rifamycin SV and doxycycline, have been identified using
CL-MS?™. In this study, however, results from DEPC labeling alone were not enough to map the
binding sites with sufficient structural resolution. Results from three different CL reagents,
namely DEPC, BD, and 1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide — glycine ethyl ester
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(EDC/GEE) pair were necessary to better pinpoint the binding sites®.

Improving structural resolution and reducing label scrambling

Even though DEPC labeling causes the formation of a covalent bond, label loss due to hydrolysis
can occur, especially for Ser, Thr, and Tyr residues (Figure 8). Label loss can be minimized by
decreasing the time between DEPC CL reaction and LC-MS analysis using short proteolytic
digestions (e.g., 2 h digestion with immobilized enzymes) rather than overnight digestions. Fast
digestions result in more modified residues being measured, increasing the amount of protein
structural information. For example, a 2 h digestion with immobilized chymotrypsin consistently
leads to the identification of more DEPC-modified residues in B2m (Figure 9)'’. With an overnight
digestion about 75% of the Ser, Thr, Tyr, His, and Lys residues in B2m are detected, but when the
time between labeling and LC-MS is reduced by using a 2 h digestion, 95% of these residues in
B2m are detected. Most of the newly detected modified residues are Tyr and Thr residues that
are prone to hydrolysis.

Over the course of our work with DEPC, we have noticed that in some proteins, Cys residues that
from disulfide bonds are modified by DEPC, even though the disulfide bonds are intact during the
DEPC labeling reactions. Such labeling of Cys residues occurs because free thiols can react with
other modified residues in solution (Figure 10), leading to so-called “label scrambling” as the
carbethoxy group is transferred to the Cys residue. Label scrambling decreases the modification
levels at other residues and provides incorrect protein structural information. To avoid label
scrambling, the free Cys thiols must be fully alkylated right after disulfide reduction33.

FIGURE AND TABLE LEGENDS:

Figure 1: Covalent labeling-mass spectrometry (CL-MS). A monofunctional reagent is used to
modify solvent accessible amino acids and can be used to provide site-specific information about
conformational changes or interaction interfaces in proteins (top vs. bottom image). The
modified protein is proteolytically digested, and the resulting peptides are analyzed by liquid
chromatography (LC) in conjunction with MS and tandem MS (MS/MS). Figure has been adapted
from Limpikirati, P., Liu, T., Vachet, R. W. Covalent Labeling-Mass Spectrometry for Studying
Protein Structure and Interactions. Methods 144, 79-93 (2018).

Table 1. General DEPC labeling protocol.
Figure 2. Example LC gradient for separation of peptides.

Figure 3 lllustration of how DEPC labeled sites are identified and their modification levels are
calculated. After DEPC labeling and proteolytic digestion, (A) LC-MS analysis of the digested
protein is performed. Peak areas of (B) unlabeled and (C) labeled peptides in a chromatogram
are used to calculate the labeling percentage. During LC-MS, peptides are subjected to CID
MS/MS. Tandem mass spectra of (D) unlabeled and (E) & (F) labeled peptides obtained at specific
retention times are used for peptide sequencing and identification of DEPC labeled sites.
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Table 2 Site-specific DEPC modification rate coefficients (k, Ms) for b2m in the absence and
presence of Cu(ll).

Figure 4 Using DEPC CL-MS to determine the effect of Cu(ll) binding on the structure of f2m: (A)
Protein surface mapping of the residues with significant decreases in DEPC labeling rates (blue),
indicating changes in their solvent accessibility upon Cu(ll) binding, and those with no significant
changes in labeling rate (magenta) (PDB accession code 1JNJ). (B) Example site-specific second-
order kinetic plots of the reaction of B2m with different concentrations of DEPC in the presence
and absence of Cu(ll). The labeling rate coefficient (k) can be obtained from the slope of the
kinetic plot.

Figure 5 Covalent labeling results for stressed vs. native f2m: (A) Heat stress — heating at 75 °C
for 24 h and (B) oxidative stress — with 3% H.0: for 24 h. Significant changes in modification
percentages are shown in blue (decrease in labeling) and red (increase in labeling) while residues
with no significant labeling changes are shown in pale green (PDB accession code 1JNJ).

Figure 6 Using DEPC CL-MS to determine the dimer interface for the pre-amyloid dimer of f2m:
(A) Summary of DEPC modification level changes for modified residues in the monomer (i.e., t =
0) and dimer 2 h after adding Cu(ll). Residues with significant decreases in labeling extent are
denoted by an asterisk (*). (B) Covalent labeling results mapped on the B2m structure. Residues
with decreased labeling are shown in blue and residues with no changes or slight increases in
labeling are shown in red (PDB accession code 1LDS).

Figure 7 Covalent labeling results for EGCG-bound vs. unbound b2m. The DEPC modification
percentages are shown for the displayed residues. Statistically significant differences in the
covalent labeling percentage are denoted by an asterisk (*). Increases in labeling upon ECGC
binding are shown in red while decreases are shown in blue.

Figure 8 DEPC covalent labeling reactions (nucleophilic acyl substitution) and label loss
(hydrolysis of carbethoxylated residues)

Figure 9 Mapping of the measured modification sites on f2m. (A) Labeled sites after conventional
overnight digestion, and (B) labeled sites after a 2 h digestion with immobilized chymotrypsin.

Figure 10 Hypothesized mechanism of DEPC label scrambling (Cys capture of carbethoxylated
His)

DISCUSSION:
Critical Steps
Several points regarding experimental design should be considered to ensure reliable labeling
results. First, to maximize protein labeling, it is necessary to avoid buffers with strongly
nucleophilic groups (e.g., Tris) because they can react with DEPC and lower the extent of labeling.
It is also conceivable that such buffers could react with labeled residues, causing the removal of
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the label and therefore loss of structural information. We recommend MOPS as a buffer, but
phosphate buffered saline works as well. Second, dithiothreitol should be avoided for reduction
of disulfide bonds because the free thiols in this reagent can react with labeled residues and
remove the DEPC modification. This same chemistry is why it is essential to alkylate reduced
disulfides because free Cys can cause intra-protein label scrambling33. Third, the quench step
with imidazole (Protocol step 2.4) is critical for stopping the labeling reaction so any remaining
DEPC is unable to continue to react with the protein.

It is also important to appreciate that the DEPC labeling reaction is 2" order, meaning that
changing either the protein or DEPC concentration will affect the extent of labeling. We have
empirically found that a 4:1 DEPC:protein concentration ratio is a reasonable value when the
protein has a concentration in the 10’s of uM range, as it tends to avoid any labeling-induced
structural changes!®. However, the optimum DEPC:protein concentration ratio is protein-
dependent as well as concentration-dependent, and some proteins require higher ratios to
achieve sufficient labeling. The optimal DEPC concentration to minimize the structural
perturbation of labeling a given protein can be estimated from the number of solvent accessible
His and Lys residues?3.

To avoid variability in labeling extents due to reagent degradation over time, the control and
experimental reactions should ideally be performed on the same day. DEPC undergoes rapid
hydrolysis when exposed to water and will degrade during storage as well, so good lab practice
and reagent handling are key. When not in use, the DEPC stock bottle should be stored in a
desiccator.

Modifications and Troubleshooting

Because DEPC CL is a kinetically controlled reaction, the labeling rate, and thus the modification
level, are controlled by protein and reagent concentrations, labeling time, and temperature. As
indicated above, often DEPC CL is performed for 1 minute at 37 °C with a DEPC to protein molar
ratio of 4 to 1. At this molar ratio (4x), proteins can be safely labeled without structural
perturbations!*. DEPC:protein molar ratios that are greater than 4 can be used for some proteins,
and not surprisingly higher DEPC concentrations result in more extensive labeling and more
structural information. The safest way to use higher DEPC concentrations without perturbing
structure is to generate dose-response plots in which the reactivity of a protein’s proteolytic
fragments are measured as a function of DEPC concentration (see Figure 4B)'4?%, However, this
approach can be time-consuming, as it requires multiple measurements. Recently, we
demonstrated that the optimum DEPC concentration can be estimated for a given protein from
the number and SASA of His and Lys residues in that protein?3. In recent work, we have also
suggested alternate ways to assess that a protein’s structure is not perturbed during CL%?4,

Proteolytic digestion is also an important step in DEPC CL-MS, as the peptides that are generated
allow one to localize structural information after LC-MS/MS analysis. In general, serine proteases
such as trypsin and chymotrypsin are effective for protein digestion. Trypsin is more commonly
used due to its cleavage efficiency and specificity at the C-terminal side of Lys and Arg residues.
However, trypsin usually does not cleave after DEPC-labeled Lys residues, causing missed
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cleavage at labeled Lys residues that can sometimes complicate data analysis. The activity of
chymotrypsin, which cleaves after bulky hydrophobic residues, is typically not affected by DEPC
labeling, but this enzyme has lower cleavage efficiency and specificity than trypsin. In addition,
for proteins with numerous hydrophobic residues, chymotrypsin can generate several short
peptide fragments that can be difficult separate and detect under standard LC-MS conditions.

LC-ESI-MS/MS analyses of protein digests requires a stable electrospray to obtain reliable
semiquantitative results. Capillary and nano LC are commonly used separation platforms where
efficient separation can be obtained with small amounts of protein. However, in our experience,
capillary LC provides more reliable quantitative information (i.e., modification levels) than nano
LC because of the higher sample amounts that are used. For large proteins that are digested into
a large number of labeled and unlabeled peptides, coelution of peptides with similar
hydrophobicity may happen. In these cases, longer LC gradients should be used for better
separations.

Fast and efficient MS/MS is important for good sequence coverage and label site identification.
Mass spectrometers with quadrupole ion traps are excellent instruments for this purpose.
Generally, CID is a common and highly effective method for peptide dissociation; however, we
have observed cases of DEPC label scrambling during CID of labeled peptide ions, resulting in
ambiguity in labeling site identity34. In these somewhat rare cases, ETD provides information that
is more reliable. Consequently, if possible, alternating between both dissociation techniques can
be helpful. Because DEPC can label many different residue types, it is common that isomers of a
given peptide fragment are generated that differ in the side chain that is modified. Many times,
these peptide isomers can be separated by LC, although they tend to elute at very similar times.
This likelihood should be considered when setting MS/MS exclusion times during automated LC-
MS/MS analyses. Typically, shorter than usual exclusion times should be used.

Limitations

While DEPC CL-MS is tremendously beneficial for studying protein structure and interactions, and
significant progress has been made to address a wide variety of protein systems, some limitations
of this technique remain. If labeling conditions are not well optimized (e.g., using too high a
concentration of DEPC), over labeling can perturb the protein structure and result in inaccurate
structural information'42324 In addition, the accuracy and precision of the measured
modification levels is affected by several factors, including label loss if samples sit too long before
LC-MS analysis and errors in the chemical labeling steps. Consistency in each experimental step
is important for reliable results. One of the more challenging issues currently associated with
DEPC-based CL-MS is data analysis software. Readily available data analysis programs are not
optimized to successfully identify peptides with low modification percentages (e.g., < 1%).
Consequently, we have developed and used specialized software to enable peptides with low
modification levels to be readily identified?8.

Even though DEPC CL-MS can provide moderate protein structural resolution, a detailed 3D
structure cannot be obtained from the labeling technique. Recently, some structural prediction
tools based on labeling data have been developed3*3%. However, more developments are
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required to optimally incorporate DEPC labeling results with computational modeling to predict
protein structure.

Significance Compared to Alternative Methods

The structural resolution possible with DEPC-based CL-MS is moderate when compared to
techniques like X-ray crystallography or NMR, so it is most appropriate to compare the technique
to HDX-MS, XL-MS, and other CL-MS, or footprinting, approaches. As was mentioned in the
introduction, CL-MS is complementary to HDX-MS because it provides information about the side
chains of residues in a protein, whereas HDX-MS reports on backbone structure and dynamics.
This complementarity allows the two techniques to be used together to obtain more structural
information, as has been shown by several groups3®’~*1. An emerging idea relevant to DEPC-based
CL-MS is the synergistic information that is available when it is used in conjunction with HDX-
MS?2. Because of the labeling timeframes associated with the two techniques, DEPC-based CL-
MS can often clarify ambiguity with protein regions that undergo decreased HDX. Decreased HDX
can arise from either reduced solvent accessibility due to binding or decreased protein dynamics.
DEPC reactions are inherently 2-3 orders of magnitude slower than HDX reactions, so DEPC
labeling is largely unaffected by changes in protein dynamics as long as they are not accompanied
by changes in solvent accessibility.

CL-MS has some advantages over HDX-MS experiments in that label scrambling and label loss are
minimal when appropriate precautions are taken. In HDX experiments, label loss or back-
exchange is a standard feature of the technique, and fast digestions and LC separations at low
pH are attempts to minimize this problem. It is important to recognize, though, that the back
exchange issue is counterbalanced by the higher number of labeled sites that are typically
measured in HDX-MS. Labeling scrambling is a larger problem in HDX-MS because incorrect
information would then be obtained, so analysis conditions must be optimized to minimize this
concern.

XL-MS and CL-MS have similar advantages with regard to label loss and scrambling, as both
involve the formation of a covalent bond that is robust enough to remain during digestion and
LC-MS analyses. Sequencing and identification of cross-linked peptides, however, is more
challenging than for covalently labeled peptides, requiring the use of specialized software. One
key advantage that XL-MS has over CL-MS is its ability to provide distance constraints, which can
be valuable when predicting or narrowing down possible protein structures. CL-MS data has been
used to facilitate protein structure prediction3®4243, but this area requires more work to fully
reach its potential.

When compared to other CL-MS methods, including those that use specific or non-specific
labeling reagents, DEPC has some advantages and disadvantages. Like methods that use amino
acid specific reagents, DEPC labeling is straightforward; the reagent only needs to be added to
the sample of interest. This simplicity contrasts with methods such as fast photochemical
oxidation of proteins (FPOP) or synchrotron based HRF that require sophisticated light sources
to produce hydroxyl radicals. Unlike methods that use specific reagents, DEPC can label six
different amino acids and the N-terminus, enabling it to provide higher structural resolution.
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However, the number of residues that can be labeled by DEPC are fewer than the number that
can be oxidized by hydroxyl radicals, so the structural resolution obtainable by DEPC-based CL-
MS is lower. One practical ramification of fewer residues being labeled by DEPC is that using the
reagent sometimes does not provide all desired structural information, and so it can benefit from
being used in conjunction with other labeling reagents. We have recently demonstrated the value
of using DEPC together with the reagent pair 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC)/glycine ethyl ether (GEE), which can label glutamate and aspartate residues®.
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INTRODUCTION:

Proteins are essential biomolecules in virtually every physiological process. The variety of
functions that proteins perform are possible because of the structures they adopt and the
interactions that they have with other biomolecules. To understand protein function at a deeper
level, biochemical and biophysical tools are needed to elucidate these important structural
features and interactions. Traditionally, X-ray crystallography, cryogenic electron microscopy,
and nuclear magnetic resonance (NMR) spectroscopy have provided the desired atomic-level
detail to reveal protein structure. However, numerous protein systems cannot be interrogated
by these techniques because of poor crystallization behavior, limited protein availability,
excessive sample heterogeneity, or molecular weight limitations. Consequently, newer analysis
methods have emerged that overcome these limitations. Among the emerging techniques that
can provide protein structural information is mass spectrometry.

Mass spectrometry (MS) measures a molecule’s mass-to-charge (m/z) ratio, so protein higher-
order structural information must be obtained by encoding the desired structural information
into the mass of the protein. Several approaches to encode this information have been
developed, including hydrogen-deuterium exchange (HDX)™, chemical crosslinking (XL)>®, and
covalent labeling (CL)’7%°. In HDX, backbone amide hydrogens are exchanged by slightly more
massive deuteriums at rates that depend on solvent accessibility and H-bonding extent. The
extent of HDX can be localized by rapidly digesting the protein into peptide fragments before
separating and measuring these fragments by the mass spectrometer or by dissociating the
protein in a top-down experiment. Determining the rate of exchange provides further insight into
protein dynamics. HDX has proven to be a valuable tool for characterizing protein structure
despite challenges associated with back exchange and the need for specialized equipment to
maximize reproducibility. In XL-MS, proteins are reacted with bi-functional reagents that
covalently link adjacent residue side chains within a given protein or between two proteins. In
doing so, XL-MS can provide distance constraints that can be used to characterize protein
structure. The regions of the protein that are cross-linked can be identified by proteolytic
digestion followed by liquid chromatography (LC)-MS analysis. While XL-MS is a versatile tool that
has been used to study a variety of protein complexes, including inside cells, identification of the
XL products is challenging and requires specialized software.

CL-MS has emerged recently as a complementary and sometimes alternative MS-based tool to
study protein structure and interactions. In CL-MS, a protein or protein complex is covalently
modified with a mono-functional reagent that can react with solvent-exposed side chains (Figure
1). By comparing the modification extents of a protein or protein complex under different
conditions, conformation changes, binding sites, and protein-protein interfaces can be revealed.
After the CL reaction, site-specific information, often at the single amino-acid level, can be
obtained using typical bottom-up proteomics workflows in which proteins are proteolytically
digested, peptide fragments are separated by LC, and modified sites are identified using tandem
MS (MS/MS). The rich history of bioconjugate chemistry has made numerous reagents available
for CL-MS experiments. CL reagents fall into two general categories: (i) specific and (ii) non-
specific. Specific reagents react with a single functional group (e.g., free amines)®!° and are easy
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to implement, but they tend to provide limited structural information. Non-specific reagents
react with a wide range of side chains, but often require specialized equipment such as lasers or
synchrotron sources to produce these highly reactive species. Hydroxyl radicals are the most
commonly used non-specific reagent, having been applied in hydroxyl radical footprinting
(HRF)711713 experiments to study a wide range of proteins and protein complexes under a variety
of conditions.

Our research group has successfully used another relatively non-specific reagent called
diethylpyrocarbonate (DEPC) to study protein structure and interactions in the context of CL-MS
experiments'#2>, DEPC offers the simplicity of specific labeling reagents (i.e., no specialized
equipment is necessary to perform the reactions), while reacting with up to 30% of amino acids
in the average protein. As a highly electrophilic reagent, DEPC is capable of reacting with the N-
terminus and the nucleophilic side chains of cysteine, histidine, lysine, tyrosine, serine, and
threonine residues. Typically, a single product of these reactions is generated, resulting in a mass
increase of 72.02 Da. This single type of product contrasts with the up to 55 different products
that can be produced when proteins react with hydroxyl radicals’. Such simple chemistry
facilitates identification of labeled sites.

Here, we provide protocols for using DEPC-based CL-MS to study protein structure and
interactions. Details associated with reagent preparation, DEPC-protein reactions, protein
digestion conditions, LC-MS and MS/MS parameters, and data analysis are described. We also
demonstrate the utility of DEPC labeling by providing example results from protein-metal,
protein-ligand, and protein-protein interactions as well as proteins undergoing structural
changes upon heating.

PROTOCOL:

1. Protein and reagent preparation

NOTE: This protocol includes an example workflow for labeling a protein with DEPC. Some
conditions and reagent concentrations listed may vary based on the protein of choice.

1.1.  Prepare all reagent solutions in 1.5 mL microcentrifuge tubes.

1.2.  Prepare a protein solution of desired concentration, usually in the range of tens of uM, in
a 10 mM 3-(N-morpholino)propanesulfonic acid (MOPS) buffer at pH 7.4. Alternatively, prepare
a buffer-exchange existing protein solution in 10 mM pH 7.4 MOPS if the sample contains a
nucleophilic buffer that would be reactive with DEPC. Other buffers (e.g., phosphate buffered
saline) can also be used, as long as they do not have nucleophilic functional groups.

1.3.  Preparea 100 mM DEPCsolution in dry acetonitrile (ACN) by pipetting 1.45 pL of the stock
6.9 M DEPC solution into 98.55 L of the ACN.
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NOTE: There is no one set of concentrations that will work with every protein, though the optimal
concentrations can be estimated based on the number of His and Lys residues?3. For example,
with 50 pL of a 50 uM B2-microglobulin solution, react the protein with 0.2 uL of the 100 mM
DEPC for a final DEPC concentration of 200 uM (equal to 4x the protein concentration) to ensure
the desired molar ratio using this general example (Table 1). DEPC labeling is a 2" order reaction,
so changing either the concentration of protein or DEPC in the reaction mixture will change the
labeling rate.

1.4. Prepare 1M imidazole solution by weighing out 10 mg of imidazole and dissolving in 146.9
uL of HPLC-grade water.

2. Covalent labeling of intact protein
2.1.  Set water bath temperature to 37 °C and wait for the bath to reach a stable temperature.

NOTE: Reagent concentrations and volumes for an example labeling protocol can be found in
Table 1.

2.2.  Inanew microcentrifuge tube, mix MOPS buffer and protein solution in volumes listed in
Table 1.

2.3. To the protein and buffer add 0.2 pL of the DEPC solution, making sure to properly mix
the resulting solution, and then place the tube containing the reaction mixture into the 37 °C
water bath for 1 minute.

NOTE: The volume of ACN added should not exceed 1% of the total reaction volume to avoid
perturbation of the protein’s structure during the labeling reaction. Reaction time is up to the
user, although a 1 minute reaction under the example conditions minimizes overlabeling and the
potential hydrolysis of DEPC*4.

2.4.  After 1 minute, remove the tube containing the reaction mixture from the water bath and
guench the reaction with 1 pL of the 1 M imidazole solution to scavenge the remaining unreacted
DEPC.

NOTE: The final concentration of imidazole in the reaction mixture should equal 50x the
concentration of DEPC in the reaction mixture. This will ensure that remaining unreacted DEPC is

scavenged.

3. Preparation of protein digest for bottom-up LC-MS
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NOTE: Choose digestion conditions that are amenable to the protein of interest. Common steps
involve unfolding the protein and reducing and alkylating any disulfide bonds.

3.1.  Unfold the protein by adding an appropriate unfolding reagent to the reaction mixture.
NOTE: Common unfolding agents include ACN, urea, and guanidine hydrochloride (GuHClI).

3.2.  Prepare solutions of Tris(2-carboxyethyl)phosphine (TCEP) and iodoacetamide (IAM) by
weighing out 5 mg of each and dissolving them in new microcentrifuge tubes in 174.4 and 270.3
puL of 10 mM pH 7.4 MOPS buffer, respectively, for the reduction and alkylation steps.

3.3.  Reduce disulfide bonds by adding 2 pL of the 100 mM TCEP (final concentration of 2 mM
in reaction mixture) solution to the reaction mixture and reacting for 3 minutes at room
temperature.

NOTE: The final concentration of TCEP should equal 40x the protein concentration per disulfide
bond present in the solution.

3.4. Alkylate reduced cysteines with 4 pL of the 100 mM IAM solution (final concentration of
4 mM in reaction mixture) for 30 minutes in the dark. IAM is light-sensitive and will decompose
under direct light.

NOTE: The final concentration of IAM in solution should be twice the concentration used for
TCEP, or 80x the protein concentration per disulfide bond.

3.5. Digest the protein with an appropriate enzyme such as trypsin or chymotrypsin. A 10:1
protein:enzyme ratio for a 3-hour digestion at 37 °C with immobilized enzyme at a shaking rate
of 300 strokes/min is typically sufficient for DEPC-labeled proteins. See Discussion.

3.6. After digestion, separate the immobilized enzyme from the digested peptides by
centrifugation at 12,000 rpm for 5 minutes.

3.7. Analyze the sample immediately by LC-MS/MS or flash-freeze the sample with liquid
nitrogen to minimize sample degradation and label loss. Store the flash-frozen samples at < -20
°C until ready for LC-MS/MS analysis.

4. LC-MS/MS Analysis

NOTE: Standard LC-MS/MS parameters for bottom-up proteomics can be used to identify labeled
sites on the proteolytic peptide fragments. A general example is outlined below.
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4.1. Separate the DEPC-labeled peptides using a reversed-phase C18 stationary phase. Use a
typical LC mobile phase of two solvents: (A) water + 0.1% formic acid and (B) ACN + 0.1% formic
acid using a gradient (e.g., Figure 2) to achieve the best separation of peptides.

NOTE: The separation time can be optimized based on sample complexity, and mobile phase flow
rate depends on whether capillary or nano LC is used.

4.2. Use a mass spectrometer capable of doing on-line LC-MS and MS/MS to identify DEPC
modification sites on the peptide. In our experiments, we have successfully used several types of
mass spectrometers. Any mass spectrometer capable of automatically performing MS/MS of
many peptides during the course of an LC-MS analysis should be suitable. Relevant MS
parameters include: ESI source voltage = -4000 V for regular ESI; -2000 V for nanospray; Orbitrap
resolution = 60,000; Dynamic exclusion duration = 30 sec; MS/MS activation type: CID, ETD, or
both; Mass scan range = 200-2,000; Automatic Gain Control = 4.0E5 (MS?in Orbitrap) and 5.0E4
(MS?in linear quadrupole ion trap).

4.3. Load and inject the digested, labeled protein sample into the LC system and start the LC-
MS/MS acquisition. If the sample has been flash-frozen, thaw before analysis. Divert the LC
effluent to waste for the first 5 minutes to avoid excessive salts from getting into the ESI source.

NOTE: A5 pL injection loop is generally utilized, allowing for injection of approximately 2.5 ug of
protein to the LC-MS/MS. This is dependent on the loading conditions of the LC as to not clog the
sample injector.

5. Data analysis

5.1. Identify DEPC label sites and quantify peptide peak areas using appropriate software for
the mass spectrometer that is used.

5.2. Include DEPC addition (72.02 Da) and carbamidomethylation (57.02 Da) as variable
modifications. Additional search parameters for the MS/MS analysis are as follows: Maximum
missed cleavages = 3; Fragment ion types = b and y; Precursor m/z tolerance = 10 ppm (this value
should be higher if a quadrupole ion trap mass spectrometer is used); Fragment m/z tolerance =
0.5 Da (this value should be lower if a high-resolution mass spectrometer is used for a product
ion scan); Precursor charge = 1-4.

NOTE: Different database search algorithms have different scoring systems, and many can have
difficulty identifying DEPC-modified peptides because modification levels can be low. Adjusting
the score cutoff may be necessary to identify more labeled peptides. If so, then manual
interrogation of the MS/MS data should be used to verify low-scoring peptides. The product of
the hydrolysis of the DEPC label is not included in the data searching because the hydrolyzed
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DEPC is no longer reactive toward nucleophilic side chains.

5.3. Determine residue-level modification percentages using the chromatographic peak areas
of the modified and unmodified versions of the peptides.

NOTE: Any peptide containing the modified residue of interest must be considered and all charge
states that are included must be present in all the measured samples. Peptides having different
ionization efficiencies and eluting at different times causes this value to be a relative rather than
absolute measure of the modification of a specific site.

?=1Z;n=1AIiTlZOdiﬁ6d
n m modified n m unmodified *100
i=1 2z=1 Aiy + Xit Xzm1 Al
where Ai; represents peak area of any given peptide (i) that contains the residue of interest and
considers all detected charge states (z).

Percent modification =

5.4. Determine if a labeling change between a control and experimental sample is significant
using statistical evaluation. Three replicate measurements for each sample is typical, and t-tests
are most commonly utilized with 95 or 99% confidence intervals.

REPRESENTATIVE RESULTS:

Identifying DEPC modification sites and modification percentages

Mass addition due to covalent labeling can be measured at the (a) intact protein and (b) peptide
levels®®. At the intact level, a distribution of protein species with different numbers of labels can
be obtained from direct analysis or LC-MS of labeled protein samples. To obtain higher resolution
structural information (i.e., site-specific labeling data), measurements must be performed at the
peptide level. After the labeling and quenching steps, the labeled proteins are subjected to
bottom-up proteomic analysis (i.e., disulfide reduction, alkylation, proteolytic digestion, and LC-
MS/MS). Figure 3 shows how the DEPC labeled sites are identified and their modification levels
are calculated for a DEPC CL-MS experiment on the protein B-2-microglobulin (B2m)?t. MS/MS is
used to sequence the labeled peptides and pinpoint their DEPC labeled sites, while modification
percentages are calculated from their relative peak areas in extracted ion chromatograms (See
Figure 3A).

Protein surface mapping using DEPC CL-MS

Because of the relationship between protein topology and labeling rate, DEPC has been used to
study changes in protein higher-order structure (HOS) and identify protein interaction sites®°. An
example is the effect of Cu(ll) binding on the structure of B2m. DEPC modification rate
coefficients of peptide fragments from unbound f2m and Cu(ll)-bound B2m (b2m-Cu) can be
measured (Table 2) by varying DEPC concentrations and generating second-order kinetic
plots'#?4 The DEPC reactivity of residues in B2m-Cu reveals significant labeling rate changes for
His31, Ser33, and Thrd, while other sites, including different His residues, are statistically
unchanged. These data are consistent with the fact that His31, but not other His residues in 2m,
binds Cu causing structural changes near His31 (i.e., Ser33) and near the N-terminus (i.e., Thr4)



295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338

(Figure 4)1426.27,

DEPC CL-MS for identifying changes in HOS

DEPC labeling with MS detection is also a valuable tool for characterizing HOS changes to
proteins, which has important implications for protein therapeutics, which are currently the
fastest growing segment of the pharmaceutical market?®. DEPC CL can identify specific protein
regions that undergo structural changes upon thermal and oxidative stress!® After B2m is
exposed to heat stress, many residues that undergo significant decreases in labeling extents (N-
terminus, Ser28, His31, Ser33, Ser55, Ser57, Lys58) are clustered on one side of the protein,
suggesting that this region of the protein undergoes a conformational change or possibly
mediates aggregation (Figure 5A). In addition to these residues, after the protein is exposed to
oxidative stress, other residues with a decrease in labeling (Ser11, His13, Lys19, Lys41, Lys94)
form a cluster on another face of the protein, indicating that the oxidation-induced
conformational changes occur elsewhere (Figure 5B). Other work from our group has also shown
that DEPC CL-MS can detect and identify sites of conformational changes in heat-stressed
monoclonal antibody therapeutics?.

DEPC CL-MS to study protein-protein interactions

Insight into protein-protein interaction sites and aggregation interfaces for amyloid-forming
proteins can be obtained using DEPC labeling as well®. Decreases in the modification levels of
residues upon oligomer formation can reveal the binding interfaces. DEPC CL-MS was used to
characterize the pre-amyloid oligomers of f2m, which is the protein that forms amyloids in
dialysis-related amyloidosis?®, after initiating amyloid formation with Cu(l1)!>26, Comparing the
DEPC reactivity of the f2m monomer with the pre-amyloid B2m dimer that is formed 2 h after
adding Cu(ll) shows that nine residues undergo decreases in labeling while six residues undergo
no change or slight increases in labeling (Figure 6A). Upon mapping these changes on the f2m,
itisimmediately apparent that the dimer interface involves the ABED B-sheets of f2m monomers
(Figure 6B)°.

DEPC CL-MS to study protein-ligand binding

Ligand binding to proteins leads to decreases in the solvent accessibility of residues that interact
with the ligand, and DEPC-based CL-MS can be used to identify ligand-binding sites on proteins.
For example, the binding sites of epigallocatechin-3-gallate (EGCG) on B2m under amyloid-
forming conditions can be identified by significant decreases in DEPC labeling at the residues
buried by EGCG binding. In the presence of ECGC, Lys6 and Lys91 have lower DEPC modification
percentages (Figure 7), and these residues are clustered in one region of the protein, indicating
residue protection due to ligand binding. The N-terminus, Thr4, and His31, meanwhile, undergo
increases in labeling extents (Figure 7), which are indicative of ECGC-induced structural changes
and suggest that the Cu(ll) binding sites on B2m (N-terminus and His31)43%31 may be disrupted
as a result of ECGC binding32. In addition, the binding sites of the other two small-molecule
inhibitors of B2m amyloid formation, rifamycin SV and doxycycline, have been identified using
CL-MS?™. In this study, however, results from DEPC labeling alone were not enough to map the
binding sites with sufficient structural resolution. Results from three different CL reagents,
namely DEPC, BD, and 1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide — glycine ethyl ester
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(EDC/GEE) pair were necessary to better pinpoint the binding sites®.

Improving structural resolution and reducing label scrambling

Even though DEPC labeling causes the formation of a covalent bond, label loss due to hydrolysis
can occur, especially for Ser, Thr, and Tyr residues (Figure 8). Label loss can be minimized by
decreasing the time between DEPC CL reaction and LC-MS analysis using short proteolytic
digestions (e.g., 2 h digestion with immobilized enzymes) rather than overnight digestions. Fast
digestions result in more modified residues being measured, increasing the amount of protein
structural information. For example, a 2 h digestion with immobilized chymotrypsin consistently
leads to the identification of more DEPC-modified residues in B2m (Figure 9)'’. With an overnight
digestion about 75% of the Ser, Thr, Tyr, His, and Lys residues in B2m are detected, but when the
time between labeling and LC-MS is reduced by using a 2 h digestion, 95% of these residues in
B2m are detected. Most of the newly detected modified residues are Tyr and Thr residues that
are prone to hydrolysis.

Over the course of our work with DEPC, we have noticed that in some proteins, Cys residues that
from disulfide bonds are modified by DEPC, even though the disulfide bonds are intact during the
DEPC labeling reactions. Such labeling of Cys residues occurs because free thiols can react with
other modified residues in solution (Figure 10), leading to so-called “label scrambling” as the
carbethoxy group is transferred to the Cys residue. Label scrambling decreases the modification
levels at other residues and provides incorrect protein structural information. To avoid label
scrambling, the free Cys thiols must be fully alkylated right after disulfide reduction33.

FIGURE AND TABLE LEGENDS:

Figure 1: Covalent labeling-mass spectrometry (CL-MS). A monofunctional reagent is used to
modify solvent accessible amino acids and can be used to provide site-specific information about
conformational changes or interaction interfaces in proteins (top vs. bottom image). The
modified protein is proteolytically digested, and the resulting peptides are analyzed by liquid
chromatography (LC) in conjunction with MS and tandem MS (MS/MS). Figure has been adapted
from Limpikirati, P., Liu, T., Vachet, R. W. Covalent Labeling-Mass Spectrometry for Studying
Protein Structure and Interactions. Methods 144, 79-93 (2018).

Table 1. General DEPC labeling protocol.
Figure 2. Example LC gradient for separation of peptides.

Figure 3 lllustration of how DEPC labeled sites are identified and their modification levels are
calculated. After DEPC labeling and proteolytic digestion, (A) LC-MS analysis of the digested
protein is performed. Peak areas of (B) unlabeled and (C) labeled peptides in a chromatogram
are used to calculate the labeling percentage. During LC-MS, peptides are subjected to CID
MS/MS. Tandem mass spectra of (D) unlabeled and (E) & (F) labeled peptides obtained at specific
retention times are used for peptide sequencing and identification of DEPC labeled sites.
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Table 2 Site-specific DEPC modification rate coefficients (k, Ms) for b2m in the absence and
presence of Cu(ll).

Figure 4 Using DEPC CL-MS to determine the effect of Cu(ll) binding on the structure of f2m: (A)
Protein surface mapping of the residues with significant decreases in DEPC labeling rates (blue),
indicating changes in their solvent accessibility upon Cu(ll) binding, and those with no significant
changes in labeling rate (magenta) (PDB accession code 1JNJ). (B) Example site-specific second-
order kinetic plots of the reaction of B2m with different concentrations of DEPC in the presence
and absence of Cu(ll). The labeling rate coefficient (k) can be obtained from the slope of the
kinetic plot.

Figure 5 Covalent labeling results for stressed vs. native f2m: (A) Heat stress — heating at 75 °C
for 24 h and (B) oxidative stress — with 3% H.0: for 24 h. Significant changes in modification
percentages are shown in blue (decrease in labeling) and red (increase in labeling) while residues
with no significant labeling changes are shown in pale green (PDB accession code 1JNJ).

Figure 6 Using DEPC CL-MS to determine the dimer interface for the pre-amyloid dimer of f2m:
(A) Summary of DEPC modification level changes for modified residues in the monomer (i.e., t =
0) and dimer 2 h after adding Cu(ll). Residues with significant decreases in labeling extent are
denoted by an asterisk (*). (B) Covalent labeling results mapped on the B2m structure. Residues
with decreased labeling are shown in blue and residues with no changes or slight increases in
labeling are shown in red (PDB accession code 1LDS).

Figure 7 Covalent labeling results for EGCG-bound vs. unbound b2m. The DEPC modification
percentages are shown for the displayed residues. Statistically significant differences in the
covalent labeling percentage are denoted by an asterisk (*). Increases in labeling upon ECGC
binding are shown in red while decreases are shown in blue.

Figure 8 DEPC covalent labeling reactions (nucleophilic acyl substitution) and label loss
(hydrolysis of carbethoxylated residues)

Figure 9 Mapping of the measured modification sites on f2m. (A) Labeled sites after conventional
overnight digestion, and (B) labeled sites after a 2 h digestion with immobilized chymotrypsin.

Figure 10 Hypothesized mechanism of DEPC label scrambling (Cys capture of carbethoxylated
His)

DISCUSSION:
Critical Steps
Several points regarding experimental design should be considered to ensure reliable labeling
results. First, to maximize protein labeling, it is necessary to avoid buffers with strongly
nucleophilic groups (e.g., Tris) because they can react with DEPC and lower the extent of labeling.
It is also conceivable that such buffers could react with labeled residues, causing the removal of
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the label and therefore loss of structural information. We recommend MOPS as a buffer, but
phosphate buffered saline works as well. Second, dithiothreitol should be avoided for reduction
of disulfide bonds because the free thiols in this reagent can react with labeled residues and
remove the DEPC modification. This same chemistry is why it is essential to alkylate reduced
disulfides because free Cys can cause intra-protein label scrambling33. Third, the quench step
with imidazole (Protocol step 2.4) is critical for stopping the labeling reaction so any remaining
DEPC is unable to continue to react with the protein.

It is also important to appreciate that the DEPC labeling reaction is 2" order, meaning that
changing either the protein or DEPC concentration will affect the extent of labeling. We have
empirically found that a 4:1 DEPC:protein concentration ratio is a reasonable value when the
protein has a concentration in the 10’s of uM range, as it tends to avoid any labeling-induced
structural changes!®. However, the optimum DEPC:protein concentration ratio is protein-
dependent as well as concentration-dependent, and some proteins require higher ratios to
achieve sufficient labeling. The optimal DEPC concentration to minimize the structural
perturbation of labeling a given protein can be estimated from the number of solvent accessible
His and Lys residues?3.

To avoid variability in labeling extents due to reagent degradation over time, the control and
experimental reactions should ideally be performed on the same day. DEPC undergoes rapid
hydrolysis when exposed to water and will degrade during storage as well, so good lab practice
and reagent handling are key. When not in use, the DEPC stock bottle should be stored in a
desiccator.

Modifications and Troubleshooting

Because DEPC CL is a kinetically controlled reaction, the labeling rate, and thus the modification
level, are controlled by protein and reagent concentrations, labeling time, and temperature. As
indicated above, often DEPC CL is performed for 1 minute at 37 °C with a DEPC to protein molar
ratio of 4 to 1. At this molar ratio (4x), proteins can be safely labeled without structural
perturbations!*. DEPC:protein molar ratios that are greater than 4 can be used for some proteins,
and not surprisingly higher DEPC concentrations result in more extensive labeling and more
structural information. The safest way to use higher DEPC concentrations without perturbing
structure is to generate dose-response plots in which the reactivity of a protein’s proteolytic
fragments are measured as a function of DEPC concentration (see Figure 4B)'4?%, However, this
approach can be time-consuming, as it requires multiple measurements. Recently, we
demonstrated that the optimum DEPC concentration can be estimated for a given protein from
the number and SASA of His and Lys residues in that protein?3. In recent work, we have also
suggested alternate ways to assess that a protein’s structure is not perturbed during CL%?4,

Proteolytic digestion is also an important step in DEPC CL-MS, as the peptides that are generated
allow one to localize structural information after LC-MS/MS analysis. In general, serine proteases
such as trypsin and chymotrypsin are effective for protein digestion. Trypsin is more commonly
used due to its cleavage efficiency and specificity at the C-terminal side of Lys and Arg residues.
However, trypsin usually does not cleave after DEPC-labeled Lys residues, causing missed
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cleavage at labeled Lys residues that can sometimes complicate data analysis. The activity of
chymotrypsin, which cleaves after bulky hydrophobic residues, is typically not affected by DEPC
labeling, but this enzyme has lower cleavage efficiency and specificity than trypsin. In addition,
for proteins with numerous hydrophobic residues, chymotrypsin can generate several short
peptide fragments that can be difficult separate and detect under standard LC-MS conditions.

LC-ESI-MS/MS analyses of protein digests requires a stable electrospray to obtain reliable
semiquantitative results. Capillary and nano LC are commonly used separation platforms where
efficient separation can be obtained with small amounts of protein. However, in our experience,
capillary LC provides more reliable quantitative information (i.e., modification levels) than nano
LC because of the higher sample amounts that are used. For large proteins that are digested into
a large number of labeled and unlabeled peptides, coelution of peptides with similar
hydrophobicity may happen. In these cases, longer LC gradients should be used for better
separations.

Fast and efficient MS/MS is important for good sequence coverage and label site identification.
Mass spectrometers with quadrupole ion traps are excellent instruments for this purpose.
Generally, CID is a common and highly effective method for peptide dissociation; however, we
have observed cases of DEPC label scrambling during CID of labeled peptide ions, resulting in
ambiguity in labeling site identity34. In these somewhat rare cases, ETD provides information that
is more reliable. Consequently, if possible, alternating between both dissociation techniques can
be helpful. Because DEPC can label many different residue types, it is common that isomers of a
given peptide fragment are generated that differ in the side chain that is modified. Many times,
these peptide isomers can be separated by LC, although they tend to elute at very similar times.
This likelihood should be considered when setting MS/MS exclusion times during automated LC-
MS/MS analyses. Typically, shorter than usual exclusion times should be used.

Limitations

While DEPC CL-MS is tremendously beneficial for studying protein structure and interactions, and
significant progress has been made to address a wide variety of protein systems, some limitations
of this technique remain. If labeling conditions are not well optimized (e.g., using too high a
concentration of DEPC), over labeling can perturb the protein structure and result in inaccurate
structural information'42324 In addition, the accuracy and precision of the measured
modification levels is affected by several factors, including label loss if samples sit too long before
LC-MS analysis and errors in the chemical labeling steps. Consistency in each experimental step
is important for reliable results. One of the more challenging issues currently associated with
DEPC-based CL-MS is data analysis software. Readily available data analysis programs are not
optimized to successfully identify peptides with low modification percentages (e.g., < 1%).
Consequently, we have developed and used specialized software to enable peptides with low
modification levels to be readily identified?8.

Even though DEPC CL-MS can provide moderate protein structural resolution, a detailed 3D
structure cannot be obtained from the labeling technique. Recently, some structural prediction
tools based on labeling data have been developed3*3%. However, more developments are
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required to optimally incorporate DEPC labeling results with computational modeling to predict
protein structure.

Significance Compared to Alternative Methods

The structural resolution possible with DEPC-based CL-MS is moderate when compared to
techniques like X-ray crystallography or NMR, so it is most appropriate to compare the technique
to HDX-MS, XL-MS, and other CL-MS, or footprinting, approaches. As was mentioned in the
introduction, CL-MS is complementary to HDX-MS because it provides information about the side
chains of residues in a protein, whereas HDX-MS reports on backbone structure and dynamics.
This complementarity allows the two techniques to be used together to obtain more structural
information, as has been shown by several groups3®’~*1. An emerging idea relevant to DEPC-based
CL-MS is the synergistic information that is available when it is used in conjunction with HDX-
MS?2. Because of the labeling timeframes associated with the two techniques, DEPC-based CL-
MS can often clarify ambiguity with protein regions that undergo decreased HDX. Decreased HDX
can arise from either reduced solvent accessibility due to binding or decreased protein dynamics.
DEPC reactions are inherently 2-3 orders of magnitude slower than HDX reactions, so DEPC
labeling is largely unaffected by changes in protein dynamics as long as they are not accompanied
by changes in solvent accessibility.

CL-MS has some advantages over HDX-MS experiments in that label scrambling and label loss are
minimal when appropriate precautions are taken. In HDX experiments, label loss or back-
exchange is a standard feature of the technique, and fast digestions and LC separations at low
pH are attempts to minimize this problem. It is important to recognize, though, that the back
exchange issue is counterbalanced by the higher number of labeled sites that are typically
measured in HDX-MS. Labeling scrambling is a larger problem in HDX-MS because incorrect
information would then be obtained, so analysis conditions must be optimized to minimize this
concern.

XL-MS and CL-MS have similar advantages with regard to label loss and scrambling, as both
involve the formation of a covalent bond that is robust enough to remain during digestion and
LC-MS analyses. Sequencing and identification of cross-linked peptides, however, is more
challenging than for covalently labeled peptides, requiring the use of specialized software. One
key advantage that XL-MS has over CL-MS is its ability to provide distance constraints, which can
be valuable when predicting or narrowing down possible protein structures. CL-MS data has been
used to facilitate protein structure prediction3®4243, but this area requires more work to fully
reach its potential.

When compared to other CL-MS methods, including those that use specific or non-specific
labeling reagents, DEPC has some advantages and disadvantages. Like methods that use amino
acid specific reagents, DEPC labeling is straightforward; the reagent only needs to be added to
the sample of interest. This simplicity contrasts with methods such as fast photochemical
oxidation of proteins (FPOP) or synchrotron based HRF that require sophisticated light sources
to produce hydroxyl radicals. Unlike methods that use specific reagents, DEPC can label six
different amino acids and the N-terminus, enabling it to provide higher structural resolution.
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However, the number of residues that can be labeled by DEPC are fewer than the number that
can be oxidized by hydroxyl radicals, so the structural resolution obtainable by DEPC-based CL-
MS is lower. One practical ramification of fewer residues being labeled by DEPC is that using the
reagent sometimes does not provide all desired structural information, and so it can benefit from
being used in conjunction with other labeling reagents. We have recently demonstrated the value
of using DEPC together with the reagent pair 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC)/glycine ethyl ether (GEE), which can label glutamate and aspartate residues®.
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Table 1

Protein (100 uM, MOPS)
MOPS (10 mM, pH 7.4)
DEPC (100 mM)
Imidazole (1 M)
Total Volume

Volume Used (ulL)
50
48.8
0.2
1
100

Click here to access/download;Table;Table 1.xIsx %

Concentration in Solution (uM)
50
n/a
200 (=4x[protein])
10,000 (=50x[DEPC])
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Table 2

Residue
Thr4
His13
His31
Ser33
His51
Ser88

B2m
0.082 + 0.004
0.041 + 0.003
0.010 + 0.001
0.010 + 0.002
0.036 + 0.003
0.029 + 0.007
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f2m-Cu
0.052 + 0.009
0.033 + 0.005
0.003 + 0.001
0.004 + 0.001
0.030 + 0.004
0.020 + 0.006
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Name of Material/ Equipment Company Catalog Number
Thermo Fisher
1.5 mL microcentrifuge tube Scientific 3448
3-(N-morpholino)propanesulfonic acid Millipore Sigma M1254
3-(N-morpholino)propanesulfonic acid sodium salt Millipore Sigma M9381
Acclaim PepMap RSLC C18 Column Thermo Scientific 164537
Acetonitrile Fisher Scientific A998-1
Diethylpyrocarbonate Millipore Sigma D5758
HPLC-grade water Fisher Scientific W5-1
Imidazole Millipore Sigma 5513
Immobilized chymotrypsin ProteoChem g4105
Thermo Fisher
Immobilized trypsin, TPCK Treated Scientific 20230
lodoacetamide Millipore Sigma 11149

Tris(2-carboxyethyl)phosphine Millipore Sigma C4706
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Comments/Description

300 pm x 15 cm, C18, 2 um, 100 A
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April 8, 2021
Dear editors,
We have addressed the most recent suggestions to the video and will upload the final version. Included
below in regular text is the concern or suggested change, and our response and/or changes are written
in bold.
Sincerely,

Richard Vachet

Changes to be made by the Author(s) regarding the video:

1. Vide & Audio Editing:

¢ The audio volume levels of the introduction and conclusion segments with Kirsch and Kong should be
reduced by 25%. The narration volume is ideal.

This has been done.

¢ 01:35 This close up photo of the Diethyl pyrocarbonate would benefit from a smooth fade on screen as
opposed to the hard cut-in. It really pops on quickly and the audience won't be expecting it. Try a fade-
on and fade-off. Do this for all freeze frame closeups (like the imidazol at 01:46)

This has been changed as suggested.

¢ 02:26 There is a pop here after the word "minute." Do a quick audio fade out here to smooth out the
hum and eliminate the pop.

We have done a quick audio fade and the pop is gone. The hum is difficult to fully remove.

¢ 03:21 There is a pop here after the word "concentration." Do a quick audio fade out here to smooth
out the hum and eliminate the pop.

We have done a quick audio fade and the pop is gone. The hum is difficult to fully remove.
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