Journal of Proteomics 198 (2019) 78-86

Contents lists available at ScienceDirect

" PROTEOMICS
Journal of Proteomics

EuPA

journal homepage: www.elsevier.com/locate/jprot

Comprehensive identification of protein disulfide bonds with pepsin/trypsin = R

Check for

digestion, Orbitrap HCD and Spectrum Identification Machine At

Chuanlong Cui®', Tong Liu™', Tong Chen?, Johanna Lu?, Ian Casaren®, Diogo Borges Lima",
Paulo Costa Carvalho®, Annie Beuve®, Hong Li™*

2 Center for Advanced Proteomics Research and Department of Microbiology, Biochemistry and Molecular Genetics, Rutgers University - New Jersey Medical School and
Cancer Institute of New Jersey, Newark, NJ 07103, USA

b Mass Spectrometry for Biology Unit, Institut Pasteur, CNRS USR 2000, Paris, France

¢ Laboratory for Structural and Computational Proteomics, Carlos Chagas Institute, Fiocruz Parand, Brazil

9 Department of Pharmacology, Physiology and Neuroscience, Rutgers University — New Jersey Medical School, Newark, NJ 07103, USA

ARTICLE INFO ABSTRACT

Disulfide bonds (SS) are post-translational modifications important for the proper folding and stabilization of
many cellular proteins with therapeutic uses, including antibodies and other biologics. With budding advances of
biologics and biosimilars, there is a mounting need for a robust method for accurate identification of SS. Even
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pePSif_l though several mass spectrometry methods have emerged for this task, their practical use rests on the broad
:Irggsm effectiveness of both sample preparation methods and bioinformatics tools. Here we present a new protocol
SIM-XL tailored toward mapping SS; it uses readily available reagents, instruments, and software. For sample pre-

paration, a 4-h pepsin digestion at pH 1.3 followed by an overnight trypsin digestion at pH 6.5 can maximize the
release of SS-containing peptides from non-reduced proteins, while minimizing SS scrambling. For LC/MS/MS
analysis, SS-containing peptides can be efficiently fragmented with HCD in a Q Exactive Orbitrap mass spec-
trometer, preserving SS for subsequent identification. Our bioinformatics protocol describes how we tailored our
freely downloadable and easy-to-use software, Spectrum Identification Machine for Cross-Linked Peptides (SIM-
XL), to minimize false identification and facilitate manual validation of SS-peptide mass spectra. To substantiate
this optimized method, we've comprehensively identified 14 out of 17 known SS in BSA.

Significance: Comprehensive and accurate identification of SS in proteins is critical for elucidating protein
structures and functions. Yet, it is far from routine to accomplish this task in many analytical or core labora-
tories. Numerous published methods require complex sample preparation methods, specialized mass spectro-
meters and cumbersome or proprietary software tools, thus cannot be easily implemented in unspecialized la-
boratories. Here, we describe a robust and rapid SS mapping approach that utilizes readily available reagents,
instruments, and software; it can be easily implemented in any analytical core laboratories, and tested for its
impact on the research community.

1. Introduction arrangements are important for maintaining protein functions and

dysregulation of SS formations have been reported in diseases, in-

Disulfide bonds (SS) are formed between the sulfhydryl groups of
vicinal cysteines and are among the most common post-translational
modifications in proteins. They play important roles in folding proteins
and stabilizing functional protein domains [1,2]. Proper SS

cluding neurodegeneration [3], cancer [4], inflammation [5], and heart
diseases [6]. Therefore, precise identification of SS is critical for un-
derstanding protein functions in cells and assuring accurate productions
of therapeutic proteins.

Abbreviations: ETD, electron transfer dissociation; FDR, false discovery rate; HCD, higher-energy collisional dissociation; NCE, normalized collision energy; NEM, N-
ethylmaleimide; RNase A, bovine pancreatic ribonuclease A; SIM-XL, Spectrum Identification Machine for cross-linked peptides; SS, disulfide bonds; TFA, tri-

fluoroacetic acid
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Conventional methods, such as X-ray crystallography [7], Edman
sequencing [8], and NMR [9] are widely used to pinpoint SS; however,
they require large amounts of purified proteins and thus their applic-
ability is greatly limited. In contrast, high resolution MS has emerged as
a frontline method for mapping SS in small quantities of proteins, in-
cluding in mixtures, thanks to the advancements of soft ionization
sources, resolution, sensitivity, and efficient fragmentation methods. A
typical workflow for MS identification of SS includes three key steps:
(1) Sample preparation: proteins are digested by proteases, usually
trypsin, to release peptides that are amenable for LC/MS/MS analysis.
An ideal sample preparation method should generate ample amounts of
peptides linked by SS, and minimize the formation of artifactual SS, also
known as SS scrambling; (2) LC/MS/MS: peptides are separated by
HPLC and are fragmented with appropriate MS/MS fragmentation
techniques that are sufficiently powerful to dissociate the peptide
backbones, yet gentle enough to preserve the SS integrity, and (3)
Bioinformatics: MS/MS spectra are analyzed by automated software
tools to identify SS-containing peptides and localize the SS sites. A
desirable tool can identify SS with high sensitivity and accuracy, and
enable easy manual validation to eliminate false SS localization. Despite
the tremendous progress of existing tools for this task, routine SS
mapping is still challenging, due to low proteolytic digestion effi-
ciencies of non-reduced proteins, SS scrambling, poor fragmentation of
large SS-containing peptides, and limitations in bioinformatics tools.

First, in classic proteomics sample preparation steps, the neutral to
alkaline (pH7-9) conditions necessary for optimal tryptic digestion
lead to striking SS scrambling [10,11]. Thus, lowering the pH to acidic
conditions can reduce SS scrambling; however, both tryptic digestion
specificity and efficiency are vastly reduced, resulting in fewer peptides
for SS mapping [11,12]. To overcome this predicament, some groups
have used pepsin at a pH range of 1 to 3 or combined multiple pro-
teases, including trypsin, Lys-C, and Glu-C, at mildly acidic pH to
produce sufficient peptides to identify SS [13,14]. These strategies rely
on proteases with efficiencies less than trypsin at optimal pH, thus still
produce too few peptides from most proteins for SS mapping. Second,
with respect to MS/MS fragmentation, either electron transfer dis-
sociation (ETD) or higher energy collisional dissociation (HCD) has
been used for successful SS identification [13,15]. Also, combinations of
ETD-MS? and CID-MS?® or HCD-MS? approaches have been developed to
identify SS in therapeutic proteins [16], capitalizing on the fact that
ETD can sometimes cleave SS in peptides, which can then be identified
by CID or HCD. Third, the widely adopted database search engines for
matching tandem MS spectra with linear peptides, such as Mascot [17]
and SEQUEST [18], do not have the capability to identify protein SS.
Newer bioinformatic tools such as MassMatrix [19] aim to properly
identify SS-linked peptides and localize SS sites; yet, are only recently
available commercially and have limited capabilities to support manual
validation.

In the present study, we describe a robust and fast SS identification
protocol that uses: pepsin followed by trypsin to effectively digest non-
reduced proteins in acidic buffers to minimize SS scrambling; HCD
mode in a Q Exactive Orbitrap to fragment the peptides, whilst leaving
SS largely intact for localization, and SIM-XL [20,21] that we tailored
specifically for identifying and validating SS-containing peptides.

2. Materials and methods
2.1. Materials

Lysozyme from chicken egg white (SwissProt Accession #: P00698),
bovine pancreatic ribonuclease (RNase A, SwissProt Accession #:
P61823), BSA (SwissProt Accession #: P02769), N-ethylmaleimide
(NEM), formic acid, and trifluoroacetic acid (TFA) were purchased from
Sigma (St. Louis, MO). C;g spin columns were purchased from Fisher
Scientific (Fair Lawn, NJ). Trypsin (V5113) and pepsin (V195A) were
purchased from Promega (Madison, WI). ACN, methanol, acetic acid,

79

Journal of Proteomics 198 (2019) 78-86

and water were purchased from J. T. Baker (Center Valley, PA). SDS,
Tris-HCl, polyacrylamide, ammonium persulfate, TEMED, Laemmli
buffer, and Coomassie Brilliant Blue were purchased from BioRad
(Hercules, CA).

2.2. Evaluation of pepsin digestion efficiency by gel electrophoresis

Forty micrograms of RNase A, lysozyme, or BSA were mixed with
pepsin at a w/w ratio of 50:1 in 1% TFA, pH 1.3, at either room tem-
perature or 37 °C as specified below. At each time point (0 min, 30 min,
1h, 2h, 4h, 8h and 16 h), two pg of each protein solution was taken
and mixed with 5pl of a 4 X Laemmli sample buffer. The proteins were
denatured at 95 °C for 5 min, and then separated with 10% SDS-PAGE
mini gels. Each 10% SDS-PAGE resolving gel was made from a mixture
containing 2.67 ml of 30% acrylamide, 2 ml of 1.5 M Tris-HCI (pH 8.8),
80l of 10% SDS, 80ul of 10% ammonium persulfate, and 8l of
TEMED in 3.2ml of H,O. Each 4% stacking gel was made from a
mixture containing 0.67 ml of 30% acrylamide, 1.25 ml of 0.5M Tris-
HCI (pH 6.8), 50 pl of 10% SDS, 50 pl of 10% ammonium persulfate, 5 ul
of TEMED in 3 ml of H,0, and was overlaid above each resolving gel.
The proteins were separated on 10% SDS-PAGE gels with a constant
voltage of 100 V at room temperature for ~ 60 min. The gels were fixed
with 50% methanol and 10% acetic acid for 30 min, then stained with
the Coomassie Brilliant Blue.

2.3. Comparison of in-solution digestion strategies

For SS analysis of lysozyme and RNase A, two different digestion
strategies were compared: 1) proteins were digested with only trypsin
at different pH conditions, or 2) proteins were digested first with pepsin
at pH 1.3 followed by trypsin at different pH conditions. For the trypsin-
only digestion, two g of each protein was digested at a protein/trypsin
w/w ratio of 50:1, at 37 °C overnight, in 100 mM Tris-HCl, at pH of
either 6.0, 6.5, 7.0 or 7.5, respectively. For the pepsin/trypsin diges-
tion, two ug of each protein was first digested at a protein/pepsin w/w
ratio of 50:1, at 37°C for 4h in 1% TFA (pH1.3). Next, the pH of
protein solutions was adjusted with 100 mM Tris-HCl to either 6.0, 6.5,
7.0, or 7.5, respectively. Prior to tryptic digestions in some experiments,
peptides produced from the pepsin digestion were alkylated with 2 mM
NEM to block the free thiols from SS scrambling. Trypsin was then
added to each pepsin digest at a protein/trypsin w/w ratio of 50:1, and
incubated at 37 °C overnight. The resulting peptides were desalted with
the C;5 spin columns and ~1 pg equivalent of each resultant protein
digest was injected onto the LC/MS/MS for analysis.

For each BSA SS mapping experiment, two pg of BSA in 50 pl of 1%
TFA (pH 1.3) were incubated with 0.04 pg of pepsin at 37 °C for 4 h. The
resulting peptide solution was brought to pH 6.0 or 6.5 with 100 mM
Tris-HCL. The peptides were then alkylated with 2 mM NEM for 30 min
at 37 °C, and incubated with 0.04 pug of trypsin at 37 °C overnight. The
resulting peptides were desalted with the C;g spin columns and ~1 ug
equivalent of each resultant protein digest was subject to LC/MS/MS
analysis.

2.4. LC/MS/MS analysis

A Q Exactive MS coupled with an Ultimate 3000 HPLC System
(Thermo Fisher Scientific) was used to analyze the peptides. In brief,
the peptides were injected onto a C;g trapping column (Acclaim
PepMap 75um X 2 cm, 3 um, 100 A), and then separated using a nano
C1g column (Acclaim PepMap, 75 um X 50 cm, 2 um, 100 10\). The mo-
bile phase A consisted of 2% ACN and 0.1% formic acid and mobile
phase B consisted of 85% ACN and 0.1% formic acid. An 85-min gra-
dient from 1% to 50% mobile phase B was used at a flow rate of 250 nl/
min. After each run, a wash program was engaged to remove the pep-
tide carry-overs on the column. The peptides eluted from the HPLC
were electrosprayed into the MS through a Proxeon Flex nanospray
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source, at a spray voltage of 2.15kV, and a capillary temperature of
275°C. All the spectra were acquired in a data-dependent mode. MS
spectra were acquired from 400 to 2000 m/z at a resolution of 140,000
FWHM (at 400 m/z). The ten most intense peptide ions with charge
states of 3 to 8 were selected for MS? fragmentation by HCD, with a
normalized collision energy (NCE) of 25%. The MS/MS resolution was
17,500 FWHM and AGC value was 50,000.

2.5. Data analysis with SIM-XL

The RAW files were analyzed with SIM-XL (http://
patternlabforproteomics.org/sim-x1/). The following parameters were
used for the search: the mass tolerance of both precursors and frag-
ments were set at 20 ppm; and disulfide bond was selected as the cross-
linker. Both pepsin A and trypsin were chosen as the proteolytic en-
zymes with up to 4 missed cleavages. The minimal amino acid per chain
was set as 2. Intra-link maximum charge was set as 6 and HCD was
selected as the fragmentation method. The minimal and maximal
[M + H]* of the linear peptides were set at 600 Da and 4500 Da, re-
spectively. The quality control filter for MS/MS spectra (Xrea) was set
at 0.15; so spectra with less than this threshold were not considered;
and the number of isotopic possibilities was set as 4. The MS/MS
spectra were searched against each protein sequence and its reversed
sequence. A False Discovery Rate (FDR) was calculated using the fol-
lowing formulation: TPF L 5 where FP is the number of incorrect as-
signments above score threshold in reversed sequence data search and
TP is the number of correct assignments above the score threshold [22].
Only SS-containing peptides identified at 1% FDR or better and with
SIM-XL primary scores of at least 1.5 were manually evaluated in the
SIM-XL outputs and discussed in this study.

3. Results and discussion

3.1. An optimized pepsin/trypsin digestion procedure to improve the
digestion efficiency of non-reduced proteins

The classic tryptic digestion approach that has been effectively used
in expression proteomics research is not ideal for SS identification be-
cause: 1) under the optimal pH (7.5 to 8.5) of trypsin digestion, SS
scrambling frequently occurs; still, 2) under acidic pH to minimize SS
scrambling, trypsin digestion efficiency is poor, especially against non-
reduced proteins that are necessary for SS identification. Therefore,
proteases that are active in acidic pH, e.g. pepsin, have been used for SS
identification [14,23-26]. Among the studies using pepsin, the pro-
teolytic digestion conditions vary extensively: for example, Liu et al.
digested the proteins for 2h at room temperature [14]; Ni et al. per-
formed the digestion for 30 min at 37 °C [26]; and Haniu et al. did a 20-
h digestion at 37 °C [24]. However, due to low proteolytic specificity,
prolonged pepsin digestion can produce many small peptides that are
difficult to be identified with LC/MS/MS [11]. To overcome this di-
lemma, we hypothesize that a more efficient acidic protein digestion
can be achieved with (1) a limited pepsin digestion at pH 1.3 to open
the non-reduced proteins, (2) producing peptides that are more acces-
sible for subsequent trypsin to cleave at an acidic pH, and (3) gen-
erating partial tryptic peptides that are more amenable for LC/MS/MS
analysis, and SS mapping with SIM-XL.

First, to achieve partial pepsin digestion, we carried out a time- and
temperature-dependent study of pepsin digestions of the model pro-
teins, lysozyme, RNase A and BSA, all rich in SS. Based on the band
densities of intact proteins in the SDS-PAGE, we found that pepsin can
efficiently digest lysozyme after a 4-h incubation at 37 °C, but not in the
room temperature (Supplemental Fig. S1). In contrast, pepsin can par-
tially digest RNase A and BSA in the room temperature, but more ef-
ficiently at 37 °C (Supplemental Fig. S1). Hence, in order to minimize
non-specific pepsin proteolysis and open up the non-reduced proteins
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Fig. 1. Comparison of the digestion efficiency between trypsin and pepsin/
trypsin. Non-reduced lysozyme or RNase A was digested with trypsin at pH 6.5,
either alone or after a 4-h pepsin digestion at pH 1.3. The resulting peptides
were analyzed by LC/MS/MS. The chromatograms were normalized to the same
scale. The base peak ion chromatograms of (a) lysozyme or (b) RNase A, di-
gested with either trypsin alone (upper panels) or pepsin/trypsin (lower panels)
are shown. Comparing the peptide peaks in the chromatograms of both pro-
teins, pepsin/trypsin produced more peptides than trypsin alone.

for the subsequent trypsin digestion, we chose to perform 4-h pepsin
digestions at 37 °C for all the subsequent experiments.

Next, to determine whether the sequential pepsin/trypsin digestion
was superior to the trypsin-alone digestion, we used LC/MS/MS to
determine peptide yield from these two approaches, both with trypsin
digestions performed at a range of pH, from 6.0 to 7.5. For the pepsin/
trypsin digestion, we first digested the model proteins with pepsin at
pH1.3 for 4h, and then raised the pH of the peptide solutions as de-
scribed, and incubated them with trypsin, at 37 °C overnight. The
combined pepsin/trypsin digestion released drastically more peptides
than trypsin alone, at each trypsin digestion pH tested (not shown),
especially at pH6.5 (Fig. 1). The base-peak ion chromatograms show
that the combination of pepsin and trypsin produced more peptides
from both lysozyme (Fig. 1a) and RNase A (Fig. 1b) than those from the
trypsin digestions alone, confirming our hypothesis that at acidic pH,
partial pepsin digestion followed by trypsin is more efficient. The ef-
fectiveness of the pepsin/trypsin approach could be attributed to the
broad protease specificity of pepsin that can cleave non-reduced pro-
teins more readily than trypsin alone, thus opening doors for trypsin to
further cut the peptides near the SS-linked peptides.

Besides pepsin, chemicals, e.g., oxalic acid has also been successfully
used for non-specific cleavages and SS mapping in peptides, especially
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Fig. 2. Comparison of the numbers of SS identified at different tryptic digestion
pH with alkylation. After a 4-h pepsin digestion of lysozyme or RNase A at
pH 1.3, the resulting peptides were alkylated with NEM and further digested
with trypsin, at various pH conditions as indicated. The peptides were analyzed
by LC/MS/MS and the SS-containing peptides were identified by SIM-XL.
Different peptides containing identical SS were consolidated into a minimal
number SS identified for each protein. The number of total (blue bars) and
known (orange bars) SS identified from (a) lysozyme or (b) RNase are scaled to
the left Y-axis. The % of the known/total SS (yellow line) identified from (a)
lysozyme or (b) RNase A is scaled to the right Y-axis. The most known SS and %
of the known/total SS from both proteins were identified at pH 6.5. % Known/
total: [(known SS)/(total SS)] X100%. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)

the ones contain successive cysteines in their sequences [27,28].
However, care is needed to ensure that the harsh conditions needed for
chemical degradation, i.e. heating at 100 °C for oxalic acid, do not incite
SS scrambling or chemical modifications, which could complicate data
interpretation [29,30].

3.2. Identification and validation of SS-containing peptides in lysozyme and
RNase A, using SIM-XL

In this study, the acidic pepsin/trypsin digestion strategy generated
sufficient SS-containing peptides with lengths that can be efficiently
fragmented and identified with HCD in the Q Exactive Orbitrap MS
(Fig. 2). To identify SS in the model proteins, we employed SIM-XL. To
improve the accuracy of SS identification, we conducted a database
search against both forward and reversed protein sequences, and cal-
culated the FDR, using the formula TPiP s wherein FP is the number of
incorrect assignments above score threshold in the reversed sequence
data search and TP is the number of correct assignments above the
score threshold [22]. To achieve 1% FDR or better, different SIM-XL
primary scores for both inter- and intra-peptide SS links were used as
the cutoff score for each LC/MS/MS run, ranging from 1.50 to 2.50. All
MS/MS spectra were manually validated by carefully examining the
SIM-XL. MS? spectral assignments to remove incorrect identifications.
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Briefly, in each validated MS? spectrum: 1) at least 80% of the major
peaks (= 10% of the base peak intensity) were accounted for; 2) only
the mono-isotopic peaks with the correct charge states were considered;
3) each SS-linked peptide set should contain strings of consecutive y- or
b- ions, and 4) at least one string of y- or b- ions bracketed the intact
disulfide. The peptides identified with the same SS pairs were grouped
together and analyzed.

Using SIM-XL, we found that following pepsin digestion, the pH at
which trypsin digestion was subsequently performed considerably af-
fected the number of SS-containing peptides identified. Using the
known SS reported in the literatures for the model proteins to assess the
sensitivity of each pH on SS mapping of the alkylated peptides, we
found that trypsin digestion at pH 6.5 outperformed the other 3 pH
values evaluated, enabled the identification of 3 known SS in either
lysozyme (Fig. 2a & Supplemental Table S1) or RNase A (Fig. 2b &
Supplemental Table S2), representing ~75% of the known SS reported
for each protein. Interestingly, omitting alkylation prior to trypsin di-
gestion did not noticeably affect the number of known SS identified for
either protein (Supplemental Figs. S2a & S2b). Remarkably, trypsin
alone digestion was ineffective, led to the identification of only 1
known SS in lysozyme (Supplemental Fig. S2¢) and none in RNase A.

To assess the impact of the tryptic digestion pH on the specificity of
the known SS identified from the pepsin/trypsin digestions, we com-
pared the % of the known SS over the total SS identified for each
protein. We found that tryptic digestion at pH 6.5 was superior to other
pH values evaluated, leading to the specific identifications of 60-80%
of the SS that are known for both lysozyme and RNase A (Fig. 2). SS
scrambling is expected in the peptides prepared from the tryptic di-
gestions performed at 7.0-7.5 [11,14] (Fig. 2), and thus we prepared
our samples with pepsin/trypsin under the acidic conditions, which are
intended to impede SS scrambling [11,31]. Yet, a number of unknown
SS were still observed following the acidic digestions (Fig. 2 and Sup-
plemental Tables S1 & S2). Alkylation after pepsin digestion appeared
to be effective at lessening SS scrambling; for example, at pH 6.5, un-
known SS was slashed from 3-4 (Supplemental Fig. S2, no alkylation) to
1-2 (Fig. 2, with alkylation). Such observations indicate that acidic
proteolysis conditions may reduce but not eliminate SS scrambling
(Fig. 2, pH 6.0), a phenomenon also reported by others [13,32]. Like-
wise, unknown SS may be formed before proteolysis, perhaps during
protein extraction and purification [15]. Of course, we cannot eliminate
the possibilities of identifying genuinely novel SS in these proteins.
From this analysis, we conclude that following a pepsin digestion at
pH 1.3, a subsequent trypsin digestion at pH 6.5 is the best approach for
preparing protein samples for SS mapping, enabling the identifications
of the highest number of native SS, with the lowest % of SS scrambling,
among the options we have compared.

For method development, lysozyme and RNase A were chosen as the
model proteins because each has 4 well-characterized SS [33-35].
Overall, following the optimized pepsin (pH 1.3)/trypsin (pH 6.5) di-
gestion approach, we identified 3 out of the 4 known SS in each model
protein (Supplemental Fig. $3), including Cys*°-Cys''®, Cys®*-Cys®® and
Cys’6-Cys®* in lysozyme, and Cys°2-Cys''®, Cys®®-Cys'?' and Cys®*-
Cys'®® in RNase A (Supplemental Tables S1 & S2).

The development of specialized software tools, including
MassMatrix [19], DISULPHIDE [36], SIM-XL and SlinkS [14], have
enabled automated SS mapping. However, proper validation of the
results obtained from these software tools remain challenging. Because
MS/MS spectra from SS-linked peptides tend to contain many and
complex fragments, many of spectra can still be falsely assigned to SS-
linked peptides [13,37]. Although the FDR filtering method used in this
study has been proven useful [22,32], manual validation of the spectra
is still necessary to assure accurate mapping of SS in peptides. For this
purpose, we have designed an interactive Spectrum Viewer in SIM-XL
that allows seamless manual validations of isotope peaks in both pre-
cursor and fragment ions, and annotations of both spectra and peptides.
To the best of our knowledge, SIM-XL is the only software that allows
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Fig. 3. Using SIM-XL for manual validation of SS. (a) Through the 2D map, it is possible to assess all identified mass spectra and visualize which protein regions are
interacting via SS. (b) An example of a validated MS/MS spectrum of a previously unknown SS (C3°2-C>%”) between two peptides in BSA. Similarly, a manual
validation can be done for each identification, considering the fragment peaks matched, the identified residues, and the RANSAC curve [43].

for readily assessment of mass spectra with an integrated 2-D visuali-
zation (Fig. 3a) that allows effortlessly clicking and assessing the mass
spectra (Fig. 3b) [20], thus, easing manual validation. For example,
SIM-XL's validation tools allowed us to confirm a known disulfide bond
between Cys®* and Cys''® (Fig. 4a) between lysozyme peptide**~>® and
peptide'>2® and invalidate an unknown disulfide bond between Cys®
and Cys®* between lysozyme peptide®'* and peptideS?-58 (Fig. 4b), due
to incomplete fragment ion series. Similarly, we validated a known
disulfide bond between Cys®® and Cys'*' in RNase A between pep-
tide®®~7° and peptide!*>12* (Fig. 4¢) and invalidated an unknown dis-
ulfide bond between Cys®? and Cys'?! between peptide®” 7 and pep-
tide' 124 (Fig. 4d), due to the presence of several unannotated peaks
with high signal-to-noise ratios. Not surprisingly, many of the SS-con-
taining peptides identified in this study have K or R at the C-termini,
suggesting tryptic or semi-tryptic peptides from the pepsin/trypsin di-
gestions lend themselves for efficient MS/MS fragmentation, peptide
spectral matching and SS localization.

Previous studies show that CID fragmentation of SS-containing
peptide ions tends to produce proton-induced asymmetric SS cleavages,
giving rise to modified cysteines containing either disulfohydryl sub-
stituents (432 amu) or dehydroalanine residues (— 34 amu) on the C-S
cleavage site [38]. Similarly, we observed asymmetric SS cleavages in
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HCD spectra (see examples in Fig. 4a & 4c), albeit less prominent than
as reported in the CID spectra [38]. Likewise, others also reported that
HCD fragmentation of SS-peptides produced only minor asymmetric SS
cleavages; still, in HCD spectra, predominant backbone fragmentations
containing intact disulfides enabled direct SS mapping [13].

3.3. Comprehensive identification of SS in BSA

To demonstrate the effectiveness of our pepsin/trypsin sample
preparation procedure followed by the SIM-XL bioinformatics analysis
for comprehensive SS mapping, we applied this method to identify SS in
BSA, which has a complex SS pattern. With this protocol, we identified
14 out of the 17 known (82%) SS in BSA [39] (Fig. 5a & Supplemental
Table $3), including an intra-chain disulfide bond between Cys’” and

ys®® (Fig. 5b), and an inter-chain disulfide bond between Cys*'® and

461 (Fig. 5¢). If the results from both pH 6.5 and 6.0 digestions are
combined, all 17 known SS in BSA were identified, including 3 SS only
identified with tryptic digestion at pH 6.0 (Supplemental Fig. S4). One
reason for this observation would be that at pH6.0 but not pH6.5,
trypsin digestion produced more tryptic and semi-tryptic precursors
containing the 3 aforementioned SS, based on the selected MS1 ion
signals (not shown). This observation suggests that the slight pH
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Fig. 4. Examples of manual validation of SS identi-
fication from the HCD spectra.

(a) An MS/MS spectrum of a 3H" ion at m/z 848.08
matched to the lysozyme peptide?>* linked to
peptide!'>12% with a SS between Cys®® and Cys''®,
per a SIM-XL score of 2.47. The strings of b- and y-
series ions from lysozyme. The mass difference of
1376.63 amu between the y° and y* fragment ions of
22-GYSLGNWVCAAK-33 provided a strong piece of
evidence to validate the SS linkage between these
two peptides via Cys*® and Cys''®. (b) An MS/MS
spectrum of a 3H™ ion at m/z 590.59 matched to the
lysozyme peptide®® linked to peptide®>°%, with a
SS between Cys® and Cys®*, per a SIM-XL score of
1.32. Since there were not sufficient ions to un-
ambigiously identify either peptide, the SS assign-
ment was not validated. (c) An MS/MS spectrum of a
4H* ion at m/z 623.04 matched to the RNase A
peptide®®7® linked to peptide’!®>'?* with a SS be-
tween Cys®® and Cys'?!, per a SIM-XL score of 2.46.
The strings of b- and y-series ions from the spectrum
matched to 66-CKPVNTFVHE-75 and 113-TGSSKY-
PNCAYK-124 in RNase A, and provided a solid piece
of inferential evidence to validate the SS linkage
between these two peptides via Cys®® and Cys'?'.
(d) An MS/MS spectrum of a 4H" ion at m/z 791.57
matched to the RNase A peptide®”>” linked to pep-
tide!'®124 yig a SS between Cys®? and Cys'?!, with a
SIM-XL score of 2.02. Since there were many high
intensity ions that are unaccounted for, the SS as-
signment was not validated. The underlined ions
derived from the asymmetric SS cleavages were as-
signed manually.
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(a) . Fig. 5. An application of the pepsin/trypsin/SIM-XL
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difference could shift either trypsin proteolytic specificities [11] or
access to denatured BSA. As such, our results are comparable to the
most comprehensive study of BSA SS mapping that we know of, which
reported the identification of 15 SS, using an alternating CID/ETD
method [15]. As for specificity, we identified only 4 unknown SS in BSA
(Supplemental Table S4), demonstrating the high specificity of our
method.

In BSA and two other model proteins in this study, we've identified
previously unknown SS. Confirming whether these SS are novel or de
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novo SS mapping in non-model proteins will require additional ap-
proaches. To minimize SS artifacts and ensure the authenticity of novel
and native SS, different MS approaches, or orthogonal methods, e.g.,
NMR or X-ray crystallography [7,9], may be utilized for SS validation.
For example, a variety of sample preparations for SS identification, e. g
chemical degradation [27,28], multi-protease digestion [13], partial
reduction and differential alkylation [40,41], or chemical labeling
[11,42], could generate different SS scrambles and artifacts. In contrast,
authentic and native SS are likely identified by multiple methods. Thus,



C. Cui et al.

the development of multiple SS mapping methods will be valuable for
de novo SS mapping in non-model proteins.

4. Conclusion

In this study, we've optimized a protocol to effectively digest non-
reduced proteins using both pepsin and trypsin in acidic pH, and de-
veloped a strategy to accurately identify and validate SS-containing
peptides using SIM-XL. We demonstrated that a partial 4-h pepsin di-
gestion at pH 1.3 followed by an overnight trypsin digestion at pH 6.5
could efficiently turn non-reduced proteins into SS-linked peptides. The
backbones of these peptides, some with C-terminal K or R, are readily
fragmented with HCD, while SS are largely unspoiled. SIM-XL is a free
and user-friendly software package, which allows accurate and fast SS
identification and convenient spectral validation. Critically, other
groups can easily test this method, which uses common reagents, mass
spectrometers, and free software. We hope the research community will
find this method useful to diverse goals.
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