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Abstract

Disulfide bonds are a post-translational modification (PTM) that can be scrambled or shuffled to non-
native bonds during recombinant expression, sample handling, or sample purification. Currently,
mapping of disulfide bonds is not easy because of various sample requirements and data analysis
difficulties. One step towards facilitating this difficult work is developing a better understanding of
how disulfide-bonded peptides fragment during collision induced dissociation (CID). Most
automated analysis algorithms function based on the assumption that the preponderance of
product ions observed during the dissociation of disulfide-bonded peptides result from the cleavage
of just one peptide bond, and in this report we tested that assumption by extensively analyzing the
product ions generated when several disulfide-bonded peptides are subjected to CID on a
quadrupole time of flight (QTOF) instrument. We found that one of the most common types of
product ions generated resulted from two peptide bond cleavages, or a double cleavage. We found
that for several of the disulfide-bonded peptides analyzed, the number of double cleavage product
ions outnumbered those of single cleavages. The influence of charge state and precursor ion size
was investigated, to determine if those parameters dictated the amount of double cleavage product
ions formed. It was found in this sample set that no strong correlation existed between the charge
state or peptide size and the portion of product ions assigned as double cleavages. These data
show that these ions could account for many of the product ions detected in CID data of disulfide
bonded peptides. We also showed the utility of double cleavage product ions on a peptide with
multiple cysteines present. Double cleavage products were able to fully characterize the bonding
pattern of each cysteine where typical single b/y cleavage products could not.
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Introduction

‘ J erification of protein three-dimensional structure is
often complicated, yet necessary for both research
purposes and industrial production. Disulfide bonding is
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one very important protein feature that can affect protein
structure and functionality [1—6]. The ability of two amino
acid residues in close proximity to undergo an oxidation to
form a bond is unique to cysteine and has multiple spatial
requirements [7]. These intra- and possibly inter-protein
bridges play a large part in stabilizing the overall structure of
a protein [1, 3—6]. Anfinsen et al. showed that in the absence
of native disulfide bonds, some proteins cannot achieve the
correct three-dimensional structure to perform their proper
function [1, 5]. The determination of the disulfide bonding
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network of a protein is therefore one important tool for
characterizing isolated and recombinantly-expressed pro-
teins, and techniques to facilitate disulfide bonding analysis
are presented herein.

There are several ways to go about determining the
disulfide bonding network of a protein with mass spectrom-
etry. Many groups have developed methods to break the
disulfide bond, generating characteristic mass shifts or a
reporter ion to monitor [8—14]. However, this approach is
complicated because the sample preparation is somewhat
complex, often requiring the addition of reagents that will
cause either a characteristic mass shift (such as isotope
labeling) or scission of the disulfide bond [10, 15-22].
Electron capture dissociation and electron transfer dissocia-
tion have also shown promise to potentially map disulfide
bond networks through a top down approach [23, 24] as well
as a bottom up approach [25]. A simpler work flow involves
subjecting tryptic peptides to CID and using de novo
sequencing to assign a peptide sequence [26]. However,
the key limitation of this approach with disulfide-bonded
peptides is data analysis. Identification of MS” data for
disulfide-bonded peptides is tedious, time-consuming, and
difficult-especially when more than two peptides are
involved. As a result, computer algorithms are relied upon
heavily to aid in the analysis.

Currently, there are several programs that assign MS”
data for disulfide-bonded peptides [27-31]. Four of the most
notable programs are xComb [28], MS2Assign [29],
SearchXLinks [30], and MassMatrix [31]. All of these
programs attempt to match product ions in the MS/MS data
to a theoretical spectrum of product ions from candidate
disulfide-bonded peptide sequences. Each program has its
merits and limitations; however, they each share a potential
weakness: in all the programs, the assumption is made that
the most common fragmentation observed during CID will
be the cleavage of one bond (typically a peptide bond). This
assumption is likely based on the early observations from
Schilling et al., who reported that the abundance of double
cleavage ions was less than 10% with a quadrupole time of
flight (QTOF) instrument [29]. (The terminology “double
cleavage” is adopted from references [28] and [30].) Studies
using electrospray ionization (ESI) have found that the
number and type of cleavages can be dependent on charge
[24, 25, 32-34]. If, in fact, disulfide bonded peptide ions
produced during ESI typically undergo multiple bond
cleavages under CID conditions, software that attempts to
assign disulfide bonded peptides could be optimized by
incorporating this information.

The present investigation was carried out to provide
additional insight into the fragmentation trends of disulfide
linked peptides, so that this fundamental knowledge can
provide guidance to developers of disulfide mapping
software. The key question asked here is: When can one
assume that disulfide linked peptides predominantly undergo
just a single peptide cleavage, after ionization by ESI-MS
and CID? To answer this question, a variety of disulfide-
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bonded peptides are subjected to CID in an ESI-QTOF mass
analyzer, and a diligent attempt is made to identify each of
the product ions by considering many possible fragmenta-
tion pathways that the peptides could undergo. The product
ions are assigned manually, using a rigorous set of rules for
verifying the assignment. These studies ultimately indicate
that cleavage of two peptide bonds is an important and
common fragmentation pathway for disulfide-bonded peptides
undergoing CID.

Experimental
Materials and Reagents

Lysozyme from chicken egg white, acetic acid, and formic
acid were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Ammonium bicarbonate was purchased from Fluka
(Milwaukee, WI, USA). Ammonium carbonate and HPLC
grade acetonitrile were purchased from Fisher (Pittsburgh,
PA, USA). Sequencing-grade modified trypsin was pur-
chased from Promega (Madison, WI, USA). The 4-vinyl-
pyridine used was purchased from Acros Organics (Morris
Plains, NJ, USA). Water was purified by a Millipore Direct-Q3
Water Purification System (Billerica, MA, USA).

Sample Preparation and Proteolysis

Samples of ~300 pg of protein were dissolved in two
different ammonium carbonate 15 mM buffers, one at pH
6.0 (H,CO3/NH4HCOs5) and the other at pH 9.0 NH4HCO3/
(NH4),CO5), to approximately 3.0 pg/uL. Both were
incubated at 37 °C for 1 h. Free cysteines were alkylated
by the subsequent addition of 4-vinylpyridine and allowed to
incubate at room temperature for 1 h in the dark. Two
trypsin additions were made, each being 1:15 enzyme:
substrate, 8 h apart. After 24 h from the first trypsin
addition, 1 pL concentrated acetic acid per 20 pL of solution
was added. Samples were analyzed immediately following
acetic acid addition.

OTOF LC-MS

Liquid chromatography was performed on a Waters Acquity
UPLC using a Micro-Tech Scientific capillary column
(500 um id., 10 cm, 3 um, 300A) (Vista CA) equipped
with a 5 pL injection loop. A flow rate of 5 uL/min and a
linear gradient beginning at 98%:2% A:B with increasing
organic concentration over 50 min was used. Solvent A
consisted of 99.9%/0.08% H,O/formic acid and Solvent B
consisted of 99.9%/0.08% acetonitrile/formic acid. Positive
ion mode was used, and the ESI needle was held at 3.5 kV.
MassLynx software was set up to perform MS? on selected
m/z ratios with a Q-TOF-2 (Micromass Ltd., Manchester,
UK). The collision energy varied, depending on the m/z of
the precursor ion. Between m/z 350 and 600, 25%
normalized collision energy was used; between m/z 601
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and 900, 30% was used; and between m/z 901 and 2000,
35% normalized collision energy was used. In the case of
Peptides D, E, and F these collision energies did not
adequately dissociate the precursor ion, so an additional
5% normalized collision energy was added, which yielded
sufficient fragmentation.

Data Analysis

A “look-up” table of possible fragment ions was prepared
for each peptide. (All look-up tables used are provided in
Supplementary Material). The table contained the m/z and
compositions of all possible b and y ions, ions resulting from
disulfide bond scission, and ions resulting from the
combination of any two single cleavages (including 2 b
ions, 2 y ions, all possible combinations of 2 b/y ions, ions
containing a single b or y cleavage and a disulfide scission,
and any of the above single cleavage ions accompanied by
loss of water or loss of NH3). Only monoisotopic masses
were used in the table and in peak assignment. For each MS?
spectrum of disulfide bonded peptides, the 25 to 40
monoisotopic peaks of highest relative abundance were
assigned by matching the monoisotopic mass to the masses
in the custom-prepared look-up table. If the monoisotopic
peak could not be clearly identified, the peak was discarded.
If the ions did not match any mass in the look-up table
resulting from combinations of b or y ion cleavage and/or
disulfide cleavage, neutral losses of water or NH;3 in
combination with b or y ions were considered as a possible
fragmentation pathway. (Assignment of any neutral losses

Table 1. Disulfide-bonded peptides
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required the necessary residues or termini capable of
producing those neutral losses present in that peptide
fragment.) Finally, for ions that remained unassigned, a
and x ions were also considered as potential product ions.
For MS? data, the assigned composition for each product ion
was further verified by assuring that the charge state for the
experimental data matched the charge state for the ion’s
assigned composition. Peaks were required to have no more
than a +0.15 Th mass error to be verified as “correctly
assigned.” Peaks in spectra are labeled either as “17, “27,
“U”, “M-H,O/M-NH3”, or “A”. These designations refer to
single cleavage (1), double cleavage (2), unknown (U),
precursor ion—water or ammonia (M—H,O/M—-NH3), or
ambiguous (A), respectively. An ambiguous ion was an ion
whose m/z (and charge state) was within the mass tolerance
of both a possible single and double cleavage product ion on
the look-up table for that particular peptide.

Results and Discussion

To develop a better fundamental understanding of fragmen-
tation of multiply-charged disulfide-linked peptides under-
going CID, a variety of analytes were generated by tryptic
digestion of the protein lysozyme. The disulfide-linked
peptides investigated in this study are shown in Table 1.
Of these, A, B, and D are native disulfide linkages in
lysozyme, and C was generated through intentional disulfide
scrambling, by adjusting the pH of the solution to 9.0, prior
to digestion. In addition, the fragmentation trends of two of
these peptides (C and D) were assessed in various charge

Pf;glgle Protein and Uniprot Accession Peptide Disulfide Bond Map
A Chicken egg white lysozyme C-E-L-A-A-AM-K
P00698 G-CR
B Chicken egg white lysozyme G-Y-5-L-G-N-W-V-C-A-A-K
P00698 cK
Chicken egg white lysozyme
c (non-native) e N0k
Chicken egg white lysozyme J 1
D N-L-C-N-1-P-C-§-A-L-L-§-8-D-I-T-A-S-V-N-C-A-K
P00698 W-W-C-N-D-G-R
Bovine serum albumin —_—
E P02769 T-C-V-A-D-E-5-H-A-G-C-E-K
F Bovine fetuin A-Q-F-V-P-L-PV-8-V-8-V-E-F-A-V-A-A-T-D-C-I-A-K
P12763 C-N-L-L-A-E-K
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states. Using this data set, the dissociation characteristics of
the peptides are described below, and the effects of peptide
size and peptide charge state on the propensity of the peptide
ion to undergo multiple b/y cleavages are determined.

Small Peptides

Do the fragmentation characteristics of disulfide-bonded
peptides depend on the overall size of the peptide? To
investigate this question, the fragmentation characteristics of
two small disulfide-bonded peptides (Table 1A and B)
containing one inter-peptide bond were investigated. Both
contained a large a peptide and a much smaller § peptide.
Both species were subjected to CID in a QTOF mass
spectrometer in the 2+ charge state (Figure 1). After
assigning all of the most abundant product ions for these
two species by matching m/z and charge state of the
observed product ions to an exhaustive list of theoretical
product ions (as described in the Experimental section), it
was apparent that the size of the peptide did not dictate the
amount of single cleavage versus double cleavage ions
observed (Table 2). Peptide A produced all single cleavage
product ions while Peptide B produced a mix of both single
cleavage and double cleavage product ions. Approximately
one-third of the ions assigned for Peptide B were the result
of double peptide backbone cleavages. These data demon-
strate that even though the relative size of a and 3 peptides
can be very similar, the propensity to form double cleavages
is very different. Table 2 shows that if double cleavages
were not included, only about half the peaks that could have
been assigned in Peptide B would have been assigned.

(a)
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Medium Peptide

After investigating the fragmentation patterns of two small
disulfide-bonded peptides, the next step in our comprehen-
sive fragmentation analysis of these types of ions was to
contrast the fragmentation pattern of small disulfide-bonded
peptides to medium and large species. To generate a
“medium” sized peptide, a non-native lysozyme disulfide-
bonded peptide containing one inter-peptide bond was
formed, through pH and temperature control. This peptide
is labeled C in Table 1, and it exemplifies a peptide that
contains a medium-sized peptide for both the a and P chains.
When fragmented in two different charge states
(2+ and 3+), Peptide C formed a mix of single and double
cleavage product ions (Table 2). One-fifth of the ions
assigned in the higher charge state were double cleavages
and approximately one-half of the ions assigned in the lower
charge state were double cleavages. Comparing Peptides B
and C, one can see that even though they have quite different
compositions, concerning o and 3 peptide relative size, they
fragment in similar quantities of single and double cleavage
product ions. These data support the conclusion that the
mass of the a/p chains cannot be used to predict whether or
not the peptide will undergo multiple cleavages during CID.

Large Peptide

The fragmentation of a “large peptide” was also investigated
for these studies. Tryptic digestion of lysozyme yielded one
disulfide-bonded peptide containing one intra-peptide bond
as well as one inter-peptide bond. This peptide is labeled D,
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Figure 1.

QTOF MS?2 spectra for Peptides A and B in the 2+ charge state, at m/z (a) 584 and m/z (b) 758. Each “1” refers to a

single cleavage, “2” refers to a double cleavage, “U” refers to an unknown ion, and “A” refers to an ambiguous assignment.
Some assignment labels have been omitted due to space constraints
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Table 2. Comparison of the product ions generated from disulfide-bonded peptides that vary in composition and charge state. The peptide compositions are
listed in Table 1. Peptides E and F were used to validate results. All assignments are provided in Supplementary Material

Peptide label Residues in o Residues in 3 Mass Charge state Single Double cleavages Only neutral Unknown/
analyzed cleavages loss ambiguous

A 8 3 1167.52 2+ 28 0 0 2

B 12 2 1514.70 2+ 14 11 1 13

C, 12 7 2200.96 3+ 24 6 1 5

C, 12 7 2200.96 2+ 12 8 0 7

D, 23 7 3267.46 4+ 6 30 0 4

D, 23 7 3267.46 3+ 6 14 2 4

E 13 N/A 1346.52 2+ 3 22 2 5

Fi 24 7 3248.68 4+ 17 9 0 4

F, 24 7 3248.68 3+ 9 14 0 6

shown in Table 1, and the MS/MS data for this peptide
(in two different charge states) is shown in Figure 2a and b.
When subjected to CID, the peptide formed numerous
double cleavages and few single cleavage product ions
(Table 2). This peptide had the largest proportion of peaks
assigned as double cleavages of the four analyzed. The
product ions for this species were assigned from precursors
of two different charge states. Both charge states analyzed (3
+ and 4+) showed a large proportion of ions resulting from
cleavage of at least two bonds. However, many more high-
abundance peaks were assigned as double cleavages in the
higher charge state.

Effect of Charge State

Peptides C and D gave a sufficient signal in the CID spectra
to warrant analysis in multiple charge states, as summarized
in Table 2. These two peptides provided conflicting data in

—_
Q
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-

the attempt to find a way to associate relative charge state
with the amount of ions formed as a result of multiple bond
cleavages. Peptide C was analyzed in both the 2+ and 3+
charge states. The lower charge state had several more peak
assignments that consisted of double cleavage products.
Peptide D was analyzed in both the 3+ and 4+ charge states.
However, this example showed the higher charge state to
have a much higher population of double cleavage product
ions. While this data set is small, it is large enough to
indicate that there is no strong correlation between the
charge state and the type of ions formed.

Double Cleavages are Significant,
but Cannot be Predicted

The presence of double cleavage product ions in low energy
collision induced dissociation spectra has been noticed
previously, but the general perception is that these ions are
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Figure 2. (a) QTOF MS? spectrum for Peptide D in the 4+ charge state at m/z 817. Each “1” refers to a single cleavage and “2”
refers to a double cleavage. (b) QTOF MS? spectrum for Peptide D at m/z 1090, an ion in the 3+ charge state. Each “1” refers to
a single cleavage, “2” refers to a double cleavage, “U” refers to an unknown ion, and “A” refers to an ambiguous assignment.
Some assignment labels have been omitted due to space constraints
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typically in relatively low abundance [27, 29]. Our results
show that the formation of double cleavage product ions in
disulfide-bonded peptide CID spectra is significantly more
abundant than previously reported. As can be seen with the
Peptides C and D, the majority of the high abundance peaks
can consist of double peptide backbone cleavages. Likewise,
extensive fragmentation was also observed for a small
disulfide-bonded peptide, and the charge state of the ion
did not appear to dictate the propensity for these ions to
form. Since these ions cannot be suppressed or readily
predicted to be present or absent, one should henceforth
consider the likely possibility that a significant number of
product ions could be from the cleavage of at least two
bonds when an unknown sample is subjected to CID for the
purpose of disulfide mapping. The addition of these possible
fragmentation pathways in peak assignment algorithms will
allow for a more thorough analysis of peaks and may
generate more confident peptide assignments; however
including these additional ions may not guarantee a lower
false-positive discovery rate.

Validation

In an effort to validate the above findings, another data set
that was 50% the size of the original set was analyzed. A
peptide with an intrapeptide disulfide bond from bovine
serum albumin was fragmented in one charge state (labeled
Peptide E) and a peptide with an interpeptide disulfide bond
from bovine fetuin was fragmented in two different charge
states (labeled Peptide F), See Tables 1 and 2. The data
(included in Supplementary Material and Table 2) show that,
again, the number of double cleavage product ions can be as
plentiful if not more so than single cleavage products, for
various types of disulfide-linked peptides.

Additionally, a recent analysis of the disulfide linkage
pattern of a recombinant HIV-Env protein used CID data to
assign disulfide bonds [35], and the study further supports
our findings that many double cleavage product ions are
generated upon CID of disulfide linked peptides. A total of
12 different disulfide-linked peptides of a variety of sizes
and disulfide-linkage types were characterized using CID
data in the 2+, 3+, and 4+ charge states. About 340 product
ions were assigned in the MS/MS spectra. Of those product
ions, about 48% (164 ions) were the result of cleavage of at
least two peptide bonds, (see Supplemental Data in reference

QAY1g ab,,
1

[ |
a N-L-C-N-IlP-Cll-S-A-L-L-S-S-DlI-T-A-S-V-N-C-A-K cID

B W-W-C-N-D-G-R

Figure 3.
double cleavage product at m/z 904.33
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[35]). This study further validates the findings described
here, that double cleavage ions can be abundant, regardless
of the peptide size or charge state.

Utility of Double Cleavages for Disulfide Bond
Elucidation

Double cleavage product ions can provide valuable insight
into the disulfide network, even when multiple cysteine
residues reside on a single peptide. (As an example, see
Peptide D in Table 1.) The presence of more than two
cysteines in a disulfide-linked peptide complicates disulfide
analysis because even if one knows which peptides are
bonded to each other, the disulfide connectivity is impos-
sible to infer. In Peptide D in Table 1, three cysteines are
present in one tryptic peptide, and this peptide is disulfide-
bonded to a peptide containing one cysteine. This particular
peptide presents an interesting case, since single cleavage
product ions will not provide significant information about
the disulfide networking due to the intra-peptide bond.
Double cleavage assignments were useful in verifying the
bonding of each separate cysteine residue. The MS/MS data
for this peptide is in Figure 2a and b, and these data show a
double cleavage peak at 904.33 Th. (This ion appeared in
both the 3+ and 4+ charge states.) The only possibility for
this mass and charge state is that of a double cleavage ion
involving only the center of the three cysteine residues and
the other peptide to which it is disulfide-bonded, as shown in
Figure 3. Thus, using this ion allowed for the determination
of the bonding structure of all the cysteines: Two must be
intra-peptide bonded and the center is bonded to another
peptide. If double cleavages had been ignored, full character-
ization of the bonding structure of the peptide would have
been impossible, without further studies.

Conclusion

Acquiring a better fundamental understanding of disulfide-
linked peptides’ fragmentation is an important first step in
developing better automated approaches to assigning disul-
fide bonding using MS/MS data. We contribute to this field
by asking the question: How prevalent are multiple bond
cleavages of disulfide-linked peptides, when the species
undergo collision induced dissociation? After thoroughly
analyzing MS/MS data for several different types of

2+
P-C-S-A-L-L-S-S-Eyl
ﬁ |
W-W-C-N-D-G-R

2+
ab14ay18

Inter-peptide disulfide bond can be assigned as the center cysteine residue due to this peak corresponding to a
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disulfide linked peptides, we unequivocally showed that
product ions resulting from cleavage of at least two peptide
backbone bonds (double cleavages) are prevalent in many
different disulfide linked peptides’ MS/MS data. Further-
more, the precise amount of double cleavages cannot be
linked to charge state or the size of the peptide. This
information on the abundant presence of double cleavages in
MS/MS analysis of disulfide-linked peptides is important
because it could be incorporated into disulfide analysis
algorithms to increase the number of product ions assigned
in the MS/MS data. Additionally, we showed that assigning
double cleavage ions is useful when peptides contain more
than two cysteines, because these product ions can provide
information about the connectivity of the cysteines.
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