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: A Software for Determination of Disulfide
Bonds Using Multi-Ion Analysis
William Murad and Rahul Singh

Abstract—
is an open-source platform-independent web application for determining, in polynomial time, the
disulfide linkages in proteins using tandem mass spectrometry
(MS/MS) data. It utilizes an efficient approximation algorithm
,
,
which allows the consideration of multiple ion-types ( ,
, , , , , , ,
, and ) in the analysis. Once putative
disulfide bonds are identified, a graph optimization approach is
used to obtain the most likely global disulfide connectivity pattern.
Availability—http://haddock2.sfsu.edu/~ms2db/disulfidebond/
Index Terms—Bioinformatics, disulfide bond, mass spectrometry, peptides, proteomics.

I. INTRODUCTION

A

DISULFIDE (S-S) bond is a covalent bond, obtained
through the coupling of two thiol groups. Such bonds
play an important role in protein folding and function. Methods
for determining S-S bonds can be broadly grouped into two
categories: those that use sequence-level information to predict
S-S bonds, and those based on data from mass spectrometry
(MS), crystallography or NMR. For a detailed review of these
methods, we refer the reader to [1] and references therein. Of
the above, MS-based approaches are especially interesting due
to their high accuracy. Furthermore, unlike crystallography or
NMR, MS-based disulfide bond determination can be carried
out with relatively small quantities of the analytes.
is
a dedicated software for determining S-S bonds using tandem
mass spectrometry data. The unique features of
include:
• Ability to account for multiple ion-types during analysis
and matching: The determination of S-S bonds requires
matching theoretical spectra of ionized protein-digested
peptide fragments with the MS/MS spectra. Current
state-of-the-art methods [2]–[4] typically consider only
ions in their analysis. These ions predominate in
collision-induced dissociation (CID), which is one of the
commonly used fragmentation models. However, non
ions, such as
, , , , , , , , and
ions can also be found, especially in other fragmentation
methods such as electron-capture dissociation (ECD),
electron-transfer dissociation (ETD), and electron-detachment dissociation (EDD). Furthermore, recent studies
indicate that accounting for these other ion types can lead
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to improved specificity and accuracy in identifying S-S
bonds even in cases where
ions predominate [5].
• Algorithmically efficient search process: The number of
disulfide bonded configurations increases rapidly with the
number of cysteines, the types of connectivity patterns (defined by inter/intra fragment bonds as well as the number of
fragments that can be bonded), and the number of ion-types
being considered. This implies that if we consider fragment ion types, then up to types of fragments may occur
for a disulfide-bonded peptide structure consisting of
peptides. If the
fragment ion consists of amino acid
residues, then the size of the search space consisting of
all disulfide bonded ions can be as large as
(1)
, the efficient search of involves two steps.
In
In the initial matching step, the mass values of theoretically
possible disulfide bonded peptide structures are compared
with the precursor ion mass values from the MS-spectra.
In this step, the experimental precursor ion mass values
are used to filter the search space in a manner similar to
that in [4]. In the subsequent confirmatory step, the theoretical spectra are compared with the (tandem) MS/MS
spectra. The confirmatory step is especially important since
a disulfide bonded peptide may not correspond to a precursor ion even if they have similar mass. In addition to the
precursor ion mass-based filtering,
uses a fully
polynomial-time approximation algorithm to truncate the
search-space. This method is briefly described in the next
section. It should also be noted that in
, there are
no implicit restrictions on the S-S connectivity patterns.
• Global disulfide connectivity determination via an optimization strategy: In its final step,
uses a graphbased optimization strategy to coalesce the S-S bonds identified in the above step into the most likely globally consistent connectivity pattern.
II. ALGORITHMIC UNDERPINNINGS OF
In
, during the initial matching phase, precursor
ions from the MS/MS spectra are compared with disulfide-bonded peptide fragments arising from the digested
protein. In this initial phase, a two-stage filtering-and-search
technique is employed: first, any theoretical S-S bonded combination which exceeds the precursor ion mass being matched
is automatically discarded. Second, the method identifies, from
among the remaining disulfide-bonded peptide fragments, those
with mass close to the given experimental spectra. That is, we
, where
corresponds to the set of
determine the pair
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TABLE I
SEARCH SPACE REDUCTION ACHIEVED

BY

TABLE II
: SENSITIVITY, SPECIFICITY, AND ACCURACY

disulfide-bonded peptide fragments (indexed by their mass) and
corresponds to the targeted mass value from the experimental
spectra. This step can be thought of as the subset-sum problem
for which we obtain near-optimal solutions in polynomial time
using an approximation algorithm. Our approximation strategy
trims as many elements as possible from the search space
based on a trimming parameter . For the search space
(initial matching), this implies removing as many elements as
possible to create the resultant trimmed set
, such that
for every element
removed from
, there remains
an element
which is “close” in terms of its
mass to the deleted element
as per (2):

Fig. 1. Bond topology determined for Lysozyme. (a) Ten different putative S-S
bridges were identified prior to the global optimization step. (b) Final (global)
connectivity obtained after optimization. The edge weights correspond to the
match scores.

(2)
Each match found in the initial matching step is validated in
the confirmatory phase to eliminate a correspondence that may
have occurred by chance. During this step, ions obtained from
the fragmentation of the disulfide-bonded peptide fragments
(forming the FMS search space) are compared with ions from
the MS/MS stage. Again, a two-stage filtering-and-search
process conceptually similar to the one described above is
used. Next, an empirical match score is calculated based on
the number and abundance of fragment ions for each match
from the initial matching step.
also supports a
probability based scoring model, adopted from [6], to evaluate
the match between an experimental spectrum and a theoretical
spectrum. Computation of the initial matches and the confirmatory matches provides a “local” (putative bond-level) view
of the possible disulfide connectivity of a molecule. Next, the
disulfide bonds are integrated to obtain a globally consistent

view, since one cysteine can participate in at most one S-S
bond. The global disulfide topology is found by computing the
maximum weight matching in an undirected graph
,
where the set of vertices corresponds to the set of cysteines
and the set of edges
contains all the putative S-S bonds
found after the confirmatory match stage. Fig. 1 presents an
example for the glycosyltransferase Lysozyme demonstrating
this optimization strategy. In this particular case, ten different
putative bonds were initially determined [Fig. 1(a)] and the optimization strategy successfully identified the correct topology:
,
[Fig. 1(b)]. Details of the algorithm can
be found in [5].
In Table I, the effectiveness of the approximation algorithm
(in terms of trimming the search space) is summarized. Ten different ion types ( , , , , , , , , , and ) were considered to create Table I. In Table II, we present different metrics
describing the performance of the method on a set of ten proteins
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having varying disulfide bond topologies. Comparative analysis
conducted in [5] indicate that results from
were comparable or better than those obtained with the two gold standards
in the area, MassMatrix [2] and MS2Links [3].
also
outperformed all predictive methods tested in [5].
III. IMPLEMENTATION
is coded in PHP and runs on an Apache web
server. The source code is publicly available at the
website. The software accepts most of the commonly used
MS/MS data formats, including Sequest DTA, mzXML,
mzData and mzML. Two modes are supported for analysis:
standard analysis (completely automatic) and advanced analysis (user may customize the thresholds and parameters). Both
these modes require three inputs: a) MS/MS file(s) containing
experimental data; b) the protein sequence in FASTA format;
and c) the protease used to digest the protein sample. The
customizable parameters (for the advanced analysis) include:
initial and confirmatory matching thresholds, MS/MS abundance threshold, which contributes to suppressing MS-data
noise, and the trimming parameters and used to trim the
theoretical search spaces.
The user may also: a) choose different combinations of multiple ion types to be considered during the spectral matching
(based on knowledge of the dissociation method); b) select the
maximum number of missing cleavage sites during protein’s
digestion; and c) specify the protein region where a disulfide
bond is not expected to occur. Once the data has been entered
and processed,
presents the global consistent disulfide connectivity in a user-friendly graph and lists the S-S bonds
found along with their empirical and statistical scores. For each
disulfide bond found,
also presents insights in the
matching process, such as the confirmatory matches encountered (containing their mass, charge state, and ion combination
details). The fragment matches are color coded by their abundance to aid in analysis.

71

also provides relevant intermediary data pertinent
to the analysis. This includes: 1) information on all initial
matches, including the MS/MS file involved in the match, the
precursor ion mass and charge state, the peptide sequences, and
the cysteines present; 2) the confirmatory match score for each
one of the initial matches; and 3) a list of all disulfide bonds
and their respective match score, pp score, and pp2 score, as
determined after the global optimization step. This information
is provided in XML format at the bottom of the page in which
the disulfide connectivity results are presented.
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