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a b s t r a c t

In proteomics, an important problem is to determine the amino acids sequence of a short
peptide solely from its tandem mass spectrometry spectrum. Previous work has shown
that a spectrum can be modeled with a directed acyclic graph and the amino acids
sequence of the peptide can be obtained by computing the longest antisymmetric path
in the graph. In this paper, we study the longest antisymmetric path in a general directed
acyclic graph and show that the problem can be solved in linear time when both the num-
ber of symmetric vertex pairs and the path width of the graph are bounded from above by
constants. We have implemented this linear time algorithm and tested its performance on
experimental spectrums. Our testing results suggest that the algorithm can efficiently pro-
cess the MS/MS spectrum of a peptide and provide sequencing results of high accuracy.
Since the algorithm does not impose any additional requirements on the structures of
the underlying directed acyclic graph, it might be of independent interest and can poten-
tially be applied to problems of similar nature in software testing and software validation.

� 2015 Elsevier Inc. All rights reserved.

1. Introduction

Tandem mass spectrometry (MS/MS) is an important experimental approach for analyzing protein sequences in proteo-
mics [3,4,19]. In experiments, Enzymes are used to break a protein molecule into short peptide sequences and the sequences
of amino acids in these peptides can be determined from their MS/MS spectra. The sequence of amino acids in the protein
molecule can then be obtained by combining the sequencing results of these peptides.

In order to obtain the amino acids sequences of these peptides, peptides that have the same amino acids sequence are
fragmented into charged suffix and prefix subsequences. These charged subsequences are called ions, and a mass spectrom-
eter can be used to measure their mass/charge ratios. A mass peak in a spectrum corresponds to a particular mass/charge
ratio captured by the mass spectrometer.

Theoretically, two types of ions are contained in a MS/MS spectrum. They are b-ions associated with the N-terminal of a
peptide and c-ions associated with its C-terminal. Two mass peaks are complementary if they represent the b-ions and c-ions
resulting from fragmentation that occurs at the same position in the backbone of a peptide. The mass/charge ratio of a mass
peak is the mass value of the peak. In the ideal case, fragmentation occurs in each position along the sequence backbone of
the peptide, the difference between the mass values of two mass peaks that are of the same ion type and consecutive in the
spectrum is the mass of a single amino acids. The amino acids sequence of the peptide can thus be inferred by analyzing the
mass peaks in the spectrum with mass values of single amino acid residues.
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However, sequencing a peptide solely from its experimental MS/MS spectrum is difficult in practice [7,8]. First, the ion
type of a mass peak in the spectrum is unknown and cannot be easily determined. In addition, multiple fragmentation
may occur in a peptide and a large number of noisy mass peaks thus may appear in an experimental spectrum. Some mass
peaks that are crucial for sequencing may not appear in a spectrum due to experimental errors.

The goal of the de novo sequencing problem is to obtain the amino acids sequence of a peptide solely by analyzing its MS/
MS spectrum. A large number of computer algorithms have been developed for the problem. In the early stage, approaches
based on exhaustive enumeration are used to compare the experimental spectrum with the theoretical spectra of all possible
candidates for the peptide and the one whose theoretical spectrum is the most similar to the experimental one is output as
the sequencing result [23]. Approaches based on exhaustive enumeration are slow and computationally inefficient. Later,
heuristic approaches based on prefix pruning were used to remove the peptides whose prefixes do not match the experimen-
tal spectrum well [24,32,33]. However, prefix pruning may introduce errors to the sequencing result and is not guaranteed to
improve the computational efficiency for sequencing.

In [8], a graph model is proposed to model an experimental spectrum. Such a graph is a spectrum graph, two vertices in a
spectrum are symmetric if they represent complementary mass peaks. A path is antisymmetric if it does not contain two ver-
tices that are symmetric. It is clear that an experimental spectrum can be modeled with a directed acyclic graph. In addition,
the longest antisymmetric path in a spectrum graph corresponds to the amino acids sequence of the peptide. The de novo
sequencing problem thus can be solved by computing the longest antisymmetric path in the spectrum graph
[3,8,10,11,29,31]. In [7], a linear time dynamic programming algorithm is developed to compute the longest antisymmetric
path in the spectrum graph of an ideal spectrum. However, the algorithm needs a large amount of time to process noisy mass
peaks and thus cannot be directly used in practice.

Another type of approaches generate sequencing results by searching a database of experimental spectra [9,18,16,19,20],
these approaches find the spectrum that has the highest similarity to the one that needs to be sequenced in the database and
returns the peptide sequence that corresponds to the spectrum as the sequencing result. The sequencing accuracy is high for
most of the approaches of this type. However, approaches based on database search are unable to sequence the peptides
whose spectra are not in the database.

Our previous work exploits the notion of spectrum graphs and introduces non-directed edges to join symmetric vertices
[15]. The resulting graph is an extended spectrum graph. We show that, based on a graph tree decomposition of the extended
spectrum graph, the longest antisymmetric path can be computed in time Oð6tnÞ, where t is the tree width of the tree decom-
position and n is the number of mass peaks in the spectrum [15]. The algorithm is efficient when the tree width is a small
integer. Our experiments on extended spectrum graphs also show that the tree widths of the majority of extended spectrum
graphs are small positive integers. However, the computational efficiency of the algorithm drops significantly when the tree
width of the spectrum graph is larger than 10. Recently, an algorithm based on integer linear programming is developed in
[1] to efficiently compute the longest antisymmetric path in a spectrum graph. However, the computation efficiency of this
algorithm is not guaranteed.

In [25], we develop a parameterized algorithm that can compute the longest antisymmetric path in an extended spectrum
graph in time Oðp22pnÞ based on a path decomposition of the graph, where p is the path width of the path decomposition and
n is the number of vertices in the graph. However, the algorithm requires that any pair of vertices joined by a directed edge
are not connected by an alternative directed path in the graph. It thus does not solve the problem in any given directed acy-
clic graph. In addition to proteomics, the problem also has important applications in a few other fields, such as software test-
ing [30] and software validation [12]. Although the property holds for an extended spectrum graph, it may not hold for
instances of the problem in these fields. It is thus highly desirable to develop algorithms that can efficiently solve the prob-
lem in any given directed acyclic graph.

In this paper, we study parameterized algorithms that can compute a longest antisymmetric path in any given directed
acyclic graph. We choose the number of symmetric vertex pairs and the path width of the directed acyclic graph as param-
eters. We show that when the number of symmetric vertex pairs is at most m, the longest antisymmetric path can be com-
puted based on a path decomposition of the graph in time Oð4pþmnÞ, where p is the path width of the path decomposition and
n is the number of vertices in the graph. The problem can thus be efficiently solved when both p and m are small integers.

As an application of the algorithm, we test its performance on the de novo sequencing problem. The algorithm is tested on
a large number of experimental spectra downloaded from the Open Proteomics Database(OPD) [21]. We tested the accuracy
and computational efficiency of our algorithm and compare it with a few other sequencing tools, including PepNovo [18],
NovoHMM [17], TDS [15], and PDS [25]. Our testing results show that, for majority of the tested spectra, the path width
of the extended spectrum graph is less than 5 and the algorithm is able to efficiently determine the amino acids sequence
of the tested spectra with high accuracy.

2. Models and algorithms

2.1. Spectrum graph models

We use S ¼ fm1;m2; � � � ;m2kg to denote the set of mass peaks in the MS/MS spectrum of a peptide. Ideally, for each mass
peak mt (1 6 t 6 2k), m2kþ1�t is complementary to it. The sum of the mass values of the two complementary mass peaks is the
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