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Abstract

Mass spectrometry (MS) is widely applied for high throughput proteomics analysis. When large-scale proteome analysis
experiments are performed, it generates massive amount of data. To search these proteomics data against protein databases, fully
automated database search algorithms, such as Mascot and SEQUEST are routinely employed. At present, it is critical to reduce
false positives and false negatives during such analysis. In this review we have focused on aspects of automated protein
identification using tandem mass spectrometry (MS/MS) spectra and validation of the protein identifications of two most common

automated protein identification algorithms Mascot and SEQUEST.
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Introduction

Within the past decade, understanding on proteins and their
cellular functions has boosted at an exponential rate (Aebersold
and Mann, 2003). This is due to revolutionary emergence of
proteomics which in general deals with the large scale determi-
nation of cellular function of genes directly at the protein
level. The field of proteomics is composed of various ana-
lytical techniques including cell imaging (Heazlewood et al.,
2005; Kleiner et al., 2005; Schubert, 2006), array (Lopez and
Pluskal, 2003; Angenendt, 2005 Clarke and Chan, 2005;
Hudelist et al., 2005; Speer et al., 2005), yeast two-hybrid as-
say (Cho et al, 2004; Colland and Daviet, 2004;
Ramachandran et al., 2005) and phage display (Hallborn and
Carlsson, 2002; Hartley, 2002; Lopez and Pluskal, 2003; Sidhu
et al., 2003). Another powerful proteomic approach is based
on mass spectrometer which can analyze proteins or protein
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population isolated from cells or tissue to collect amino acid
sequence information of proteins. Remarkable developments in
various fields of related technology such as soft ionization
methods of protein, high performance hybrid analyzers, ion ac-
tivation techniques like electron capture dissociation (Zubarev
et al,, 1998) or recently reported electron transfer dissociation
(Syka et al., 2004), powerful analysis softwares and sensitive
separations, all these techniques have lead to an appearance of
high-throughput methodology. Now, one allows identifying
thousand of proteins at very short time compared with tradi-
tional biochemical analysis. So it is not surprise that whole
proteome analysis is truly possible. Most notably, the soft ion-
ization techniques for proteins were acknowledged by the 2002
Nobel prize in chemistry (Aebersold and Mann, 2003). Such
studies, which adopt mass spectrometry to analyze proteomes,
typically pose enormous challenges owing to the high degree
of complexity and high range of dynamic range of cellular
proteomes and low abundance of many proteins which regulate
important cellular functions. Mass spectrometry (MS)-based
proteomics is a discipline that is largely dependant on the
availability of gene and genome sequence databases. Already,
MS-based proteomics has established itself as an essential
technology to interpret the information encoded in genomes.
So far, protein analysis by MS has been most successful when
applied to small sets of proteins isolated in specific functional
contexts. The systematic analysis of the much larger number
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of proteins expressed in a cell is now also rapidly advancing
due to the achievements of experimental and computational
advances.

Typically, tandem mass spectra derived from proteolytic
peptides of complex protein samples are processed by a certain
computer software designed to identify various peptides by re-
turning the best match to the experimental data from a given
protein database (Enget al., 1994; Perkins et al.,, 1999). At this
stage, it is very critical to distinguish between true positive
and false positive identifications (Keller et al., 2002; Peng et
al.,, 2003; Sadygov and Yates, 2003). Although it has been
suggested that manual validation of each spectrum could elimi-
nate these spurious hits, it is almost impossible to validate all
proteome data ‘set with manual confirmation due to their enor-
mous sizes. It is therefore required for most of the proteomic
researchers to design experiments that maximize confident pro-
tein identifications using available instrumentation and compu-
tation resources. Even though manual validation could not be
used to eliminate all of false positives, the use of reverse data-
base searching seems more robust than manual validation and
gives more statistically significant results when large databases
are considered.

In this review, we present and compare two widely used
MS/MS spectra interpretation algorithms, Mascot (Perkins et
al., 1999)and SEQUEST (Eng et al., 1994). Traditionally,
MS/MS spectra acquired with ion-trap mass spectrometer are
interpreted with SEQUEST, whereas Mascot is used to se-
quence spectra obtained with time-of-flight (TOF) type mass
spectra. Based on recent studies (Keller et al., 2002; Elias et
al.,, 2005), it would appear that the two algorithms yielded
similar results at least for ion-trap acquired spectra.

These two algorithms apply basically similar approaches to
assign experimentally obtained MS/MS spectra to theoretically
predicted peptides in a sequence database by comparing the
mass to charge ratio of fragment ions generated by ex-
perimental and theoretical procedures (Sadygov et al., 2004).
However, Mascot and SEQUEST use fundamentally different
principles in their mathematical scoring operations. Generally,
Mascot integrates all of the following information such as mo-
lecular weight of peptides, MS/MS spectra and combination of
mass data acquired from a protein database. Its scoring algo-
rithm is probability based metric to assess the likelihood of a
fragmented peptide to an acquired spectrum.

90

MS/MS DATABASE MATCHING

Peptide fragmentation

Peptide fragmentation mass spectra, which are generated
through sequential MS/MS, contain rich information on the se-
quence of the peptide. The information on the sequence of
each peptide enables the identification of a protein form a sin-
gle peptide. The use of MS/MS spectra is also the method of
choice for identifying complex protein mixtures, unlike peptide
mass fingerprinting methods which match the experimentally
observed masses of peptides to those calculated from the se-
quence databases. MS/MS spectra are generated by automatic
selection of the MS ion signals and fragmentation of each se-
lected precursor ion, so-called "data-dependent" analysis
through MS/MS (Blyn et al, 1996). The general procedure
(Figure 1) is illustrated. The peptides are separated by HPLC
and eluted into an electrospray ion source. After ionization
charged peptides enter the mass spectrometer and a mass spec-
trum of the peptides ionized at that moment is obtained. The
selected peptides by a "data-dependent” analysis are further
fragmented at collision cell to record MS/MS spectra. The
MS/MS  spectra obtained are stored, reduced and extracted
from the binary files to perform database search. The extracted
MS/MS spectrum firstly is filtered through where candidate
peptides in the database are identified if the peptide molecular
weight is within preset mass tolerance. Given such a list of
candidates, the experimental MS/MS spectrum is compared to
a virtual MS/MS spectrum generated for each candidate pep-
tide by calculation. Various scoring methods are then used to
validate each match. Each match is scored that reflect how
well each virtual MS/MS spectrum matched with the ex-
perimental spectrum.

ESI Q1 Q2 Q3

peptides=> V/A/A/\ = 09PP° =» NJVFNS

Ms cID MS/MS
/ \@CO"ISIOI’I cell
L 5 o €
© 2 4 % :ﬂ
“E 5. ] §
a o ii:n;
E @ By %, w
= Pl ‘é? wJ =3
@ o & s !
8. § " 1‘ , |
> £ o Y*’,
w ne e isrfl g m:;gf 9
¥ & ® om @ W oW




Informatics for protein identification by tandem mass spectrometry; Focused on two most-widely applied algorithms, Mascot and SEQUEST

MASCOT

Mascot is one of the most prevail searching programs
among MS-based protein identification. It is based on the
MOWSE algorithm, which uses average properties of the pro-
teins in the database, but in addition it uses probability-based
scoring algorithm for fragment information. The probability
that the observed match between experimental data and a pro-
tein sequence is a random event is approximately calculated
for each protein sequence in the database. The proteins are
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Figure 1. Schematic of the approach used by the computer algorithm
to match MS/MS spectra of peptides to sequences in the proteins
database.

then ranked with decreasing probability of being a random
match to the experimental data. The scoring algorithm is prob-
ability based, which gives several advantages over other
programs. Most of all, the guidance to determine the possi-
bility of wrong identification is quite straightforward in com-
parison with SEQUEST. In addition, Mascot supports three
different types of search: peptide mass fingerprint, sequence
query and MS/MS ions search. However, its reliability of re-
sults relatively relies on the size of the database unlike
SEQUEST. For successful searching through Mascot, some pa-
rameters should be treated very carefully. For example, a mass
error window, either peptide mass fingerprinting or MS/MS
ions search, is a particularly important parameter. This has di-
rectly influence on the final score and statistically significance.
At the same time, the specified database set gives the better
score than the whole database set searching. Any combination
with sequence query search, Mascot can improve the result by
using amino acid composition and its partial or incomplete se-
quence information acquired from either biochemical analysis
or de novosequencing of MS/MS spectrum. A more extensive
support beyond other searching program about post-translation
modification (PTM) of peptides is an obviously big advantage
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to proteomic researchers. Yet the exact identification of such a
labile PTM like phosphorylation is still on its way to improve-
ment due to its complexity in MS/MS spectrum contaminated
by neutral loss of phosphoric acid (-98Da) or phosphate
(-80Da) and computational load to consider modifications dur-
ing MS/MS ions search, especially in the low energy colli-
sion-induced dissociation (CID) MS/MS.

SEQUEST:

SEQUEST uses solely un-interpreted peptide tandem mass
spectra to identify a certain protein. The most distinctive fea-
ture of SEQUEST compared with Mascot is cross-correlation
scoring algorithm. Its statistical meaning could be somewhat
unfamiliar to ordinary proteomic researchers, however, its per-
formance is worth compensating its users for the difficulty of
understanding. While Mascot scores each MS/MS spectrum by
random matching algorithm, SEQUEST evaluates its score by
the discrete cross-correlation analysis through fast Fourier
transformation. The correlation function measures the coher-
ence of two signals which are the experimental MS/MS spec-
trum and the theoretically predicted MS/MS spectrum. That is
to say, the cross-correlation scores how close the experimental
spectrum fits to the ideal spectrum. By changing the displace-
ment value through the spectrum, the cross-correlation sums
overlap of the two signals at each different displacement value.
If the two different signals have no offset, the cross-correlation
function should maximize at the displacement value = 0. The
final score assigned to each predicted peptide sequence is the
value of the function when the displacement value = 0 minus
the mean of the cross-correlation function over the range of
the displacement value from -75 to 75. The scores are normal-
ized to 1.0 and termed Cn or Xcorr. Unlike the score from
random event probability of matching, normalized cross-corre-
lation scores (Xcorr) are comparative with different database
set. Namely, it is possible to conduct a direct comparison
among several searches based on each different database set.
With the absolute value of Xcorr, normalized difference (ACn)
between that of first-ranked and second-ranked peptide is a
very useful criterion to distinguish false positive identification
among specious hits. Several published criteria for both Xcorr
and ACn are well summarized at else where (Elias et al,
2004). At recent, multi-enzymatic digest is preceded before in-
terpretation of obtained MS/MS spectra using SEQUEST,
which improves the coverage of protein identification from a
complex mixture.
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Quality of search results

The software tools for protein identification using mass
spectrometric information will give a top-ranking candidate
even if all the matching peptides are random matched. It is
important to determine what the probability is that the identi-
fied protein is a false positive. Using a composite reversed da-
tabase search strategy (Moore et al, 2002; Peng et al., 2003;
Elias et al., 2004), it is possible to estimate the false positive
rates of applied score filter criteria, allowing comparisons of
multiple data sets with similar false positive rates. The basis of
false positives is not due to any single database search algo-
rithm or instrument type. This is a problem related to the fun-
damental aspects of algorithms that handle enormous amount
of data set and instruments that analyze proteome samples
composed of high dynamic range of component proteins. This
method has been expanded to use alternative information, such
as isoelectric point and molecular weight, to remove more
false positives while providing greater sensitivity during filter-
ing (Cargile et al., 2004a; Cargile et al., 2004b).

Most probability-based calculations do not take into account
enough complex biological factors, such as divergent evolution
and organism-specific codon bias, to provide a real measure of
the validity of data. Also there are several numerical problems
with these algorithms, which include the fact that several com-
binations of amino acids are indistinguishable (i.c., glycine-gly-
cine and aspartate at nominal mass of 114, valine-serine and
tryptophan at nominal mass of 186, and isoleucine and leucine
at nominal mass of 113) by mass only. These factors are pre-
sumably the reasons of the fact that such algorithms return a
number of virtual proteins from the reversed database at a
high confidence search criteria.

Researchers often restrict their confident protein identi-
fications to those identified by two or more peptides (Cargile
and Stephenson, 2004), as proteins identified by single pep-
tides exhibit higher false positive rates. However, when include
removal of this peptide class as another filtration step, it de-
creased one third of the number of identified proteins, 85-95%
of which were estimated to be correct (Elias et al., 2005).

The other important issue that should be considered in any
protein identification algorithms is the rate of false negatives
that refer the number of correct peptides missed identification
by the search threshold. The scores of the missed peptides fall
below the limit of the threshold to remove an acceptable de-
gree of false positives from a given results. It is very critical
to balance the search threshold between the reduction the
amount of false positives and the multiplication of the number
of false negatives.
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Both SEQUEST and Mascot do not use fragment jon in-
tensity-based scoring algorithm, which only use the information
for pre peak selection. Even though the intensity of fragment
ion is quite informative due to its distinctive features in most
of the MS/MS spectra, it has not been used explicitlty way.
Recent report by Elias and coworkers (Elias et al., 2004) de-
vised a new algorithm which evaluates a score of MS/MS
spectrum based on the intensities of fragment ions using the
learning algorithm of MS/MS spectra. This newly invented al-
gorithm shows outranked performance beyond that of either
SEQUEST or Mascot with well-known and most recently re-
ported criteria especially in case of combination of the in-
tensity-based algorithm and traditional identification scoring
system. To use this scheme with confidence, further search and
validation of this method should be done in the near future.

There are also very interesting issues concerned with com-
parative research between different types of scoring algorithm.
Many of biological research have been used Mascot or
SEQUEST routinely without much consideration of their
unique scoring. Like many users’experiences, coverage of pep-
tides or proteins identification is not quite comprehensive be-
tween the two mostly used programs. First wide and extensive
comparative evaluation between different algorithms was done
by Resing and coworkers (Resing et al., 2004) and showed at
least Mascot and SEQUEST are mutually comparable for ion
trap-acquired MS/MS spectra. Elias and coworkers (Elias et al.,
2005) recently reported comparative evaluation of instrurent
platforms, scoring algorittm and multiple stage analysis of
sémples. The comments from their paper is quite similar with
previous study, however, more detailed and contingent evalua-
tions are included. They draw three primary conclusions: (i)
Mascot and SEQUEST results fairly overlapped (>85%) for
LTQ-acquired MS/MS spectra with filtering criteria, but
Mascot gave a birth better match with QSTAR MS/MS spectra
which is comparable with traditional usage of Mascot program;
(i) multiple times can be made more confident results better
than that of single time.; (iii) peptide or protein identification
is complimentary between the two different instruments.

Researchers might consider using complementary analytical
platform to increase peptide and protein identification. This,
however, may be insufficient if platform reproducibility is low.
According to recent publications (Durr et al., 2004; Elias et
al, 2005), when samples are analyzed multiple times and are
measured by complementary instruments, both protein and pro-
teome coverage were increased dramatically.
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Conclusion

In the past decade, applications of mass spectrometry to
analysis of proteins have brought revolutionary advancement
from analysis of simple purified proteins to the whole mixture
of proteins and in understanding cellular roles of proteins.
Furthermore, it opens totally new biological field, systems
biology. It mainly depends on the improvement of mass
spectrometry instruments, separation techniques and algorithms
to interpret enormous MS/MS spectra. There are a number of
algorithms available for performing database searches using
MS/MS spectra to identify peptide sequences and proteins.

While database searches are straightforwardly executed and
they successfully capture as much identification from input da-
ta set as possible, there are currently no golden rules with re-
spect to the validation of protein identifications. Therefore, we
may look forward to even more powerful algorithms to auto-
matically validate search results and yield more rich
information. Future work has to focus on improving scoring
schemes even more to reduce the number of false positive and
false negative identification simultancously and unifying
MS/MS and database format to advance the development of
global identification system.
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