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Abstract

Background:

Database searching is the most frequently used
approach for automated peptide assignment and
protein inference of tandem mass spectra. The
results, however, depend on the sequences in target
databases and on search algorithms. Recently by
using an alternative splicing database, we identified
more proteins than with the annotated proteins in
Aspergillus flavus. In this study, we aimed at
finding a greater number of eligible splice variants
based on newly available transcript sequences and
the latest genome annotation. The improved
database was then used to compare four search
algorithms: Mascot, OMSSA, X! Tandem, and
InsPecT.

Results: The updated alternative splicing
database predicted 15833 putative protein variants,
61% more than the previous results. There was
transcript evidence for 50% of the updated genes
compared to the previous 35% coverage. Database
searches were conducted using the same set of
spectral data, search parameters, and protein
database but with different algorithms. The false
discovery rates of the peptide-spectrum matches
were estimated < 2%. The numbers of the total
identified proteins varied from 765 to 867 between
algorithms. Whereas 42% (1651/3891) of peptide
assignments were unanimous, the comparison
showed that 51% (568/1114) of the RefSeq
proteins and 15% (11/72) of the putative splice
variants were inferred by all algorithms. 12
plausible isoforms were discovered by focusing on
the consensus peptides which were detected by at
least three different algorithms. The analysis found
different conserved domains in two putative
isoforms of UDP-galactose 4-epimerase.

Conclusions: We were able to detect dozens
of new peptides using the improved alternative
splicing database with the recently updated
annotation of the A. flavus genome. Unlike the
identifications of the peptides and the RefSeq
proteins, large variations existed between the
putative splice variants identified by different
algorithms. 12 candidates of putative isoforms were
reported based on the consensus peptide-spectrum
matches. This suggests that applications of multiple
search engines effectively reduced the possible
false positive results and validated the protein
identifications from tandem mass spectra using an
alternative splicing database.

Background

Tandem mass spectrometry (MS/MS) has been one
of the most effective high-throughput approaches
for protein identification and quantification. In a
typical “bottom-up” approach, also known as the
shotgun proteomics strategy, the enzyme-digested
protein mixture is analyzed using single- or multi-
dimensional chromatography coupled with tandem
mass  spectrometry [1,2]. A variety of
computational approaches have been developed to
assign peptide sequences to the acquired MS/MS
data. Database searching algorithms are the most
frequently used methods for large-scale proteomics
studies [3]. The most popular commercial MS/MS
search engines are SEQUEST [4] (Thermo Fisher
Scientific Inc.) and Mascot [5] (Matrix Science
Ltd.). Open source tools are also available, such as
OMSSA [6], X! Tandem [7], and Andromeda [8].
Although each implementation is different, the
general approach of MS/MS search algorithms is
similar [9]. Given a protein sequence database, the
search algorithm first generates all in silico-
digested peptides upon the specified parameters,
such as digestive enzymes, missed cleavages, and
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modifications. For each MS/MS spectrum, the
search engine only evaluates the candidate peptide
sequences within a user-defined precursor mass
tolerance window. A scoring function is used to
calculate a score which represents how well the
theoretical spectrum of each candidate peptide
matches the observed spectrum. The top scoring
peptide hit is reported and then the peptide
sequence is assigned to the experimental MS/MS
spectrum. Protein identifications are inferred by
grouping the peptide-spectrum matches [10].

Another approach for identifying peptides from
fragment ion spectra combines partial de novo
sequencing and database searching. Short peptide
sequence tags are inferred from MS/MS spectra
using de novo algorithms. The list of candidate
peptides in the database search can be reduced to
only those containing the tag [11]. The algorithms
will then try to extend the sequence tag by finding
masses of the flanking residues in the database
peptide which match masses of the prefix and
suffix regions of the tag [12]. Although the hybrid
approach is still reliant on protein sequence
databases, it is an alternative strategy while
analyzing peptides with novel modifications or
sequence variations [13].

Alternative pre-mRNA splicing (AS) enables
eukaryotes to generate distinct mRNAs and
therefore multiple protein variants from a single
gene. The common approach to developing an
alternative splicing database is based on automated
large-scale mapping of transcripts and genomic
sequences. The massively parallel picolitrescale
sequencing system developed by the 454 Life
Sciences Corporation was capable of sequencing 25
million bases in a four-hour run [14]. The 454
sequence reads are short, averaging 80-120 bases
per read. The massively parallel sequencing-by-
synthesis technology has been used to generate
EST data of a human prostate cancer cell line, and
25 novel alternative exon splicing events were
identified [15].

Recently, we expanded the target database to
include putative alternatively spliced isoforms with
the aim that the MS/MS spectra can be better
interpreted [16]. The results showed that our
approach was able to identify more proteins from
the experimental spectra and to provide evidence
for  improving the genome  annotation.
Subsequently, the Aspergillus flavus NRRL3357
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whole genome shotgun project had a major update
in 2009. Among 41 peptides discovered in our
previous study, 6 of them were included in the
second version of genome annotation. Meanwhile,
454 sequencing data of A. flavus became available
locally. The first goal of this study was to rebuild
the alternative splicing database using the latest
genome annotation and newly acquired 454
sequencing data as transcript evidence. The second
part of the study aimed at comparing four MS/MS
search algorithms for isoform identifications using
the resulting alternative splicing database. We
tested three probability-based algorithms, Mascot
[5], OMSSA [6], and X! Tandem [7], and one
sequence tag-based algorithm, InsPecT [12]. The
design of the study is illustrated in Figure 1.

Results

Rebuilding A. flavus alternative
splicing database

Genome annotation is the result of continuous
efforts. An updated version of A. flavus genome
annotation was released in 2009. Compared to the
prior genome project, the second version dropped
360 previously documented genes and added 1000
novel ones (Figure 2A). A newly acquired
collection of 454 sequence reads and ESTSs
provided the transcription information of half of the
genes for predicting splice variants (Figure 2B). An
updated alternative splicing database was then built
using the second version of the genome and all
available transcripts. The RefSeq database (release
40) contained 13487 A. flavus genes and
corresponding proteins, with no splice isoform. The
updated alternative splicing database predicted
another 15833 putative protein variants (Figure
2C). It was estimated that 15.4% (2077/13487) of
the total genes encoded more than one protein, 7.62
(15833/2077) putative isoforms per gene on
average. The predicted variant sequences were
appended to the collection of the RefSeq proteins to
form a combined database for the following
database searches.

Comparison of MS/MS search
algorithms on identifying putative
isoforms
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In order to compare the performance of identifying
putative splice variants, the same set of MS/MS
spectra were searched against the resulting
combined database by Mascot, OMSSA, X!
Tandem, and InsPecT. Although each algorithm
already reported internal statistical measures like p-
value or E-value, the cut-off thresholds were
selected to ensure the search results had an
estimated false discovery rate (FDR) < 2% for
peptide identification (see Additional file 1). While
several isoforms were encoded from the same gene,
sometimes the different protein products could not
be distinguished by the identified peptides.
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In such a scenario, it was observed that Mascot
would pick the protein with the longest sequence
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from all possible candidates. InsPecT would also
report one protein from the list of candidate
sequences, but not necessarily the longest one. In
contrast, OMSSA and X! Tandem would report all
matched proteins and let users interpret the
findings. In order to present the results concisely,
we accepted the longest protein sequence to
represent the group of all possible matches. If a
group of peptides could be mapped to either the
RefSeq protein or the splice variant of the same
gene, we conservatively assigned the identification
to the RefSeq protein since no clear conclusion was
possible. The number of identified peptides,
RefSeq proteins, and splice variants by algorithms
are listed in Table 1.

To study the consistency between different
algorithms on search results, the identified hits
were categorized by the algorithms having the
same finding (Table 2). The overlaps were
illustrated in four-way Venn diagrams as well
(Figure 3). For the peptide-spectrum matches, 42%
(1651/3891) of peptide assignments were
concurred by all four algorithms. Since we
introduced predicted isoform sequences into the
database, the protein identification was divided into
two subgroups: RefSeq proteins and putative splice
variants. 51% (568/1114) of the identified RefSeq
proteins were consistent across all algorithms. In
contrast, only 15% (11/72) of the putative splice
variants were identified unanimously.

To investigate whether different algorithms
assigned the same spectrum to different peptide
sequences, the peptide-spectrum matches were
examined within and between algorithms (Table 3).
It was observed for all algorithms that 1% or fewer
spectra were assigned to different peptides by the
same tool. The inconsistency expanded but never
exceeded 2% while comparing the assignment of
the same spectrum between different algorithms. It
also appeared that InsPecT assigned more spectra
differently in comparison with other three
probability-based algorithms. The multiple peptides
assigned from the same spectra between algorithms
might account for a part of the identification
variations.

It was not surprising to see that the number of
peptidespectrum matches and protein hits dropped
while reducing the false discovery rate. However,
most of the removed hits belonged to the
identifications reported by only one algorithm (see
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Additional file 2). The consensus hits of multiple
algorithms seemed more likely to be the correct
identification. In the comparison of the overlaps
between search results, the identified splice
variants between different algorithms showed
greater variations than the RefSeq proteins. It is
noted that the prediction of all possible splice
variants from ESTs tends to be overestimated. To
reduce the false positive results, we compiled a list
of top splice isoform candidates by taking
advantage of the consensus peptides. By focusing
on those variant-specific peptides identified by at
least three different algorithms, 12 putative
isoforms were reported (Table 4). 11 splice variants
were inferred by all four algorithms. The scores, p-
values, and E-values of the assignments looked
satisfying. None of these specific peptide
sequences appeared in any RefSeq proteins. In
addition, no two consensus peptides came from the
same spectra. As an example, one putative isoform
discovered through the strategy was further
analysed below.
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UDP-glucose 4-epimerase (UGE) [KEGG: EC
5.1.3.2] plays a pivotal role in normal galactose
metabolism, converting UDP-galactose back to
UDP-glucose in the final step of the Leloir pathway
[17]. NAD+ is required

different search algorithms. The 4-way Venn diagrams gener
by the VENNY program
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to be a cofactor in the catalytic mechanism. Five
UGE isoforms encoded in the Arabidopsis thaliana
genome differed in enzymatic properties, transcript
regulation, and subcellular localization [18]. The
MS/MS spectrum which was used to assign the
consensus peptide FAVETAITDVINAQR in the
putative UGE isoform was examined (Figure 4).
The abundant matched b- and vyions, accurate
precursor ion mass, and expected mass difference
from the SILAC pair observed in the spectrum
correlated well with the low expectation value or p-
value reported by algorithms.

According to the annotation of RefSeq release 40,
A. flavus UDP-glucose 4-epimerase [Entrez Gene:
7919639] contained four coding exons (Figure 5A).
The corresponding splice variant generated from
our prediction had three exons instead: the first two
were constitutive and the third was alternative
(Figure 5B). Since different sets of peptide-
spectrum matches were used to conclude the
protein identification between search algorithms,
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the peptides shown in Figure 5 are based on
Mascot’s result. The alternative exon in the protein
variant was supported by the distinctive peptide
FAVETAITDVINAQR which was located in an
intron of the corresponding RefSeq protein. The
encoding variant sequence ended approximately in
the middle of the third coding exon of the RefSeq
counterpart. A group of 9 peptides which were
mapped to the remaining coding sequence
supported the identification of the RefSeq protein.

While multiple protein products are encoded from
the same gene, different isoforms are usually
destined for performing various biological
functions. Thus, we were interested in learning
whether two identified UGE

Table 3 Number of MS/MS spectra assigned to different pe)

Algorithm Number of Assigned to
assigned different
spectra peptides

by Mascot

isoforms had different functional motifs among
their sequences. The Conserved Domain Database
(CDD), part of NCBI’s Entrez database system, is a
protein annotation resource that consists of a
collection of wellannotated multiple sequence
alignment models as position-specific score
matrices (PSSMs) [19]. Two motifs were found by
searching the RefSeq sequence against CDD
(version 2.23, containing 37407 PSSMs) (Figure
5A). One was a member of the Rossmann-fold
NAD(P) (+)-binding proteins superfamily, 3-
ketoacyl-(acyl-carrier-protein) reductase [CDD:
PRK12825], and the other was UDP-glucose 4-
epimerase [CDD: PLN02240].

Conclusions

The prediction of the alternatively spliced variants
based on EST sequences by a computational
pipeline inclines to be over-estimated and may
contain errors. The introduction of putative
isoforms into the protein database can further lower
the p-value of peptide identifications because of the
increasing size of the database. Consensus decision
making exploits the goodness of multiple search
algorithms to validate the assignment results of
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spectral data at a relatively low cost. The approach
is particularly valuable while making inferences in
isoform identifications from an alternative splicing
database.
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