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Abstract

The use of peptide mass fingerprinting data obtained by matrix-assisted laser desorption/ionisation time-of-flight mass spectrometry
in conjunction with protein database searching is a fast, high-throughput method that is widely used to identify proteins in a proteome.
The success of a search is limited, however, by the number of proteins represented in the database. When the fully sequenced genome
of an organism is not available, cross-species databases are usually used, which can compromise the reliability of the results.
Databases containing expressed sequence tag sequences are available and are potentially invaluable resources for proteomic studies.
For the study reported herein, we developed a proteomic approach that incorporates a species-specific protein/peptide database
constructed from expressed sequence tag sequences, and we validated this approach by accurately retrieving proteins from this
database that matched, on the basis of the masses of their in silico—generated tryptic peptides, experimentally isolated proteins
derived from a wheat stem proteome. We also compared the results obtained using the wheat database with those obtained using the
same peptide mass fingerprints and a cross-species protein database search. Given the reliability of the results and the improved
scoring obtained with the wheat database study in comparison with the cross-species database study, species-specific databases
derived from expressed sequence tags may replace cross-species databases for proteomic studies involving organisms for which a
completely sequenced genome is unavailable.

Keywords: Cross-species protein database; Peptide mass fingerprinting; Protein identification; Proteomics.

Abbreviations: 2-DE, two-dimensional gel electrophoresis; EST, Expressed sequence tags; MALDI-TOF MS, matrix-assisted laser
desorption/ionisation-time of flight mass spectrometry; NCBInr protein database, National Center for Biotechnology Information
nonredundant protein database; PMF, peptide mass fingerprinting.

Introduction

Large-scale protein expression studies, i.e., proteomic
studies, are a powerful way to characterise the function and
regulation of genes (Yates, 2000; Aebersold and Mann,
2003). Using two-dimensional gel electrophoresis (2-DE),
mass spectral characterisation of peptide mass fingerprints
(PMFs) derived from tryptic digests of electrophoretically
isolated proteins, and database searching, proteomic studies
can address various biological questions and have become
the standard means for large-scale protein identification
(Mallick and Kuster, 2010). With the increasing number of
genomic databases and the number of sequences within the
databases that have not been assigned to known proteins,
large-scale protein identification has become more important
and more widely attempted. The identification of
experimentally isolated proteins by mass spectrometry (MS)
analysis and/or sequence characterisation of their
enzymatically digested peptides relies on bioinformatics
software (such as MASCOT, ProFOUND, MS-Fit) to
retrieve the corresponding proteins from an appropriate
database. After matching the experimental mass spectral data

with those in a database, the corresponding matched proteins
are sorted using a scoring algorithm, and the one with the
greatest score is often considered to be the experimentally
isolated protein (Palagi et al. 2009). Among the available
proteomic methods, PMF by MS combined with database
searching is a fast, high-throughout method for protein
identification and is widely used. However, the success of
this method largely depends on the presence of the
corresponding proteins in the database that is searched. For
an organism with a genome that has been fully sequenced
and annotated, e.g., Arabidopsis thaliana and rice, this
method has been successfully used to retrieve targeted
proteins from the corresponding genome and/or protein
databases (Rajjou et al., 2006; Higashi et al., 2006; Yang et
al., 2007). For most organisms, however, the genome has not
been completely sequenced, and only a relatively small
number of protein sequences are available in protein
databases. Therefore, experimental PMF data have usually
been used to search a cross-species database, e.g., the
NCBInr protein database (Yahata et al., 2005; Dong et al.,

257



2006; Kamal et al., 2009; 2010; Shin et al., 2010; Scippa et
al., 2010), and the accuracy of the results can vary greatly
depending on the organism studied. When a cross-species
protein database and PMF are used, proteins are identified
according to their masses, which reflect the similarity or
conservation with sequences in the database (Wright et al.,
2010). However, cross-species protein identification is not
the same as searching for the full or partial sequences of the
targeted proteins, which compensates for potential
single-nucleotide  polymorphisms among homologues.
Because proteomic methods rely on the masses of relatively
small peptides, even a small number of nonidentical residues
in peptides from homologues may be reflected as large
differences in peptide masses. Therefore, matching peptides
in a database to their experimental counterparts is difficult,
and misidentification results if the PMF data are affected by
polymorphism (Wright et al., 2010). Consequently when
cross-species databases are used to identify proteins in
conjunction with the masses of experimentally obtained
peptides, low scores are usually returned and sequence
coverage is limited (Mathesius et al. 2002), both of which
undermine confidence in the results. Species-specific EST
sequence databases have been used when the genome of an
organism has not been fully sequenced (Mathesius et al.,
2001; Lisacek et al., 2001; Kim et al., 2003; Kwon et al.,
2003), and their use can overcome the shortcomings inherent
in the use of cross-species genomic and/or protein databases.
The results obtained when the same PMF data were used to
search species-specific EST and cross-species protein
databases have been compared (Porubleva et al., 2001;
Mathesius et al., 2002; Kim et al., 2003; Mooney et al., 2004;
Grimplet et al., 2005; Huang et al., 2006; Edwards 2007),
and the reliability of the protein identifications were greater
when the EST databases were used, despite sequence
inaccuracies in the ESTs themselves. For example, Watson et
al. (2003) reported that when the PMF method was used in
conjunction with the NCBInr and SwissProt databases, only
25% of the experimentally obtained proteins were correctly
matched to the database proteins even though the mass
spectra were of good quality and that the number of
correctly identified proteins substantially increased (up to
46%) when the EST database was used. Usually, however,
identification of proteins from organisms that have not had
their genomes completely sequenced has relied on the use of
cross-species databases (Kamal et al., 2009; Peng et al.,
2009; Kamal et al., 2010; Shin et al., 2010;) or sometimes in
combination with species-specific EST sequence databases
(Dstergaard et al., 2004; Dong et al., 2006; Laino et al., 2010;
Irar et al., 2010; Scippa et al., 2010). Species-specific EST
databases have usually not been used in isolation, perhaps
because of the uneven quality of the EST data, which
impedes the necessary six-fold translation of EST sequences.
Without the availability of the full complement of sequences,
the extent of sequence coverage, the output score, and
accuracy of protein identification are negatively affected.
Moreover, it is difficult to distinguish the best candidate
protein from other candidates when their scores and
sequence coverage are similar (Lisacek et al., 2001;
Habermann et al., 2004; Wright et al., 2010). Therefore,
incorporating EST sequence information into a proteome
investigation for an organism that does not have a
completely sequence genome has been challenging. We
recently reported a method that uses species-specific EST
sequences to improve the efficiency and accuracy of protein
identification (Yang et al., 2010). However, this method is
time-consuming and requires a large amount of manual
labour, and the uneven quality of the EST data makes the
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Fig 1. Flowchart showing how a species-specific
protein/peptide database is built that can be used in a
proteomic study for the identification of proteins from an
organism for which a fully sequenced genome is
unavailable.

identification process difficult. For the work reported herein,
we provide a strategy for the construction of a
species-specific, EST-derived protein/peptide database that
resolves the aforementioned limitations of our previously
reported method. The method involves searching the
species-specific, EST-derived database with mass spectral
PMF data. We also compared the results obtained using this
method when a species-specific (wheat) EST-derived
database and a cross-species (NCBInr) database were use to
determine if, with the use of the species-specific database,
the results will be reliable enough for high-throughout
proteomic research involving an organism that does not have
a fully sequenced genome.

Results and discussion
Construction of a species-specific protein/peptide database

Fig. 1 presents a flow chart diagramming how to construct a
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Fig 2. Two-dimensional separation of wheat-stem proteins.
First dimension, isoelectric focusing (IEF). Second
dimension, separation via SDS-PAGE (12.5%
polyacrylamide gel). Arrows identify the 48 protein spots
used in this study.

species-specific, EST-derived protein/peptide database, and
the steps involved in its construction are as follows.

1. Species-specific ESTs are obtained from the National
Center for Biotechnology Information (Bethesda, MD, USA)
dbEST  database  (http://www.ncbi.nlm.nih.gov/dbEST),
another public EST database, and/or from an
in-house-constructed EST database.

2. Vector sequences are identified using VecScreen
(http://www.ncbi.nlm.nih.gov/VecScreen/VecScreen.html;
Altschul et al., 1997) and cross_match
(http://www.phrap.org) against the UniVec database and
then removed from the EST sequence list.

3. Adaptor sequences are removed from the EST sequence
list using the cutadapt program (downloaded from
http://download.famouswhy.com/cutadapt/).

4. Sequences are processed using trimseq
(http://emboss.sourceforge.net/apps/release/5.0/emboss/apps
/trimseq.html) to remove ambiguously identified nucleotides
found at sequence ends.

5. ESTs are then optimally spliced and assembled into EST
contigs or left as singletons according to their sequence
similarity (>98%) and 100-bp-overlap length or according
to custom-defined parameters using CAP3 (Huang and
Madan 1999).

6. The EST contigs and singletons are translated in the 5'—=3'
and 3'—5' directions and in the three possible reading
frames using Transeq program
(http://www.ebi.ac.uk/tools/emboss/transeq/; Rice et al.,
2000). Then, the six in silico translation products serve as
queries used to search the NCBInr protein database by
BLASTP

(http://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM-=blastp
&BLAST_PROGRAMS=blastp&PAGE_TYPE=BlastSearc
h&SHOW_DEFAULTS=on&LINK_LOC=blasthome)  to
identify candidate gene products for subsequent
species-specific  protein/peptide database construction.
Translated sequences that have no matching results are
deleted.

7. All possible polypeptide sequences obtained in the
previous step are collected, annotated by querying NCBInr
plant protein database, and compiled in FASTA format, and
this collection serves as the species-specific protein/peptide
database.

Application of a species-specific database for protein
identification

To evaluate the efficiency of protein identification when a
species-specific database is used, we used proteins from an
experimentally obtained wheat-stem proteome and, for
comparison, the NCBInr green plant (Viridiplantae) protein
database (ftp://ftp.ncbi.nih.gov/) and a species-specific
wheat protein/peptide database. A small-scale wheat
database was constructed from wheat EST sequences
(ftp://ftp.ncbi.nih.gov/) using the strategy described above.
The wheat-stem proteome was separated by 2-DE. Fifty
protein spots (Fig. 2) were isolated and digested with trypsin.
High-quality MALDI-TOF MS PMFs were obtained for all
but two of the corresponding proteins. A representative mass
spectrum (spot 3) is provided in Fig. 3. The spectra were
internally calibrated with two autolytic tryptic peptides (the
values for m/z are 842.509 and 2211.104). Each mass list
was automatically generated and checked manually against
the  corresponding  spectrum. Mascot ~ program
(http://www.matrixscience.com) was used in conjunction
with the PMF data from the 48 protein spots to search the
NCBInr plant protein database, which is frequently used for
plant protein identification, and the wheat database. The
search parameters were: a mass tolerance of 50 ppm, a
requirement for carbamidomethyl cysteines, allowance for
methionine oxidation, allowance for one incomplete trypsin
cleavage event per preptide, and the monoisotopic peptide
mass (MH"). The identity of a protein retrieved from a
database was considered to be correct if it was the top score
in the MASCOT list, had a calculated mass equal to +20%
of the experimentally determined mass, had a calculated pl
within +1 pH units of the experimentally determined pl, and
more than 20% of the masses of the in silico-generated
tryptic peptides from the retrieved protein were matched to
those of the experimental peptides. The proteins retrieved
for the 48 protein spots from both databases are listed in
Table S1. The identities of 25 spots (spots 24-48) were the
same when either database was used, whereas the identities
of 23 spots (spots 1-23) were dependent on the database
used. On average, when the same protein was identified, its
sequence coverage and the number of matched peptides
were greater when it was retrieved from the wheat database
than from the cross-species database. When the
cross-species database was used for spots 1-23, their masses
and pl values also deviated more from the calculated values
than when the wheat database was used (Table S1; Fig. 4B,
C). Therefore, for spots 1-23, the corresponding proteins
retrieved from the cross-species database were less likely to
have been correctly identified than those retrieved from the
wheat database, which were verified by ESI-MS/MS
analysis. Additionally, the sequence coverage and the
number of matched peptides for spots 1-23 were also
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greater when the wheat database was used (Table S1; Fig.
4A). For spots 24-48, the searches of the two databases
returned identical proteins as noted above. According to the
annotations in the NCBInr database, seven protein spots
(spots 24-30) matched those in the taxon Triticum aestivum,
eight (spots 31-37) matched those in the taxon Hordeum
vulgare, seven (spots 38-44) matched those in the taxon
Oryza sativa, three (spots 45-47) matched those in the taxon
Zea mays, and one (spot 48) matched one in the taxon
Populus trichocarpa. Despite identifying the same proteins
for spots 24-48 when either database was used, the sequence
coverage and the number of matched peptides were smaller
when the cross-species database was used (Table S1; Fig.
4A). Therefore, protein retrieval was probably affected by
the polymorphism that existed between the amino acid
sequences of the homologous proteins from the different
species in the cross-species database, which led to large
differences in the masses of the queried and retrieved
proteins, lower scores, lower sequence coverage, and
smaller numbers of matched peptides; consequently, the
mass matching of the in silico-generated peptides and the
experimental peptide ions was more difficult. We also
generated a Nitraria sibirica protein/peptide database from
an in-house EST database using 454 Sequencing Systems
(Roche NimbleGen, USA), and a Crotalus atrox
protein/peptide database using EST sequences downloaded
from http://www.ncbi.nlm.nih.gov/sra/SRP002110
(Gracheva et al.,, 2010). These species-specific
protein/peptide databases are currently being used to
identify proteins from their proteomes. Preliminary results
suggested that the use of these species-specific databases
would produce more reliable results than would searching
the NCBInr protein database. To determine if protein
identification by species-specific, EST-derived
protein/peptide database searching with PMF data is
accurate enough for high-throughout proteomics studies that
use organisms for which complete genome sequence
information is unavailable, eight protein spots from the
wheat proteome were digested with trypsin, and the peptides
were subjected to electrospray ionisation tandem MS
sequencing, which confirmed that the identities of the
proteins retrieved from the wheat database using the PMF
data were the correct ones (data not shown). For the work
reported herein, we developed a method that appears to
reliably identify electrophoretically separated proteins from
organisms with incompletely sequenced genomes by mass
spectral PMF and searching a  species-specific
protein/peptide database derived from EST sequences. When
this strategy was applied to a wheat-stem proteome, the
number of matched peptides and the sequence coverage
usually increased for a given protein spot in comparison
with a search made using the NCBInr database, a
cross-species database. With the use of modern DNA
sequencing technologies, a large number of nucleotide
sequences have been and continue to be determined.
Different types of nucleotide sequence databases are
becoming available, and EST databases are the fastest
growing type of nucleotide database (Neale and Kremer,
2011). ESTs are used to refine the sequences of predicted
genes, and such gene sequences can then be used to predict
protein sequences and functions. EST sequences represent
an enriched set of transcripts as they are derived from
expressed genes, and their sequences are clearly worth
exploiting in proteomic studies (Mathesius et al., 2002;
Kwon et al., 2003; Merlino et al., 2009; Irar et al., 2010;
Scippa et al., 2010). The identification of proteins from
ESTs and EST contigs will be an interesting and appropriate
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Fig 3. A representative mass spectrum (for spot 3). The
peaks for which matching peptides were found in the wheat
database are labelled with their m/z values.

way to expand the content of protein databases.
Materials and methods
Wheat growth and protein extraction from wheat stems

The wheat cultivar Yangmai No. 3 was grown in 40 cm
(diameter) X 50 cm (height) pots during the normal growth
season in Huaian, China. Wheat stems at the jointing stage
were harvested for protein extraction. Protein was extracted
according to Damerval et al. (1986) with modifications.
Stems were ground and homogenised, and the proteins were
precipitated at —20°C with acetone containing 10% (w/v)
trichloroacetic acid, 0.07% (w/v) dithiothreitol, and 150 mM
phenylmethyl sulphonyl fluoride for 1 h. After
centrifugation for 30 min at 15,000 x g, 4°C, the precipitates
were washed until colourless with ice-cold acetone
containing 0.07% (w/v) dithiothreitol and 150 mM
phenylmethyl sulphonyl fluoride to remove polysaccharides,
pigments, and lipids, and then dried by vacuum
centrifugation. The residue was suspended for 30 min at
room temperature in 7 M urea, 2 M thiourea, 4% (w/v)
3-[(3-cholamidopropyl)-dimethylammonio]- 1-propane
sulphonate, 20 mM dithiothreitol, 0.2% (v/v) -carrier
ampholyte (pH 3.0-10.0, Amersham Biosciences,
Piscataway, NJ, USA), protease inhibitor cocktail (1 pl per
30 mg plant tissue; Sigma, St. Louis, MO, USA). While the
precipitate was suspended, it was sonicated five times for 30
s each on ice. The supernatant was obtained by
centrifugation at 40,000 X g for 30 min and stored at —80°C.
The amount of protein in the extract was quantified using
the reagents of a 2-D Quant kit (Amersham Biosciences,
Piscataway, NJ, USA).

2-DE

Proteins (a 300 g sample) were first separated by isoelectric
focusing using immobilised linear pH gradient strips (pH
3.0-10.0, 13 cm) in an Ettan IPGphor 3 apparatus
(Amersham Biosciences, Piscataway, NJ, USA). The strips
were passively rehydrated for 13 h. The voltage-time
settings were: 250 V, 1 h; 500 V, 1 h; 2000 V, 1 h; then
8000 V until 50,000 Vh was reached. The second-dimension
separation used SDS-PAGE (12.5% polyacrylamide gels) at
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Fig 4. Box-and-whisker plots for sequence coverage,
molecular weight differences, and pl differences for the
experimental and database-retrieved proteins. A, Sequence
coverage for the identified proteins by matching their
experimental peptide masses. B, Differences between
experimental ~ molecular weights derived  from
electrophoretic separation of the protein spots and calculated
molecular weights of the retrieved proteins. C, Differences
between the experimental isoelectric point (pI) values and
the calculated pl values. Group 1, Proteins retrieved from
the wheat protein/peptide database; Group 2, Proteins
retrieved from the green plant NCBInr protein database.

1 W/gel for 90 min and 10 W/gel for 4 h, and a Multiphor II
Electrophoresis System (Amersham Biosciences,
Piscataway, NJ, USA). Three replicate gels were prepared
under the same conditions and were subjected to silver
staining to visualise the protein spots (Shevchenko et al.,
1996).

MS of tryptic digests of the electrophoretically separated
protein spots and protein identification

The stained gel profiles were characterised and quantified
using PDQuest software (Bio-Rad, Hercules, CA, USA).
Fifty weakly or moderately stained protein spots were cut
out of the gel and were each digested with trypsin (Promega,
Madison, WI, USA). Mass measurements were acquired in
the positive-ion and reflector modes using a MALDI-TOF
mass spectrometer (Reflex III, Bruker-Daltonics, Bremen,
Germany). Peptide spectra were automatically processed for
baseline correction, noise removal, peak deisotoping, and
threshold adjustment (2% base peak intensity), according to
Watson et al. (2003). External calibration was performed for
the mass range 600-3500 Da. Internal calibration was
performed using the trypsin auto-digestion fragment
residues 108-115 ([M+H]*, 842.509) and residues 58-77
(IM+H]*, 2211.104), which were present in all spectra. The
annotations of the peak masses generated by Flexanalysis
software, which was provided by Bruker Daltonics, were
manually checked and edited to ensure that the
monoisotopic peaks had been correctly labelled. The edited
peak lists were used for the database searches. Mass
fingerprinting searches were performed using a local Mascot
program (http://www.matrixscience.com) against the wheat
database that had been constructed from the wheat EST
database (from the NCBI dbEST database,
http://ftp.ncbi.nlm.nih.org), as described in Results, and the
NCBInr green plant protein database with the following
parameters: monoisotopic peptide mass ([M+H]"), one
allowed incomplete trypsin cleavage per peptide, a mass
tolerance of 50 ppm, a requirement for carboxyamidomethyl
cysteines, and allowance for methionine oxidation. A
protein was considered to be identified when the following
criteria were met: at least four matching peptides and >20%
sequence coverage. Electrospray ionisation-tandem MS
analysis of the tryptic peptides from protein spots and
protein identification were performed accorded to Yang et al.
(2010).
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