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Combining mass spectrometry
with database interrogation
strategies in proteomics
Adam J. Liska, Andrej Shevchenko
Protein identiﬁcation by mass spectrometry (MS) and sequence-database
searching was established in 1993; since then, the proteomics community
has witnessed a proliferation of analytical strategies for protein identiﬁcation. Analytical strategies comprise three components: MS platforms;
spectra-database sequence correlation methods; and, sequence databases.
Multiple strategies are now applied simultaneously to increase sensitivity,
throughput, and reliability of the characterization of proteomes. Now, by
assessing the complexity of the interplay of MS, bioinformatics and
sequence databases, we can begin to predict future approaches and
challenges in the development of proteomics.
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1. Introduction
The ¢rst problem in conducting proteomics is the development of accurate,
versatile protein-identi¢cation strategies.
Although it has been possible to purify
proteins using established methods of biochemistry, the crucial step in the characterization of any proteome is highthroughput protein identi¢cation. Protein identi¢cation comprises associating
an isolated protein with a speci¢c gene or
a speci¢c biochemical function based
upon sequence identity (reviewed in [1]).
Advances in genomic sequencing, MS,
and DB searching now provide a method
for high-throughput protein identi¢ca-

tion in organisms with sequenced genomes (reviewed in [2,3]). To extend these
capabilities, as well as to advance the e⁄cacy of protein identi¢cation in organisms with unsequenced genomes
(reviewed in [4]), a number of recent
developments point to new analytical
strategies for proteomics. Analytical strategies are built upon three major components:
 MS platforms (coupled analytical
methods with mass spectrometers);
 spectra-DB sequence correlation methods; and,
 sequence DBs.
Speci¢c types of mass spectrometers
produce spectra of varying quality, and
di¡erent interpretation methods are suitable for speci¢c types of spectra. When a
speci¢c MS platform is combined with a
speci¢c correlation method and a speci¢c
type of DB, this combination may be more
or less e¡ective for protein identi¢cation
than a di¡erent combination.
Here, to discuss these relationships, we
will designate speci¢c analytical strategies by the annotation ‘‘MS platform’’
(where ‘‘MS/MS’’ means any tandem MS
method, unless otherwise named) ^
‘‘spectra-DB
sequence
correlation
method’’ ^ ‘‘sequence DB.’’
To enhance the ability to identify proteins, a number of combinations must be
developed, compared, and employed
simultaneously in proteome analysis.
Here, we attempt to systematically
address this complexity and point out
potential new strategies for protein identi¢cation.
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2. MS platforms
To characterize the interactions between MS platforms
(MSPs), spectra-DB sequence correlation methods, and
sequence DBs, the qualities of mass spectra produced by
di¡erent MSPs will ¢rst be brie£y considered.
In proteome analysis by MS, proteins are extracted
from cells or tissues, digested with proteases (typically
trypsin), and peptide fragments are analyzed. Historically, the ¢rst MSP for protein identi¢cation included
two-dimensional (2-D) polyacrylamide gel electrophoresis and matrix-assisted laser desorption/ionization
(MALDI) time-of-£ight (TOF) MS for peptide mass
¢ngerprinting (PMF) (reviewed in [5]).
MALDI-TOF is most commonly used in proteomics in
ion-re£ection mode because of its low-femtomole (even
attomole) sensitivity and high resolution ( > 10,000
FWHM). Peptide-mass ¢ngerprints are routinely
acquired with better than 50 ppm mass accuracy with
external calibration, and recently reported automated
re-calibration methods lower the error of mass
measurement below 10 ppm [6,7]. MALDI spectra can
be acquired very rapidly, and the entire routine, starting from digestion of proteins, preparation of the
MALDI probes and acquiring the spectra, is now automated and optimized for a very high throughput [8,9].
The capabilities of MALDI in protein identi¢cation
can be additionally strengthened by the acquisition of
PSD spectra for a few selected peptide ions [10]. However, acquisition of PSD spectra is rather slow and it is
much less sensitive compared to peptide ¢ngerprinting,
fragmentation is poorly controlled, and the spectra
su¡er from low resolution and low mass accuracy, so
the technology has not had a signi¢cant impact in proteomics. However the recently introduced LIFT method
[11] speeds up acquisition of MALDI-PSD spectra considerably.
MALDI-tandem MS (MS/MS) capabilities are mainly
explored through the development of instruments with
combined mass analyzers, such as MALDI-Q(q)TOF
mass spectrometers [12,13] and MALDI-TOF/TOF [14].
Both instruments can acquire peptide ¢ngerprints of
high mass accuracy, and enable the control of collision
energy in MS/MS mode. However, because of the orthogonal con¢guration of the ion path, MALDI-Q(q)TOF
machines can acquire MS/MS spectra at relatively low
collision energy, with the same resolution ( > 12,000)
and mass accuracy ( < 20 ppm) as in the MS mode [15].
Regardless of the mass analyzers employed, MALDI
sources predominantly ionize tryptic peptides as singly
charged ions. To fragment singly charged ions, higher
collision energy is required and therefore cleavage of
amide bonds in the peptide backbone occurs less consistently. Usually, MALDI-MS/MS spectra do not contain continuous ion series that might facilitate the
con¢dent determination of long peptide sequences. A
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number of chemical derivatization methods, localizing
the charged groups at the N- or C-terminus of the
peptide molecule, have been developed to improve
peptide fragmentation patterns [16,17].
MALDI sources were also coupled with an ion trap,
allowing the acquisition of MS/MS spectra very rapidly,
albeit the mass accuracy of the ion trap is much lower
than that of TOF analyzers [18]. However, a large number of acquired MS/MS spectra increases the speci¢city
of DB searching, and compensates for the lack of speci¢city of DB searching with peptide mass ¢ngerprints,
which is heavily dependent on mass accuracy.
ESI methods form another major cluster of MS platforms. In ESI-MS, tryptic peptides are typically ionized
as doubly or triply charged ions. Multiply charged ions
can be e⁄ciently fragmented at lower collision energy,
and their MS/MS spectra are usually dominated by
intense y- and b-ions (see [19] for the nomenclature),
which facilitates DB searching and also makes the spectra more amenable for de novo interpretation [20].
Peptides can be separated by liquid chromatography
on-line with the mass spectrometer (LC-MS/MS); alternatively, unseparated peptide mixtures may be directly
analyzed by NanoESI [21]. The absence of separation in
NanoESI is compensated by much longer spraying time
per spectrum, which is made possible by low £ow injection rates (typically, 20^30 nL/ min), and many precursor ions can be fragmented successively [22].
However, NanoESI-MS/MS experiments are limited
by the ability of the operator to recognize low-abundance precursors masked by chemical noise. The speci¢city of detection of precursor ions can be increased via
precursor ion scanning for abundant ammonium ions
of amino acid residues (typically, of Leu and Ile) [23].
Precursor-ion scanning is a routine operation mode of
TQ mass spectrometers, and recently it has also been set
up on Q(q)TOF machines [24,25].
Although fewer peptide precursor ions are typically
fragmented in the course of NanoESI-MS/MS analysis,
the quality and signal-to-noise ratio in their fragment
spectra are routinely better than by LC-MS/MS, because
the data accumulation time and collision energy can be
precisely tuned by an operator during the acquisition
process. However, NanoESI-MS/MS is relatively di⁄cult to automate [26] and it has a limited ability to identify proteins in complex mixtures.
By pre-separating peptides in front of the on-line
mass spectrometer, analytical methods gain higher
dynamic range and the ability to identify proteins in
very complex mixtures [27]. By applying this method, a
substantial part of the proteomes of prokaryotic and
low eukaryotic organisms can be characterized [27^
29]. Further coupling of multidimensional LC-MS/MS
analysis enables relative quanti¢cation that utilizes
peptides enriched with stable isotopes as internal standards, and promises a global survey of quantitative
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changes in the proteomes [29^31]. However, there is
less control in the process of spectra acquisition, and
information content of MS/MS spectra might be compromised. This might not be particularly important for
protein identi¢cation by pattern searches (see later section) because, with high-resolution instruments, the
ion statistics in the peak does not strongly a¡ect mass
accuracy, and full representation of fragments in the
spectrum is not required [15]. However, poor ion statistics a¡ects the accuracy of de novo sequencing, which
bene¢ts from recognizing complementary pairs of fragment ions and the full representation of low molecular
weight peaks is often critical.
Because of di¡erences in ionization mechanisms,
MALDI and ESI produce di¡erent data sets when the
same protein digest is analyzed [32,33]. Parallel analysis
of digests by two methods increases the sequence coverage of peptide maps, but usually requires the employment of di¡erent instrumentation. Rapidly switchable
combined MALDI/ESI sources [34,35] allow changing
between ionization modes within minutes without venting the mass spectrometer, and might provide an e¡ective alternative to expanding costly instrumentation.
Other MSPs, such as MALDI- and ESI-FT-ICR-MS
[36,37], linear ion trap [38], and ion trap-TOF [39]
mass spectrometers are employed in proteomics, but
are currently less prevalent.

3. Sequence DBs
Protein sequence DBs are continually updated with
submissions produced from the cloning of genes, from
which amino acid sequences are generated by translation of nucleotide sequences in their correct reading
frames (www.ncbi.nlm.nih.gov, www.expasy.org/
sprot/, www.ebi.ac.uk/).
Whole genome shotgun sequencing also produces
large sets of nucleotide sequences that are arranged in
contiguous regions (i.e. whole chromosomes). As these
genomic sequences are evaluated by gene prediction
methods and open reading frames are designated, protein sequence is generated on the basis of nucleotide
sequence and contributed to growing protein sequence
DBs (see [40] for review).
Apart from the sequencing of individual genes or
genomic DNA, mRNA is isolated to generate complementary DNA (cDNA) libraries. cDNAs are then partially sequenced to produce expressed sequence tag
(EST) nucleotide sequence DBs [41].
In the hands of the mass spectrometrist, all three
types of DB (protein, EST, and genomic) may be interrogated with mass spectra. Depending on the type of
mass spectra (discussed above), speci¢c types of DBs can
be interrogated with more or less e⁄ciency. We will discuss those relationships in the following section.

Trends
4. Spectra-sequence correlation methods and
analytical strategies
Mass spectra are correlated with DB sequences primarily in three ways: the mass pattern; the amino-acid
sequence; and, the sequence tag (Fig. 1). These three
methods derive information of di¡erent qualities from
peptide MS/MS, and they each suit the interpretation
of spectra (more or less e¡ectively) depending on the
spectra signal-to-noise, mass accuracy and resolution. Furthermore, each of the di¡erent methods has
distinct capabilities in identifying analyzed peptides the
sequences if which share only partial identity with DB
sequences.
Mass patterns (comprising lists of m/z values of detected peaks along with the corresponding peak intensities) are used in two types of MS analysis ^ PMF and
MS/MS. In PMF, masses of intact peptides are determined and are used for DB searches. Historically, mass
patterns derived from peptide mass ¢ngerprints were
¢rst used to search protein sequence DBs (PMF-mass
pattern-Protein DB) [42^45] (Fig. 2) (Table 1).
Observed peptide masses are compared with peptide
masses calculated from the in silico digestion of protein
DB sequences with trypsin, and resulting matches are
scored accordingly. In these softwares, mostly mass
values have been used, but now there are attempts to
incorporate peak intensities to improve the speci¢city of
the identi¢cations [46^48]. When sequences from
analyzed peptides deviate from the identity of corresponding sequences in DB entries, either because of
amino acid substitution or post-translational modi¢cations, the probability of successful identi¢cation by
this method diminishes [49], and MS/MS must be
employed.
A second common analytical strategy correlates
MS/MS spectra through mass patterns with protein DB
sequences (MS/MS-mass pattern-Protein DB)[46,50^
54]. In these cases, observed masses of peptide precursors and masses and intensities of their fragment
ions are compared with theoretical peptide masses and
fragments derived from sequence DBs with the application of particular protease speci¢city and peptide-fragmentation rules. The method of scoring the similarity
between MS/MS spectrum and DB sequence employs
certain peptide fragmentation models, which are
instrument-dependent. To this end, DB searching programs usually allow the speci¢cation of instrument type.
MS/MS spectra with higher mass accuracy will be
able to interrogate DBs more speci¢cally, increasing the
probability of identi¢cation with fewer peptides [51].
Furthermore, MS/MS spectra with high signal-to-noise
ratio will give the best results, as true peptide fragment
ions will not be obscured by background peaks.
Mass pattern methods are currently more diverse and
have experienced a greater attention in the proteomics
http://www.elsevier.com/locate/trac
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Figure 1. Representative information from the mass spectrum in proteomics. Mass spectra can be represented by primarily three types of information for
their correlation with DB sequences. Mass patterns are composed of lists of m/z values of detected peaks and corresponding peak intensities (partial list
shown above/right). Amino-acid sequences are derived from spectra considering precise mass diﬀerences in ion series, and annotated in the form of series
of amino acid symbols (KVLQV. . .). Sequence tags consist of partial amino acid sequences combined with two mass values which lock the sequence within
the length of a peptide, and a parent mass (the sequence tag for the above spectrum is (815.44)VFE(1190.62), peptide mass 1460.72).

community than other protein identi¢cation methods.
The correlation of mass patterns with DB sequences
also have some ‘‘error-tolerant’’ capabilities that withstand amino acid substitutions between the peptides
observed and sequences present in a DB [51,55]. In
addition to protein DB interrogation, spectra can be
correlated through mass patterns with EST DBs
(MS/MS-mass pattern-EST DB) [46,50,51,56] and
more recently with genomic DBs (MS/MS-mass patternGenomic DB) [56,57] (Fig. 2).
Apart from using complete mass patterns for protein
identi¢cation, the recently developed ‘‘peptide end
sequencing’’ makes use of N- and C-terminal peptidefragment ions detected in the low m/z region, along
with a parent mass, for the identi¢cation of low-abundance proteins [58,59]. However, if multiple non-isobaric amino-acid substitutions occur within individual
peptides or if unknown multiple post-translational
modi¢cations exist, then the probability decreases that
the protein will be identi¢ed by these methods. In these
cases, a di¡erent method is employed for interpreting
spectra.
Amino acid sequences (deduced from MS/MS spectra)
enable spectra interpretation for the identi¢cation of
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proteins that are homologous to DB sequences despite
having no peptides of identical precursor mass with
those theoretically predicted from DB entries (as
required by mass pattern searches). In this analytical
strategy, amino-acid sequences produced from MS/MS
spectra can be correlated with protein-DB sequences
(MS/MS-amino acids-Protein DB) [60^62]. Amino-acid
sequences can be produced de novo from MS/MS spectra
of peptides primarily by two methods: chemical modi¢cation of peptide N- or C-termini; or, direct computerassisted interpretation of spectra by sequence-prediction algorithms (reviewed in [4]).
Chemical modi¢cation methods demand relatively
large sample quantities, are manually laborious, and
ultimately obscure spectra for parallel mass pattern
interpretation. However, sequence prediction algorithms rapidly generate putative amino acid sequences,
although often multiple degenerate sequences are predicted with similar statistical con¢dence. To utilize this
information, numerous peptide sequences from multiple fragmented peptides must be compiled in a query for
a sequence-similarity DB search. This has been accomplished in dedicated softwares based on FASTA [63]
and BLAST [64] homology searching algorithms
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Table 1. Analytical strategies
Analytical strategy

Figure 2. Strategy network. Analytical strategies are composed of three
components: MS platforms, spectra-sequence correlation methods, and
sequence DBs, which can be read left to right, in the scheme above.
Arrows show the interaction of mass spectra with representation
methods (mass pattern, amino acid sequences, sequence tags) (see Fig.
1) and nucleotide or amino acid DBs (protein, EST, genomic). Arrows
represent robust and less established interactions equally, despite
practical limitations to some.

(reviewed in [4]). MS driven BLAST (MS BLAST) is one
example of this type of strategy [61].
DB searching methods using amino acid sequences
are also £exible for the development of alternate analytical strategies (Fig. 2). In one proteome analysis, MS
BLAST was employed to correlate MALDI-Q(q)TOF
spectra with protein-DB sequences (MALDI-Q(q)TOFamino acids-Protein DB) [61]. However, this is just one
strategy among other possible paths considering available MSPs, DBs, and developments in high-throughput
spectra processing and MS BLAST DB searching
capabilities. NanoESI-Q(q)TOF-amino acids-Protein DB
and NanoESI-TQ-amino acids-Protein DB [65], as well
as LC-Q(q)TOF-amino acids-Protein DB [66], are other
options for sequence-similarity identi¢cation depending on available instrumentation (Table 1).
Furthermore, peptide sequence can be generated de
novo from LC-ion trap mass spectra and used for protein-DB interrogation (LC-Ion Trap-amino acids-Protein DB) [67,68]. In addition, MS/MS-amino acidsEST DB and MS/MS-amino acids-Genomic DB are
other possible DB searching strategies that could also
be employed for protein identi¢cation with aminoacid sequences (currently both approaches are operating in-house) (Table 1). All of these strategies enable
new capabilities for protein identi¢cation; however,
their e⁄ciency is limited when sequence prediction
fails.
Sequence tags enable spectra interpretation for the
identi¢cation of proteins from low-intensity spectra or
where background chemical noise interferes with fulllength amino-acid sequence determination. Sequence
tags comprise a few (2^4) determined amino acids,

Ref.

MS
PMF-mass pattern-Protein DB
PMF-mass pattern-EST DB
PSD-mass pattern-Protein DB
PSD-amino acids-Protein DB
MS/MS
MS/MS-mass pattern-Protein DB
MS/MS-mass pattern-EST DB
MS/MS-mass pattern-Genomic DB
MALDI-Q(q)TOF-amino acids-Protein DB
ESI-Q(q)TOF-amino acids-Protein DB
ESI-TQ-amino acids-Protein DB
LC-Q(q)TOF-amino acids-Protein DB
ESI-Ion Trap-amino acids-Protein DB
MS/MS-amino acids-EST DB
MS/MS-amino acids-Genomic DB
MS/MS-sequence tag-Protein DB
LC-Ion Trap-sequence tag-Protein DB
MS/MS-sequence tag-EST DB
MS/MS-sequence tag-Genomic DB

[42]
[46]
[10]
[81]
[50]
[50]
[57]
[61]
[65]
[65]
[66]
[68]
*
*
[69]
[82]
[71]
[72]

Representative analytical strategies are listed above. Analytical strategies are represented by the annotation ‘‘MS platform’’ (where ‘‘MS/MS’’ means any tandem MS method,
unless otherwise named) – ‘‘spectra-sequence correlation
method’’–‘‘sequence database.’’ Researchers who contributed
to the development of these strategies are cited in the column on the right.
*These strategies are currently established in-house.

along with two mass values, which lock the sequence
stretch within the length of the peptide [69] (Fig. 1),
e¡ectively combining mass data with sequence data.
This requires that only one section of a complete mass
spectrum be interpreted correctly by manual inspection. Sequence tags can be employed to identify proteins
by correlating MS/MS spectra (of preferably high mass
accuracy [51]) with protein (MS/MS-sequence tagsProtein DB) [70], EST (MS/MS-sequence tags-EST DB)
[71], or genomic DB sequences (MS/MS-sequence tagsGenomic DB) [72] (Fig. 2). However, it is rather di⁄cult
to assemble sequence tags from MALDI-TOF/TOF and
MALDI-Q(q)TOF spectra [73], mostly because prominent y- or b-fragment ion series often cannot be determined unambiguously [13].
Error-tolerant sequence tags enable the identi¢cation
of proteins that are homologous to DB entries [74]. The
recently developed MultiTag software correlates multiple (often partial) sequence tags with individual DB
entries, whereas previous identi¢cation techniques
using sequence tags rely upon the correlation of
individual spectra to DB entries alone. The MultiTag
approach is similar to approaches with mass patterns
[46,50,51] or amino acid sequences [60^62] that rely
upon information from multiple spectra to increase the
con¢dence of protein identi¢cations. In the future, a
http://www.elsevier.com/locate/trac
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MultiTag approach could greatly facilitate EST and
genomic DB searches with sequence tags.
The correlation of mass patterns, amino acid sequences,
and sequence tags with DB sequences all have their own
unique evaluation schemes to discriminate correct from
false positive protein identi¢cations. Mass pattern identi¢cation methods primarily score the quality of ¢t of a tandem mass spectrum to a predicted model spectrum, while
taking into consideration other DB search parameters (i.e.
SEQUEST [50], Mascot [46], Protein Prospector [51],
Scope [52], Sonar MS/MS [53], ProbID [54]).
Protein identi¢cations made using amino acid sequences are evaluated by the signi¢cance of the alignment of a
sequence query to a DB sequence and the probability of
that alignment occurring in a DB of a speci¢c size (i.e.
CIDentify [60], MS BLAST [61], and FASTS [62]).
In the evaluation of multiple sequence tags (MultiTag), the probability that such a set of sequence tags
align at random to a DB entry (within a DB of a particular size and at a particular mass accuracy) provides a
measure of con¢dence of the identi¢cation.
The existence of multiple scoring schemes for the
determination of the signi¢cance of spectra-sequence
alignments raises the question of whether proteins
identi¢ed by one method are considered positive identi¢cations by another similar method (for instance, two
mass pattern matching methods, or two amino acid
sequence matching methods), which could ultimately
compromise the certainty of proteome characterization. One solution to di¡erent scoring systems can be
provided with the implementation of algorithms that
calculate probabilities that the spectra acquired derive
from speci¢c known sequences, rather than that their
similarity occurs at random [75]. Another possibility is
to develop empirical statistical models based on search
results to assess the validity of protein identi¢cations by
MS and DB searches [76]. This approach suggests that
in the future statistical data interpretation methods can
be applied to search results acquired by di¡erent MSPs
and individual softwares [76].

or strategies to succeed in identifying proteins at a high
throughput, depending on the MSPs at hand, the abundance of the proteins, and the availability of speciesspeci¢c DB sequences, as well as the DB type or types
employed. This applies both to the proteomics of organisms with sequence resources as well as those species
with unsequenced genomes.
Simultaneously applying multiple analytical strategies has enabled the most e¡ective approaches in the
analysis of complex protein mixtures by increasing sensitivity, throughput, and reliability of the characterization of proteomes. In 1996, multiple strategies began to
be employed simultaneously with the application of
PMF-mass pattern-Protein DB and MS/MS-mass
pattern-Protein DB together in one study (Table 2) [77].
Today, multiple strategies are employed on a regular
basis for high-throughput proteomics. In the recent
characterization of the human nucleolus, ¢ve strategies
(PMF-mass pattern-Protein DB, MS/MS-mass patternProtein DB, NanoESI-Q(q)TOF-sequence tags-Protein
DB, NanoESI-Q(q)TOF-sequence tags-EST DB, and
NanoESI-Q(q)TOF-sequence tags-Genomic DB) were all
employed simultaneously [70]. In addition, in this
study, multiple protein (nrdb and IPI) and genomic
(phases 0^3 of the uncompleted human genome

Table 2. Application of analytical strategies in parallel
Year

Proteomics

Ref.

1993

Bacteria Proteomics
PMF-mass pattern-Protein DB
Yeast Proteomics
PMF-mass pattern-Protein DB
MS/MS-mass pattern-Protein DB
Maize Proteomics
PMF-mass pattern-Protein DB
PMF-mass pattern-EST DB
Pea Symbiosome Proteomics
NanoESI-Ion Trap-mass pattern-Protein DB
NanoESI-Ion Trap-mass pattern-EST DB
Human Nucleolus Proteomics
PMF-mass pattern-Protein DB
MS/MS-mass pattern-Protein DB
MS/MS-sequence tag-Protein DB
MS/MS-sequence tag-EST DB
MS/MS-sequence tag-Genomic DB
African Clawed Frog Proteomics
PMF-mass pattern-Protein DB
MS/MS-mass pattern-Protein DB
MS/MS-amino acids-Protein DB
MS/MS-sequence tags-Protein DB
MS/MS-sequence tag-EST DB

[42]

1996
2001
2002
2002

5. Bridging the gap: a network of strategies
The character of various types of MS/MS spectra
directly determines the operation of spectra-DB
sequence correlation methods (mass lists, amino acid
sequences, and sequence tags) and di¡erent methods
have di¡erent abilities to interrogate DBs (protein, EST,
and genomic). Di¡erent MSPs, spectra-DB sequence
correlation methods, and DBs can be combined to yield
varying degrees of e¡ectiveness for protein identi¢cation,
and new analytical strategies are rapidly creating novel
ties between di¡erent types of spectra through the three
discussed interpretation mechanisms (Fig. 2). Each particular proteome analysis will require a di¡erent strategy

296

http://www.elsevier.com/locate/trac

2002

[77]
[78]
[79]
[70]

[80]

Representative proteomic studies are shown above. The
name of the organism is in bold. The analytical strategies
that were employed in those particular proteome studies are
listed below the name. Researchers who conducted these
studies are cited in the column on the right and the year of
the study in the left hand column. The legend of Table 1
describes strategy annotation.
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sequence) DBs were interrogated, adding additional
reference sequences to facilitate protein identi¢cation.
The e¡ective characterization of proteomes from
organisms with unsequenced genomes relies upon the
use of multiple analytical strategies as well. The proteome of maize leaves was analyzed using two strategies, PMF-mass pattern-Protein DB and PMF-mass
pattern-EST DB [78]. However, using only these two
strategies enabled the identi¢cation of 216 spots out of
300 analyzed from 2-D gels. The authors recognized the
importance of MS/MS methods (perhaps combined with
homology-based DB searching) for further studies to be
more comprehensive.
Similarly, in the proteomics of the pea symbiosome,
NanoESI-Ion Trap-mass pattern-Protein DB and
NanoESI-Ion Trap-mass pattern-EST DB methods were
applied, but failed to identify almost half the proteins,
with 46 identi¢cations out of 89 spots analyzed from 2-D
gels, despite the application of MS/MS methods [79].
In another example, ¢ve strategies (PMF-mass pattern-Protein DB, NanoESI-Q(q)TOF-mass pattern-Protein DB, NanoESI-Q(q)TOF-amino acids-Protein DB,
NanoESI-Q(q)TOF-sequence tags-Protein DB, and
NanoESI-Q(q)TOF-sequence tags-EST DB) were applied
simultaneously to characterize the African Clawed frog
Xenopus laevis microtubule-associated proteome, successfully identifying 62 proteins from 55 protein bands
from one-dimensional gels [80].
Considering the recent bioinformatics developments
presented here, mass spectrometrists can begin systematic application and comparison of the e¡ectiveness
of these analytical strategies (Fig. 2). In the future, we
can expect new MSPs, new spectra-sequence correlation methods, as well as perhaps new types of DBs to
contribute to the proliferation of protein identi¢cation
strategies. We can also begin to predict future strategies
that provide new potential for the MS community, by
developing the approaches discussed above. Whereas
developments in protein identi¢cation have been presented here, the principles underlying these strategies
may be employed in the future to nucleic acid characterization and DB searches (perhaps single nucleotide
polymorphisms, SNPs).
Sensitive and con¢dent protein identi¢cation by MS is
a never-ending problem. All of the world’s species will
not have their genomes sequenced, sequence DBs will
always be at various stages of development, and the
biological sciences will ¢nd new specimens to be analyzed at the level of the proteome. In order to thoroughly and sensitively characterize these proteomes,
the application of multiple analytical strategies provides a successful approach. In the future, we can
expect that the network between various types of mass
spectra and di¡erent types of DB sequences will become
more and more integrated with the development of
novel analytical strategies.
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