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In an effort to gain an understanding of the value of the information in different mass spectrometric measurements for protein identification, the genome
of Saccharornyces cerevisiae was studied in silico. We calculate how constraining the knowledge of the mass of a proteolytic peptide is as a function of
mass and mass accuracy. We also assess the value for protein identification of
additional information concerning a proteolytic peptide, including the presence or absence of a given amino acid, the number of exchangeable hydrogens, the N-terminal sequence, and the masses of mass spectrometrically produced fragment ions. Knowledge of the relative value of these different constraints is useful in the design of efficient protein identification experiments.
Finally, we describe a software tool, PepFrag, for searching protein and DNA
sequence databases that can use different types of mass spectrometric information to restrict the search.

1 Introduction
The constantly increasing stream of high quality DNA
sequence data from the various genome projects has
made mass spectrometry (MS) a preferred method for
identifying unknown proteins. Mass spectrometric protein identification has been applied to the study of biological problems, such as apoptosis [l], human cancer
[2-41, and also to elucidate the components of several
multi-protein complexes [5-7] as well as for large-scale
identification of the proteins in organisms with fully sequenced genomes [&lo]. Usually, the proteins of interest are isolated and then separated from each other
by gel electrophoresis [ll]. The separated proteins are
digested by a protease with high specificity (usually
trypsin) either directly in the gel or on a membrane subsequent to electroblotting. After digestion, the peptides
are extracted from the gel or membrane, and the resulting peptide mixture is analyzed to obtain an MS peptide
map using either matrix-assisted laser desorption/ionization mass spectrometry or electrospray ionization mass
spectrometry (the latter with or without prior chromatographic separation). Protein identification is achieved by:
(i) calculating the masses of all the possible enzymatic
cleavage products of all proteins with known sequence,
(ii) comparing the measured masses to these calculated
masses, and (iii) selecting the protein that gives the best
agreement [ 12-27]. If an unambiguous identification
cannot be made, it is necessary to constrain the search
with additional information, e.g., an MS peptide map
from a second proteolytic digest and information about
the intact protein (e.g., apparent mass on an SDS-gel,
isoelectric point, N-terminal sequence and amino acid
composition [28-291). Useful mass spectrometric information about the proteolytic peptides includes knowlCorrespondence: Dr. David Fenyo, The Rockefeller University, 1230
York Avenue, New York, NY 10021, USA (Tel: +212-327-8848; Fax:
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Abbreviations: EST, expressed sequence tag; MALDI-IT-MS, matrix
assisted laser decorptionlionization-ion trap-mass spectrometry; ORF,
open reading frame

Keywords: Mass spectrometry / Protein identification I Peptide mapping I Saccharomyces cerevisiae

0 WILEY-VCH

Verlag GmbH, 69451 Weinheirn, 1998

edge of the presence or absence of particular amino
acids, the number of exchangeable hydrogens [ 191, the
N-terminal sequences [23], and the masses of MS fragment ions [30-401. In this paper we discuss the value of
the different constraints that can be obtained with MS
information and also describe Pepfrag, a software tool
for searching protein and DNA sequence databases using
different types of MS information to restrict the search.

2 Material and methods
The publicly available S. cerevisiae genome containing
6129 predicted open reading frames was used for most
of the calculations [41-421. For H. supiens the calculations were performed on the collection of human proteins in SWISS-PROT release 34 [43] with an extrapolation which assumed that the human genome contains
100 000 proteins and the assumption that the distribution of amino acids is the same for proteins not yet
sequenced as for those already sequenced. The code was
written in C and the calculations were performed on
Silicon graphics Indigo I1 (R4400), Origin 200 (2 X EL4
10 000), and Dell Dimension XPS (200 MHz Pentium
Pro) computers. The PepFrag searches were performed
with SWISS-PROT release 34, GenPept release 101, and
dbEST release 101 [44]. The mass spectra were collected
with a matrix-assisted laser desorption/ionization-ion
trap-mass spectrometrometer (MALDI-IT-MS) developed at the Rockefeller University [45] and an electrospray ionization ion trap mass spectrometer (LCQ)
manufactured by Finnigan MAT Thermoquest (San Jose,
CA).

3 Results and discussion
Protein identification using MS peptide mapping usually
requires the masses of several proteolytic peptides
(sometimes together with additional constraints) to unambiguously identify a single protein. In an effort to
evaluate the relative utility of different constraints, we
studied the number of predicted open reading frames
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(ORF, which we will here refer to as proteins) in S. cervisiue (out of a total of 6129) that match different con-

straints.
3.1 Information content in one tryptic peptide

Figure 1 shows the distribution of the number of proteins as a function of tryptic peptide mass for a few representative organisms. The tryptic peptides were assumed to result either from exhaustive cleavages of the protein or cleavage that leave one possible trypsin cleavage
site intact. Inspection of Fig. 1A shows, for example, that
there are, respectively, 270 and 108 proteins in S. cervisiue that have tryptic peptides with masses of 1000.0
k0.5 Da and 2000.0t0.5 Da - i.e., the mass of a single
tryptic peptide (in the mass range 1000-2000 Da with
accuracy t 0 . 5 Da) reduces the number of matching proteins by a factor of 20-60. Assuming that the information from different tryptic peptides is independent, an
approximation in the overal reduction of the number of
matching proteins for the peptide map can be obtained
by multiplying the reductions for the individual peptides.
This means that, in an ideal case, the masses of a few
peptides are sufficient for unambiguous identification of
a protein. The number of matching proteins decreases
rapidly as a function of increasing peptide mass, showing
that the higher the mass of the peptide, the better its
value as a constraint for protein identification. For other
enzymes that cut more sparsely than trypsin, the information content in the mass of each proteolytic peptide is
greater although fewer peptides will be produced (data
not shown). As expected, smaller bacterial genomes contain fewer proteins that match a single peptide (Fig. 1A)
and less information is necessary for unambiguous protein identification.
The human genome, on the other hand, is much larger
than that of S. cervisiae so that a single tryptic peptide is
considerably less constraining (Fig. 1B). At present, the
situation for human protein identification is even more
challenging because the human genome has not yet
been fully sequenced and a high quality protein sequence is only available for a few percent of the human
genes. However, partial single pass cDNA sequences (socalled expressed sequence tags (ESTs) [461) are available
in public databases for many human genes [44].EST
databases can be used for protein identification, but
require higher-quality mass spectrometric data than that
required for searching protein sequence databases. The
EST sequences contain many errors and only cover a
part of the gene, making it necessary to use high-quality
mass spectrometric fragmentation information from
single peptides in the search [30, 311 and to perform searches with information about several different peptides
until a hit is registered. Usually, the reading frame
cannot be determined with certainty for these partial
gene sequences, making it necessary to translate the EST
sequence into all six reading frames, resulting in a further increase in the level of noise.
3.2 Mass accuracy
Improving the mass accuracy is one way of increasing
the information content in a measurement [22]. Figure 2
shows an example of how the number of S. cerevisiae
proteins containing a tryptic peptide of 2359.29tADa
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Figure 1. (a) The distribution of the number of proteins (strictly, the
number of predicted ORFs) in S.cerevisiae, E. coli and H . influenzae as
a function of tryptic peptides mass (mass accuracy f 0 . S Da). The
tryptic peptides were assumed to result from complete cleavage or
having one possible trypsin cleavage site intact. For S. cerevisiae the
number of proteins at every mass unit is shown together with a
smooth curve fitted to the data. For E. coli and H. influenzae only the
smooth fits are shown for clarity. (B) The estimated distribution of the
number of human proteins as a function of tryptic peptide mass (mass
accuracy k0.S Da).
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result from complete cleavage or having one possible trypsin cleavage
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varies as a function of the accuracy of the mass determination, A. For example, changing the mass accuracy from
2 Da to 0.5 Da gives a fourfold improvement for a single
peptide. For A>0.4 Da the number of matches varies linearly with the mass accuracy, while for 0.1<A<0.4 the
curve has a plateau caused by the uneven distribution of
peptide masses due to the fact that amino acids are composed of only a few atom types all having near-integer
masses. For A<O.1 Da the number of matches decreases
rapidly.
3.3 Presence or absence of particular amino acids
In addition to the mass of the proteolytic peptide, it is
valuable to find out if an amino acid is either present or
absent in the peptide. This information can be obtained,
for example, from immonium ions produced in gasphase fragmentation or by chemical modification of the
protein (e.g., oxidation of methionines or alkylation of
cysteines). Figure 3A shows the distribution of the
number of proteins as a function of tryptic peptide mass
when we know that the peptide contains a certain amino
acid. For example, knowing that a peptide of mass
2000_+0.5Da contains a cysteine reduces the number of
matching S. cerevisiae proteins by a factor of five. The
improvement ratio (Fig. 3B) is defined as the inverse of
the reduction in the number of matching proteins - i.e.
it is the ratio between the number of matching proteins
satisfying an additional constraint divided by the
number of matching proteins when the additional constraint is not considered. Although the information that
an amino acid is either present or absent in the peptide
does not give a dramatic improvement for one peptide, it
can be constraining when applied to many peptides in
the peptide map. For example, assume that there are 10
tryptic peptides in the mass range 2000-4000 Da and, to
simplify the calculation, take the average improvement
ratio over the mass range (0.3 for Cys, 0.4 for Met, 0.6
for Tyr, and 0.9 for Ser; Fig. 3B). The reduction in the
number of matching proteins, when the only information
that is utilized is that a specific amino acid is present, is
estimated* to be a factor of 40, 40, 20, and 3 for Cys,
Met, Tyr, and Ser, respectively. When information about
both the presence and absence of an amino acid is used,
the reduction in the number of matching proteins is estimated* to be a factor of 400, 800, 800, and 30 for Cys,
Met, Tyr, and Ser, respectively. In this mass range, the
highest reduction in the number of matching proteins is
obtained for the less abundant amino acids. By using
chemical modifications (e.g., oxidation and alkylation), it
may be possible (in favorable cases) to count the
number of a particular amino acid in a peptide - providing an even stronger constraint. In this case, the reduction in the number of matching proteins will be larger if
it proves possible to count a more abundant amino acid.
*

For a constant improvement ratio (p) and a large number of proteolytic peptides (N), the number of peptides containing a particular
amino acid can be approximated by Np. When only the information
that the peptide contains a particular amino acid is considered, the
reduction in the number of matching proteins can be written as p-Np.
The largest reduction is obtained for p=l/e (dashed line in Fig. 3B).
When the information about both the presence and absence of an
amino acid is used, the reduction in the number of matching proteins can be written as p-NP(l-p).N"-P).
In this case, the largest reduction is obtained for p=1/2 (solid line in Fig. 3B).
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Figure 3. (A) The distribution of the number of S. cerevisiae proteins
as a function of tryptic peptide mass (All). Also, the number of
matching proteins satisfying the additional constraint that the tryptic
peptide contains cysteine (C), methionine (M), serine (S), tyrosine
(Y), and histidine (H) is shown as a function of tryptic peptide mass.
(B) The distribution of the improvement ratio as a function of tryptic
peptide mass. The improvement ratio is defined as the number of
matching proteins satisfying an additional constraint (e.g. that the
tryptic peptide contains Cys) divided by the number of matching proteins when the additional constraint is not considered. The dashed
line shows the improvement ratio giving the largest reduction in the
number of matching proteins for a peptide map when only the information that peptides contain a particular amino acid is considered.
The solid line represents the improvement ratio giving the largest
reduction in the number of matching proteins for a peptide map when
both the presence and absence of an amino acid is used.

3.4 N-terminal amino acid sequence

It is feasible to perform one or more steps of Edman
chemistry on a peptide mixture, mass-analyze the mixture, and obtain information concerning the N-terminal
sequence of the more abundant peptides [47]. This information can be used to constrain a database search [23].
Figure 4A shows the distribution of the number of proteins as a function of tryptic peptide mass when we
know the N-terminal amino acid of the peptide for a few
representative amino acids. Knowledge of one N-terminal amino acid reduces the number of matching proteins by a factor 6-80, depending on the amino acid
(Fig. 4B). On average, the reduction is a factor of 13
for one peptide. This information provides a strong
constraint since it may be possible to determine the
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For example, a tryptic peptide of mass 1000.0-tO.5 Da
matches 270 S. cerevisiae proteins while only 53 of these
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N-terminal amino acid for several of the tryptic peptides
in a peptide map at the same time [23]. Similar information can be obtained by exopeptidase digestion of the
C-terminal of the tryptic peptides. However, the information content in the first C-teminal amino acid is more
limited than the N-terminal amino acid because the
C-terminal residue for tryptic peptides can only be arginine or lysine (with the single exception of the C-terminal of the protein). On the other hand, for enzymes
cleaving on the N-terminal side of particular amino acids
(e.g., endopeptidase Asp-N), it may be preferable to
sequence the C-terminal of the resulting proteolytic peptides.
3.5 Hydrogenldeuterium exchange
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The number of exchangeable hydrogens in proteolytic
peptides can be determined by first obtaining a mass
spectrum of the peptide map, exposing the peptide mixture to D20, and subsequently collecting another mass
spectrum [19]. Figure 5 shows the distribution of the
number of S. cerevisiae proteins with mass 1000.0
k0.5 Da (solid line) and 2000.0+0.5 Da (dashed line) as
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proteins match the additional constraint of having 19
exchangeable hydrogens - giving a fivefold reduction in
the number of matching proteins. This calculation is
based on the assumption that experimentally the hydrogeddeuterium exchange is complete and that no backexchange occurs. It is probably more realistic to assume
that 90%-100% of the hydrogens will be exchanged.

1

Figure Z (A) A MALDI-IT-MS spectrum
of a tryptic digest of an unknown protein
from S. cerevisiue. (B) MALDI-IT-MS
fragmentation spectrum of ions with
m l ~ 2 3 2 9 . 8 (. C ) The WWW interface to
the database search tool, PepFrag. A database is selected and a series of restrictions are chosen (taxonomic division,
chemical modification, enzyme specificity, completeness of digestion, proteolytic peptide mass, fragment masses, fragmentation systematics, and partial amino
acid composition). In this example, all
fungi in SWISS-PROT are searched for
tryptic peptides with mass 2328.82~2.0Da
that can yield b or y fragment ions of
mass 830.0, 1115.9, 1243.8, and 1705.7
when fragmenting at acidic amino acids.
Only one peptide (GVPQIEVTFDIDADGIINVSAR) from a heat shock protein
satisfies this constraint.

Using this latter assumption, 97 proteins match, still
yielding a threefold reduction in the number of matching proteins. In this H/D exchange experiment all the
peptides in the peptide map will shift in mass, and a
comparison can be made for all of the peaks in the two
mass spectra (that can be unambiguously associated),
allowing for simultaneous counting of the number of
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exchangeable hydrogens in a large number of proteolytic
pep tides.
3.6 Mass spectrometric fragmentation

An effective way to obtain highly constraining information about a peptide is to cause it to fragment in the
mass spectrometer and to measure the masses of the
resulting fragment ions [30-401. Figure 6 shows the
number of S. cerevisiae proteins containing a tryptic peptide with mass 2000+2 Da as a function of fragment ion
mass, assuming that the fragmentation produces exclusively b- and ptype fragment ions (which is frequently
the case for low-energy dissociation of tryptic peptides).
The mass of a single fragment ion (mass accuracy t 2
Da) restricts the number of matching proteins approximately tenfold (Fig. 6A). In MALDI-IT-MS it has been

1003

observed that tryptic peptides that contain arginine preferentially fragment at the C-terminal side of acidic
amino acids [48]. If this additional information is used, a
further tenfold improvement is obtained (Fig. 6B), i.e.,
totally, a 100-fold improvement.

3.7 PepFrag
The software tool PepFrag allows for searching protein
or nucleotide sequence databases (SWISS-PROT, PIR,
GENPEPT, OWL or dbEST) using a combination of different types of information from mass spectra of peptide
maps and fragmentation spectra of peptides. It is publicly available over the Internet at URL http://prowl.rockefeller.edu/ as a part of PROWL - an interactive environment on the Word Wide Web for protein mass spectrometry [49](see also other software tools for protein iden-

B
~

PepFrag

PepFrag Search Results
~ill648056

gaattctcacccaaaaatacgtcctggcaacgtggcagcgg
EFSPKNNLAWQPMTSKDGTAG mass = 1609 8
~1111929556

gaaltctcacccaaaaataEtgtcctggcaacgtggcag/~agatggcacac~ggt
EFSPKNNLAWQPMTSKDGTPGmass = 1609 8

Figure 8. (A) An LCQ MS/MS spectrum
of a doubly charged tryptic peptide (mlz
= 805.6) from an unknown rabbit protein.
(B) PepFrag search of the mammalian
sequences in GenPept and dbEST using
the fragmentation information. One
tryptic peptide (NTVLATWQPYTTSK)
from two human EST sequences satisfies
the constraints.

1004

tification on the WWW). The databases have been taxonomically divided to allow for faster searches and to
minimize the number of unrelated hits. Experimental
conditions such as enzyme specificity, approximate protein mass, position in a phylogenetic tree, and modifications of amino acids can be specified in the search (see
Figs. 7 and 8). In addition, other search constraints can
be specified including fragmentation systematics, masses
of other proteolytic peptides, and partial amino acid
composition.
We give here an example of the use of Pepfrag for protein identification (Fig. 7). An unknown protein from S.
cerevisiae was purified with SDS-PAGE, digested with
trypsin in the gel and the tryptic peptides were analyzed
with MALDI-IT-MS (Fig. 7A). The ions with m/z 2329.8
were isolated in the ion trap and fragmented (Fig. 7B).
The four fragment ion peaks correspond to fragmentation at the C-terminal side of acidic amino acids [48]. In
the PepFrag search of the database (SWISS-PROT), the
kingdom (fungi), and the enzyme (trypsin) were specified (Fig. 7C). The mass of the parent peptide and the
mass of its fragment ions were entered into the form. In
addition, it was specified that the fragmentation gives
rise to 6- andlory-type ions and occurs at the C-terminal
side of acidic amino acids [48]. The result of the search
is a list of proteins that each contains a peptide that
matches the measured mass of a proteolytic peptide as
well as its fragment masses. In the example in Fig. 7,
only one peptide GVPQIEVTFDIDADGIINVSAR from
a mitochondria1 heat shock protein matches the search
constraints. The certainty of the identification can be further tested by relaxing the search conditions. For this
example no additional proteins match the search constraints when one of the following conditions is allowed:
nonspecific digestion, any type of backbone fragmentation, fragmentation at any amino acid, 3 out of 4 fragment ions required to match.
A second example for the use of PepFrag for protein
identification is given in Fig. 8. An unknown rabbit protein, believed to be involved in translation, was digested
with trypsin and analyzed by electrospray ionization ion
trap MS/MS (LCQ). The fragmentation spectrum of a
doubly charged tryptic peptide (mlz = 805.6) is shown in
Fig. 8A. The mammalian sequences in GenPept and
dbEST were searched with the fragmentation information. Two human EST sequences, coding for a peptide
matching the experimental constraints were found (Fig.
8B), indicating that this protein is highly conserved in
mammals. If the specificity of trypsin is ignored in the
search, the same peptide is also found in one mouse
EST sequence (not shown). An additional five human
EST sequences code for a highly similar peptide (the
second threonine is serine).
The search time for the examples above on a PC with a
300 MHz Pentium I1 processor is 9, 33, and 119 s for the
entire SWISS-PROT (59021 sequences), GenPept
(262153 sequences), and dbEST (11639909 sequences
translated into six reading frames) databases, respec*
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http://prospector.ucsf.edu/ and http://www.mann.embl-heidelberg.

de/Services/PeptideSearch/PeptideSearchIntro.html.

tively. If only a part of the database is searched, the
search time is dramatically decreased. For example, the
search time for GenPept is 7,3, and 3 s for mammals, primates, and fungi, respectively. The search times can be
further decreased by keeping the databases in RAM
instead of reading them from disks for every search.

4 Concluding remarks
We have investigated the S. cerevisiae genome in silico in
order to compare the information content in different
kinds of mass spectrometric measurements. A wide
variety of information can be used to increase the confidence level of the identification. A knowledge of the
relative value of this information is useful in the design
of efficient protein identification experiments.
This work was supported by the National Science Foundation (Grant 9630936) and the National Institute of Health
(Grant RR00862). The authors acknowledge many fruitful
discussions with Ronald C. Beavis, Julio C.Padovan, Salvatore Sechi, Wenzhu Zhang and Yingming Zhao.
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