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Peptide mass fingerprinting (PMF) grew from a need for a faster, more efficient method to
identify frequently observed proteins in electrophoresis gels. We describe the genesis of the
idea in 1989, and show the first demonstration with fast atom bombardment mass spectro-
metry. Despite its promise, the method was seldom used until 1992, with the coming of
significantly more sensitive commercial instrumentation based on MALDI-TOF-MS. We
recount the evolution of the method and its dependence on a number of technical break-
throughs, both in mass spectrometry and in other areas. We show how it laid the foundation
for high-throughput, high-sensitivity methods of protein analysis, now known as proteomics.
We conclude with recommendations for further improvements, and speculation of the role of

PMF in the future.
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protein may be defined as a set of amino acids
Aarranged in a specific sequence to yield a de-

fined activity or property. Although some pro-
teins may have a high degree of homology—sequence
similarity—with other proteins, some, if not many por-
tions of any one protein’s sequence are unique. If a
protein could be cut in a predictable manner, the sizes
of the pieces should form a fingerprint for that protein.
Further, if each entry in a database of protein sequences
could be cut in the same manner in silico, the fingerprint
would serve to identify the protein. This hypothesis
was the basis for the first experiments in what would
become commonly known as peptide mass fingerprint-
ing.

The Quest for Faster Protein Sequence
Analysis, 1989

The primary driving force in developing peptide mass
fingerprinting was to increase the speed of protein
analysis. In 1989, automated Edman degradation had a
cycle time of nearly one hour per amino acid residue.
Samples of interest often contained complex mixtures of
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proteins, which usually required separation by SDS-
PAGE followed by electroblotting onto a PVDF mem-
brane [1]. Proteins were detected by a variety of stain-
ing methods, most commonly Coomassie blue. Bands
were excised from the membrane and directly se-
quenced in an automated protein sequencer. Proteins
that co-purified with the protein of interest required
significant instrument time and expense to determine
their identity. Many investigators observed similar con-
taminants, such as serum albumin, often on a frequent
basis, and the sequences of a number of these proteins
began to appear in the Dayhoff database [2]. The ability
to identify proteins rapidly would enable more efficient
use of protein sequencer time for the analysis of novel
proteins. The concept of peptide mass fingerprinting for
protein identification was based on the assumption that
commonly encountered protein contaminants were
generally abundant proteins that would have known
sequences. At the time, few protein sequences were
known, relative to today’s database size.

In 1989, fast atom bombardment ionization (FAB) [3]
was the most widely utilized method for the character-
ization of peptides by mass spectrometry. We used a
JEOL tandem high-resolution sector instrument, oper-
ated in single MS mode, to analyze the ions produced
by the FAB source. Mass accuracy was approximately
0.2 Da for most tryptic peptides containing <30 resi-
dues. On average 0.1-1 nanomole of peptide was re-
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Figure 1.

A flowchart illustrating the concept of peptide mass fingerprinting. The masses of peptides

from a database are compared with experimentally determined masses using the program FRAGFIT.

quired to obtain a high quality signal compared to 10
picomoles for the Applied Biosystems 470A gas-phase
protein sequencer, which in 1989 had become the most
widely utilized instrument for protein sequence deter-
mination. We designed a computer program, called
FRAGEFIT, to test our hypothesis that peptide masses
derived from using an endoprotease or chemical cleav-
age method that cleaved a protein at specific sites
would be sufficient to identify a protein (see Figure 1).
The program used a protein sequence database, from
which each protein was cleaved into hypothetical pep-
tides based on the specificity of the enzyme or chemical
cleavage reagent (Figure 2). The masses of the hypo-
thetical peptides were calculated and compared with
the experimental masses measured by FAB mass spec-
trometry obtained from the unseparated peptide frag-

ments. The protein that contained the largest number of
masses that matched the measured masses obtained the
highest ranking. The FRAGFIT program performed
calculations “on the fly”, not requiring a precompiled
database of peptide fragments. This allowed the use of
a current database, which in our research facility was
updated on a daily basis.

We utilized several commercially available proteins
to test our concept of peptide mass fingerprinting.
Figure 3a shows the FAB mass spectrum of an Asp-N
endoprotease digest of lysozyme. The three peptide
masses that were detected in the FAB spectrum were
input to the FRAGFIT program and the output obtained
is shown in Figure 3b. The program matched all three
masses to chicken lysozyme. We also analyzed a CNBr
cleavage of horse cytochrome ¢ by FAB mass spectro-

FRAGFIT -- find database proteins containing specified protonated molecules

Mass of fragment (s) MH+:

Options: _
e enzyme: CNBr
t tolerance [.001-5.]: .3

e enzyme or proteolytic agent.
name, e.g., "1" for trypsin.

w average or monoisotopic mol. weights [a,m]: a
o output file: fragfit.out

b background [y/n]: y

Type the number next to the

Arg)

1. Trypsin I (C-side of Lys,

2. Trypsin II (C-side of Arg)

3. Chymotrypsin (C-side of Phe, Tyr, Trp)
4. S. AureusV8 I (C-side of Glu)

5. S. AureusV8 II (C-side of Glu, Asp)

6. CNBr (C-side of Met)

7. Trypsin + V8 II (C-side of Lys, Arg, Glu, Asp)
8. Hydroxylamine (Asn'Gly)

9. Pro endopeptidase (C-side of P)

10. Trp cleavage (C-side of Trp)

11. Lys-C (C-side of Lys)

12. Asp-N (N-side of Asp)

Figure 2. The input page from the original FRAGFIT program. The input consisted of a list of masses,
the selection of a specific enzyme or chemical cleavage reagent, mass tolerance, and use of either

monoisotopic or average mass.
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(b) enzyme: Asp-N (N-side of Asp)
Mass of MH+: 1317.400 1449.600 2161.900 (tol: 1.000)

LZCH Lysozyme c¢ (EC 3.2.1.17) precursor - Chicken

2162.444 84: DGRTPGSRNLCNIPCSALLSS
1449.706 105: DITASVNCAKIVS
1317.552 137: DVQAWIRGCRL

Figure 3. The FAB spectrum (a) of a 250 pmol tryptic digest of
Asp-N digest of lysozyme and (b) the FRAGFIT output page
showing a match with chicken egg white lysozyme obtained using
the masses from the FAB spectrum.

metry and obtained two masses (Figure 4a). The two
masses observed were sufficient to identify the protein
as cytochrome ¢ and permitted the identification of the
species (Figure 4b). At the time this search was per-
formed, the database contained nearly a hundred dif-
ferent species of cytochrome ¢ and more than 20,000
proteins. It was remarkable that a fingerprint comprised
of only two peptides was sufficient to both identify the
protein and the species.

We investigated the composition of our database and
found that some amino acids including methionine,
tryptophan, and cysteine were less abundant. Thus,
peptides resulting from dilute acid and hydroxylamine
cleavages were on average very long with masses

_
o
=

|
M"w

Abundance

1763.5 2780.8

S i,
T

1000 1400 1800 2200 2600 3000

m/z

(b) enzyme: CNBr (C-side of Met)
Mass of MH+: 1763.500 2780.800 (tol: 0.600)

CCHO Cytochrome C - Horse

1764.031 66: EYLENPKKYIPGTKM
2781.268 81: IFAGIKKKTEREDLIAYLKKATNE

CCHOD Cytochrome C - Donkey and common zebra
(tentative sequences)

1764.031 66: EYLENPKKYIPGTKM

2781.268 81: IFAGIKKKTEREDLIAYLKKATNE
Figure 4. The FAB spectrum (a) of a 500 pmol CNBr cleavage of
horse heart cytochrome ¢ and (b) the FRAGFIT output page
showing a match with cytochrome c obtained using the masses
from the FAB spectrum. The output included all proteins that
matched the mass list, based on the search criteria.
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Table 1. Distrubution of peptide fragment length from 20,639
proteins

Residues Total Avg. fragment
Enzyme/reagent cleaved fragments length
Trypsin K/R 662,981 8
Lys-C K 359,140 16
Asp-N D 321,655 18
CNBr M 150,605 38
Hydroxylamine N-G 36,643 152
Dilute acid D-P 35,574 166

exceeding 10,000 Da (see Table 1). Longer peptides
provided more specificity in a database search thus
requiring fewer peptides for a match. However, longer
peptides also increased the possibility that a peptide
would contain a post-translational modification, or that
the sequence would contain an error, both of which
would preclude a match in the database.

We also performed some of these experiments with
plasma desorption mass spectrometry (PDMS) [4]. Al-
though the sensitivity was as good or better than FAB,
particularly for larger peptides, both the mass accuracy
and the resolving power of the time-of-flight instru-
ment was substantially lower than the sector instru-
ment used for FAB-MS. Thus, our early demonstrations
mainly utilized FAB spectra.

The results from these and other experiments dem-
onstrated that peptide mass fingerprinting was a rapid
method that was useful in identifying known proteins.
This work was presented at the 1989 meeting of the
Protein Society in Seattle [5] and it received consider-
able attention. Although we had demonstrated the
utility of this approach, the lack of sufficient sensitivity
of FAB mass spectrometry prevented us from imple-
menting this method as a routine tool. It should be
noted that Laemmli and coworkers first demonstrated
by SDS-PAGE the concept of a proteolytic peptide
pattern that is characteristic of a protein [6].

At the same time, we also developed a program,
called “SEQSORT”, that was able to sort mixture se-
quences obtained from automated Edman sequencing
data and was later published [7]. The program gener-
ated a matrix of sequences using all possible combina-
tions of adjacent amino acids observed in the Edman
sequence data. This sequence list was used to search a
protein sequence database. With this program we were
able to identify proteins that co-migrated in a single
band on a SDS-PAGE gel, in the absence of mass
spectral data. Figure 5 shows the results obtained using
the SEQSORT program with data obtained from auto-
mated sequencing of a fraction that contained two
components. Automated Edman sequencing data can
be used to sort sequences only when the proteins in a
mixture are present in different amounts. In the exam-
ple shown in Figure 5 not all the residues could be
sorted based on differences in amino acid concentra-
tion. When all the amino acid residues found by Edman
sequencing was used as input into the SEQSORT pro-
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(b) Output
Tue Oct 10 15:39:33 1989

Motif in file test2: [LQI[MT][VP][FS][SD][PN][YE][EL][PQ][LE]

Mismatches: O

March 31, 1989, Release 20.0, 22105 sequences
GEN2289 Complement-associated protein SP-40,40 - human, mw: 52494

24 QTVSDNELQE

GEN2289 Complement-associated protein SP-40,40 - human, mw: 52494

229 LMPFSPYEPL

Figure 5. Protein mixture sequencing in 1989 using the SEQSORT program. (a) The results obtained
by automated Edman sequencing showing the presence of two components at similar concentrations.
The amino acid(s) observed during each cycle (1-19) of Edman degradation are shown. An “X” is an
uncertain identification. Amino acids in parentheses are tentative calls. The value below each amino
acid is the measured quantity in pmols. (b) The output of the SEQSORT program from a protein
database showing that the two sequences matched to two different regions of the same protein.

gram, two sequences were found that matched to a
complement-associated protein. This program, and the
relative high-sensitivity of automated Edman protein
sequence analysis diminished the importance of PMF
for protein identification at the time.

Mass Spectrometry Evolves, 1992

At nearly the same time as the first demonstration of
peptide mass fingerprinting, a rapid evolution began in
mass spectrometry. Fast atom bombardment, and to a
lesser extent PDMS, were the primary techniques for
the production of ions from large, non-volatile mole-
cules such as peptides and small proteins. However,
these techniques required heroic effort to produce ions
larger than about 20 kDa, and required fairly large
amounts of material, often on the order of one nano-
mole. More importantly for peptide mass fingerprint-
ing, hundreds of picomoles of peptides were often
needed to produce a mass spectrum, even for smaller
peptides. As a result, we only occasionally used peptide
mass fingerprinting after the initial demonstration of
the method.

Two new ionization techniques, electrospray ioniza-
tion (ESI) [8] and matrix assisted laser desorption/
ionization (MALDI) [9, 10], quickly eclipsed the perfor-
mance of FAB and PDMS. Each of these new techniques
provided subpicomole limits of detection and a mass
range in excess of 100 kDa. As Figure 6 shows, these
techniques provided not just an incremental improve-
ment in performance, but a dramatic leap. The improve-
ments in the limits of detection, in particular, quickly

made a new set of biological problems accessible by
mass spectrometry.

Although both ionization techniques were intro-
duced prior to our initial demonstration of protein
identification, it was not until about 1991 that the first
commercial instruments made them widely available.
Furthermore, these new techniques could be imple-
mented on instruments such as quadrupoles and time-
of-flight mass analyzers, which were relatively inexpen-
sive compared with the sector instruments that had
been routinely used for FAB measurements.

The impact of these new techniques for peptide mass
fingerprinting soon proved to be significant. The
amount of protein required for proteolytic digestion
and mass measurement was substantially reduced.
More importantly, the quantity of protein required was

100000
»
10000 MALDI
ESI
mass
1000

PDMS

FD (10 nmol)

El

100
1940

1950 1960 1970

year

1980 1990

Figure 6. The chronology of mass spectrometry ionization tech-
niques, showing typical mass ranges and detection limits over the
last 60 years. EI is electron ionization, FD is field desorption.
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Figure 7. A two-dimensional gel of an E. coli cell lysate showing spots that were used for mass
spectrometry analysis. The proteins were stained with Coomassie blue after electroblotting on a PVDF

membrane.

now in an amount that one might encounter in proteins
derived from cell lysis and separated by gel electro-
phoresis (low picomoles). In our early experiments with
MALDI, we showed that solution digests of recombi-
nantly expressed proteins could be measured, at that
time with a binary matrix of 2,5-dihydroxybenzoic acid
(DHB) combined with fucose [11]. These measurements
were performed with the first version of the Vestec
time-of-flight instrument, which utilized a single sam-
ple target introduced manually through a vacuum lock,
and a manually adjustable laser position and fluence.

The dramatic increase in sensitivity of MALDI com-
pared to FAB mass spectrometry encouraged us to
reinvestigate peptide mass fingerprinting as a tool for
low-level protein identification. We chose for a demon-
stration the 2-dimensional gel electrophoresis separa-
tion of a cell lysate of E. coli, a complex mixture of
proteins (Figure 7) [12]. These cells were readily avail-
able as the by-product of protein expression experi-
ments at Genentech.

The proteins were blotted to poly(vinylidene difluo-
ride) (PVDF) and stained with Coomassie Blue. Ten
spots were excised with a razor blade, reduced and
alkylated with iodoacetic acid, and then digested with
trypsin. This blotting-digestion procedure was identical
to that used in experiments routinely performed at the
time to generate peptides for Edman sequencing from
blocked proteins [13, 14]. A 10% aliquot of the digests
was analyzed by MALDI mass spectrometry, again
using the DHB/fucose binary matrix. Figure 8a shows
the MALDI mass spectrum of a 10% aliquot of spot
number 1 that was estimated to be approximately 90
fmol. The mass accuracy of linear MALDI-TOF-MS

without internal standards was relatively poor by cur-
rent standards; however, limiting the search by speci-
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(b) Enzyme: Trypsin | (C-side of Lys, Arg; next not Pro)
Mass of MH+: 1257.800 1284.100 1475.500 1627.400 1812.800
Tolerance: 4.000
Number of misses allowed:
Cys -> CarboxymethylCys
Molecular weight range: 500-60000

CYSK_ECOLI Cysteine synthase a - E. coli (34358.13 Da)
1813.064 0.26  3: IFEDNSLTIGHTPLVR

1257.473 0.33 105: ALGANLVLTEGAK

1627.924 0.52 226: IQGIGAGFIPANLDLK

1474.654 0.85 246: VIGITNEEAISTAR

1284.498 0.40 293: NIVVILPSSGER

Figure 8. (a) MALDI spectrum of peptides from an on-mem-
brane tryptic digestion of spot number 1 obtained from the 2-D gel
shown in Figure 7. (b) The FRAGFIT output showing that all five
masses used for the search matched with cysteine synthase from
E. coli.
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fying the species still allowed accurate identification.
Note also that the resolving power was insufficient to
resolve the carbon isotope peaks. Duplicate 2-D gels
were generated and spots were analyzed independently
by Edman degradation to estimate the amount of pro-
tein present in each spot as well as to confirm indepen-
dently the identity of the protein predicted by the
FRAGEFIT program. The result of the FRAGFIT database
search using the masses obtained from spot number 1 is
shown in Figure 8b. Only one protein matched the five
masses input to the FRAGFIT program using a protein
database of over 100,000 proteins.

These experiments illustrated a number of advan-
tages of using PMF for protein identification. Unlike
automated Edman degradation, there is no requirement
for a free amino terminus. Because a protein frequently
can be identified from a subset of the peptide masses,
the correct protein may be identified even if some of the
peptides contain post-translational modifications, or if
the sequence database entry contains errors. Mass dif-
ferences between the measured and predicted peptides
may provide evidence for the identity of peptide mod-
ifications. The individual proteins in a mixture of up to
three or four components can be identified. The sensi-
tivity for the technique is high, with modern instrumen-
tation able to measure peptide mixtures at the sub-
femtomole level. Efficient sample handling is the key—
detection is generally limited by the ability to digest and
recover small quantities of protein that can now be
performed with tens of femtomoles in the best labora-
tories. The high sensitivity for mass measurement
means that only an aliquot of the digested protein is
required for mass analysis, and the remainder can be
used for alternative measurements, for instance, to
improve the confidence in the identification or to learn
more about post-translational modifications. The
method is easily automated for high throughput oper-
ation, and robotic workstations are now available for all
of the steps.

There are limitations to protein identification by
peptide mass mapping. The protein sequence, obvi-
ously, must be present in a database. Even for organ-
isms with “complete” genome sequences, particularly
eukaryotic, the entire list of all actual protein sequences
is not yet available because gene and alternative splic-
ing prediction, and other mechanisms that affect the
amino acid sequence, are still far from infallible. This
problem may continue for some years to come. Cross-
species identification is only possible for proteins with
large amounts of sequence identity; homology is not
sufficient. Protein isoforms and alternatively spliced
proteins may not be distinguished if the unique se-
quence regions are not observed in the peptide mixture.
Proteins that have extensive post-translational modifi-
cations may fail to yield good matches. The individual
components from mixtures of more than three or four
proteins are difficult to identify.

At the time our experiments for protein identifica-
tion were in progress, four other research groups were

J Am Soc Mass Spectrom 2003, 14, 931-942

independently pursuing similar approaches. The results
for these efforts in the laboratories of Peter Roepstorff
[15], Darryl Pappin [16], Peter James [17], and John
Yates [18] were all published in 1993. It is worth noting
that the term “peptide mass fingerprinting” was first
used in the paper by Pappin and coworkers [16].

The initial demonstrations of peptide mass finger-
printing utilized MALDI-MS spectra, because of the
ease with which spectra could be obtained from small
amounts of unseparated digest mixtures. Demonstra-
tions of PMF with electrospray ionization appeared
soon thereafter. We showed in 1994 that some of the
same protein digests from the 2-D gel of the E. coli
lysate, described above, could also be identified by
capillary LC-MS [19]. The separation step, in fact,
significantly improved the number of peptides ob-
served, and hence yielded greater sequence coverage
and improved protein identification.

Electrospray ionization also was the platform for the
first demonstrations that a protein could be identified
from a single MS/MS fragment ion spectrum of a
peptide from proteolytic digestion. Matthias Mann and
coworkers [20] showed that a short sequence, along
with the fragment ion masses that denoted the begin-
ning and end of the sequence, constituted a “sequence
tag” that was useful for protein identification. A short
sequence of two to four amino acid residues was often
easily found in the fragment ion spectra of doubly-
charged tryptic peptides produced by triple quadrupole
mass spectrometers; a set of prominent y-ions were
commonly observed above the m/z of the precursor
mass. The sequence tag approach, importantly, allowed
for error tolerance in the sequence database. At the
same time, John Yates and colleagues [21] used a very
different approach, based on cross-correlation of a pre-
dicted spectrum with the actual fragment ion spectrum,
to identify the protein. Their program, named SE-
QUEST, allowed completely automated protein identi-
fications from a set of tandem MS/MS spectra. Both the
Mann and Yates approaches led, under some condi-
tions, to the identification of a protein from a single
peptide. This ability became the basis for “shotgun”
proteomics years later [22].

By 1995 mass spectrometry had become an integral
tool for determining protein identity. Automated Ed-
man degradation continued to be the main methodol-
ogy utilized for sequence determination of proteins not
present in a protein database. Obtaining sufficient se-
quence for cDNA cloning on proteins at the low pico-
mole amounts was still a challenge. To meet this need,
we developed another program called “MOLWEFIT”
which utilized masses obtained from MALDI mass
analysis and Edman sequence data of capillary re-
versed-phase separated fractions after endoprotease
digestion [7]. The masses and sequences obtained were
used as input for this program. All sequences that were
derived from combinations of adjacent amino acids that
fit within a given mass tolerance to the measured mass
are generated. Figure 9a shows the automated Edman
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Figure 9. The MOLWFIT program for sorting peptide sequences with mass. (a) The automated
Edman data obtained from a Lys-C peptide fraction of IL STAT (96 kDa). All values are in picomoles.
(b) The output of the MOLWEFIT program using as input a measured mass and the mixture of amino
acids found at each cycle in the automated Edman degradation.

sequence analysis of a tryptic fraction containing 2
peptides. The fraction was analyzed by MALDI-TOF
mass spectrometry and only one mass was found.
Using the mass observed and the amino acids detected
in the Edman sequence data, the “"MOLWFIT” program
found two possible sequences that fit the measured
mass. These two sequences were identical except for
residue 7 which could be an isoleucine or a leucine since
these amino acids are isobaric. This program enabled us
to extend the interpretation of Edman sequence data.
We were able to generate cDNA probes from the use of
this program, which was not possible using the Edman
data alone. This further demonstrated the importance of
mass spectrometry as a tool for the characterization of
novel proteins.

Protein Analysis Evolves—Proteomics,
1996

By the mid-1990s, a variety of approaches were in
common use for protein identification, using one or
more methods for protein separation, protein digestion,
peptide separation, mass analysis, and database search-
ing [23]. The Human Genome Project was well under
way by the mid-1990s, and it attracted considerable
attention in both scientific circles and in the popular
press. The concept of measuring all the proteins pro-
duced in an organism had been proposed in the early
1980s by Anderson and coworkers [24], yet the idea lay
dormant for years while the technological capabilities
necessary for such an endeavor matured. The concept of
analyzing all the proteins (gene products) produced by
a genome gained momentum, in part, with a new name.
The term “proteome” (the PROTEin complement of a
genOME) was coined by Marc Wilkins in 1995 [25]. The
term, and the concept of its complete analysis, initially
was not embraced enthusiastically. It was a few years
later that the analysis of a proteome became commonly
known as “proteomics”. As interest in proteomics in-
creased, so did the interest, particularly among suppli-

ers who saw it as a profit center, in including nearly all
protein analytical work under the umbrella of proteom-
ics.

Proteome analysis is an integrated approach that
includes not just qualitative identification of compo-
nents, but also quantitative measurements. Measure-
ments of protein differences that correspond to a bio-
logical change (e.g., receptor signaling, cell cycle
progression, onset of disease) can yield insight to the
underlying biological processes. We undertook a study
of proteins that changed with the onset of cardiac
hypertrophy, associated with congestive heart failure,
in a model system based on drug-induced non-mitotic
growth of cardiac myocytes in culture [26]. We used
multiple 2-D gels to find proteins that showed over- or
under-expression in the hypertrophied cells, relative to
controls (Figure 10). This was one of the first proteomics
studies to show statistically significant differences in
protein abundance patterns. The protein identifications
were based on a combination of PMF and tandem mass
spectrometry.

Subsequent quantitative reverse transcript-polymer-
ase chain reaction (RT-PCR) studies for the same myo-
cyte cell culture system (unpublished data) revealed
advantages and disadvantages of protein-based mea-
surements relative to cDNA-based experiments. The
protein experiments revealed changes due to post-
translational modification (two myosin light chain spots
changed in pl, presumably due to a change in phos-
phorylation state), as well as protein level changes that
did not correlate with the message level. Conversely,
transcript measurements revealed changes below the
detection limit of gel staining, as well as changes for
transcripts whose gene products are predicted to lie
outside the mass and pl ranges of conventional 2-D
gels.

Many technological innovations in the mid-1990s
laid the way for considerable improvement in the
practice of PMF, in its application to ever-increasingly
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Figure 10. Enlarged sections of 2-D gels (a) comparing normal and hypertrophied cardiac myocytes,
and (b) the pair-wise comparison of staining intensity for the highlighted spot in the gel. Graphical
results are shown from nine experiments: normal (solid bars) and hypertrophied (hash bars) cells. The
arrows in (a) point to spots for which staining intensities are shown graphically for experiment 8 in
(b). The experiments together showed a 2.1-fold increase (p <0.01) in the protein, identified as myosin

light chain 2, atrial isoform.

important problems in biological research, and to pro-
teomics in general.

Computation tools were becoming widespread, and
the improvements in performance, in speed, and a
reduction in the cost of computers made ubiquitous the
“desktop” PC. Communication changed dramatically
as email became the primary method of communication
in scientific circles. The World Wide Web provided,
initially, widespread access to collections of information
and data, and soon thereafter, access to many tools and
programs. Search engines for protein identification
could be accessed on the web, with early sites including
Protein Prospector (UCSF), ProFound (Rockefeller Uni-
versity), Mascot (Matrix Science), and others.

The size of sequence databases was growing enor-
mously. The sequencing of short pieces of cDNA,
expressed sequence tags (EST’s), progressed rapidly
and the amount of DNA sequence in Genebank grew
from 217 million bases to 3.8 billion bases between 1994
and 1999. The first complete genomes were determined
for the micro-organisms H. influenzae [27], and E. coli
[28]. To make use of the increasing amount of genomic
sequence, mass spectral-based identification algorithms
were adapted to search DNA databases. The adaptation
included 6-frame translation, since it could not be

certain that the correct reading frame was known (or
stayed in-frame due to sequencing errors) or the correct
strand was used. Peptide mass fingerprinting has been
used successfully with DNA databases for microorgan-
isms. However, due to the much larger amount of
sequence for eukaryotic genomes, it was impractical to
search these databases successfully with peptide masses
alone. Fragment ion spectra were necessary for each
peptide mass. Early demonstrations of protein identifi-
cation from DNA databases, using mass spectral data,
came from Yates [29] and Mann [30].

The adoption of protein identification also relied on
advances in sample preparation. The early use of pro-
tein identification relied on digestion of gel-separated
proteins that were stained by Coomassie blue, zinc, and
other reversible stains, with digestion performed either
directly in a gel piece or after transfer to a membrane.
The demonstration of efficient digestion from silver
stained gel pieces by Mann in 1996 [31] laid the ground-
work for more sensitive protein detection and diges-
tions. Simple methods for sample concentration and
desalting, using reversed-phase resins in micropipette
tips greatly improved sample processing [32-34]. Im-
proved capillary LC made the separation of minute
quantities of peptides possible.
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Dramatic improvement in the performance of mass
spectrometers was likewise an important factor in the
increasing acceptance and use of protein identification.
MALDI-TOF-MS was the primary instrumentation
used for PMF from the beginning, and it continues to be
to this day. The commercial time-of-flight instruments
in use in 1992 were generally of limited resolution
(m/Am <1000) and mass accuracy (>500 ppm). The
development of high performance TOF instruments in
the intervening years has been tremendous, with the
combination of reflectors and delayed extraction now
yielding resolution of >10,000 and mass accuracy <50
ppm. Automation now allows unattended measure-
ment of 100 or more samples. Tandem MS combined
with MALDI was possible in a limited way with post-
source decay (PSD) on reflector TOF instruments [35]
but the spectra were frequently of limited information
content and were, in practice, difficult to measure.
Genuine MALDI-MS/MS became possible with the
quadrupole-TOF [36] and TOF-TOF configurations [37].

Improvements in electrospray have been no less
impressive since the beginning of PMF. Low flow
nano-electrospray [38] provided a means to generate
ions for extended time from a microliter-sized sample.
Micro-electrospray interface designs for on-line, low-
flow HPLC separations [39-42] helped to extend the
limits of detection for electrospray from picomole to
femotomole to attomole levels. The commercial avail-
ability of new analyzer configurations such as the
quadrupole ion trap [43] and quadrupole-TOF [44]
provided researchers with improved sensitivity and
resolving power. Just as importantly, instrument ven-
dors developed user-friendly software for data depen-
dent experiments.

Protein Identification Matures, 2003

The technology improvements mentioned above are
part of an evolution that continues, apparently with no
end in sight. Sequence databases are still growing at an
exponential rate. Figure 11 shows the growth of Gen-
Bank [45] during the last twenty years. It is likely that
the growth will continue, following the completion of
the human genome, as many additional genomes are
sequenced. There are similar sets of data available for
the protein sequence databases, (e.g., the NCBI non-
redundant protein sequence database, Swiss-Prot) and
the growth in protein sequences is no less spectacular.
The protein database at Genentech used in the initial
PMF studies was 22,105 entries in 1989. It grew to over
91,000 in 1993 and was over 2.5 million in 2002.

The growth of the nascent field of proteomics has
been nothing less than astounding. Figure 12 shows the
number of papers published in proteomics since its
conception. Furthermore, at least three new journals are
devoted solely to topics in proteomics. More important
than numbers is the growing impact of proteomics on
biology. Numerous studies that utilize mass spectro-
metry-based approaches have produced valuable, new
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Figure 11. The growth of the GenBank DNA sequence database

was particularly dramatic during the last five years (adapted from
http:/ /www.ncbi.nlm.nih.gov/Genbank/genbankstats.html).

data through measurements of protein expression lev-
els [46, 47], protein modifications [48, 49], multiprotein
complexes [50-52] protein-protein interactions [53, 54],
and subcellular localization [55, 56]. (We are able to cite
here only a few, important applications of proteomics in
biological research, from hundreds of published re-
ports.) It is often the changes in these characteristics that
provide insight into biological function, such as changes
that may occur during receptor signaling, cell cycle
progression, pathogen insult, and cancer progression.
Proteomic studies that are functionally targeted have
had the greatest impact on biological understanding
[57].

What does the future hold? The major growth in
protein identification will continue to be in the use of
tandem mass spectral data for identification of proteins
from one or more peptides. The concept of shotgun
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Figure 12. Proteomics papers published from 1997-2002, based
on Medline entries for proteome and proteomics.
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sequencing for proteolytic digests of complex mixtures
[58] will continue to grow in importance.

Peptide mass fingerprinting itself relies on peptide
masses derived from one or a few proteins. As such,
increased use of PMF will depend on improvements in
high resolution protein separations, most importantly
multidimensional separations such as 2-D gels and 2-D
protein chromatography [59]. These protein separation
methods will continue to have advantages over shotgun
approaches for some applications. Among the advan-
tages are the ability to distinguish different forms of the
same protein more readily (isoforms, alternativly
spliced, proteolytically processed, post-translationally
modified), as well as a larger dynamic range for quan-
titation.

Further refinements to PMF, including better match-
ing algorithms and improved scoring schemes, will
increase its utility. Of vital importance are approaches
that give a statistical basis with which to evaluate the
validity of protein identification. Early results often
relied on manual inspection of the data and incorpora-
tion of additional data (e.g., knowledge of protein mass
or pl, additional data from alternative protoeolytic
digests). With the generation of data for very large
numbers of proteins, manual verification has become
inadequate and unfeasible. Early statistically based
scoring schemes [60, 61] are being supplemented with
newer, more global approaches [62, 63]. Yet a univer-
sally accepted scoring scheme with clear confidence
values remains to be widely implemented. Further-
more, a move toward common representations of data
[64] including mass spectral data formats, will be nec-
essary for integration of proteomics results from many
different experiments.

Peptide mass fingerprinting is one of the founda-
tional technologies driving the growth of proteomics.
We believe that PMF will continue to grow in impor-
tance for protein identification. However, the creation
of new, innovative approaches to the design of pro-
teomics experiments will be a key factor for future
applications. With such improvements, mass spectro-
metry-based approaches for solving important prob-
lems in biology will continue to grow.
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