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Proteomics: the first decade and beyond
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Proteomics is the systematic study of the many and diverse properties of proteins in a parallel manner with the

aim of providing detailed descriptions of the structure, function and control of biological systems in health and

disease. Advances in methods and technologies have catalyzed an expansion of the scope of biological studies

from the reductionist biochemical analysis of single proteins to proteome-wide measurements. Proteomics and

other complementary analysis methods are essential components of the emerging ‘systems biology’ approach

that seeks to comprehensively describe biological systems through integration of diverse types of data and, in

the future, to ultimately allow computational simulations of complex biological systems.
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Proteomics, like other ‘discovery science’ technologies (Box 1)1,
such as genomic sequencing, microarray analysis and metabolite
profiling, is the direct consequence of both the results obtained
from ambitious projects aimed at mapping and sequencing the
complete genome of many species and the changes to our models
that are catalyzed by such projects. The essence of this emerging
‘systems biology’ approach (Box 1) is that, for any given species,
the space of possible biomolecules and their organization into
pathways and processes is large but finite. In theory, therefore,
the biological systems operating in a species can be described
comprehensively if a sufficient density of observations on all of
the elements that constitute the system can be obtained. Pro-
teomics is a particularly rich source of biological information
because proteins are involved in almost all biological activities
and they also have diverse properties, which collectively con-
tribute greatly to our understanding of biological systems. These
properties are summarized in Fig. 1.

Genome sequencing, although technically complex, is concep-
tually simple and has a defined end point: the conclusive deter-
mination of the complete genome sequence of the species in
question. Discovery science projects aimed at assaying the func-
tion and control of biological systems are based on less well-
defined technologies and are devoid of clear end points. An
initial goal of proteomics was the rapid identification of all of the
proteins expressed by a cell or tissue a goal that has yet to be
achieved for any species. Current goals of proteomic research are
more varied and directed toward the systematic determination of
diverse properties of proteins. These include sequence, quantity,
state of modification, interactions with other proteins, activity,
subcellular distribution and structure (Fig. 1).

Many different technologies have been and are still being
developed to collect the information contained in the properties
of proteins. Figure 2 summarizes the current state of these tech-
nologies and how they relate to other discovery science tools.

Three characteristics of these proteomic technologies are imme-
diately apparent: first, there is no single technology platform that
can satisfy all of the desired proteomic measurements; second,
the closer the measurement to protein function, the less mature
the technology; and third, there is no mature, ‘true’ proteomic
technology as yet.

In this review, we do not discuss the three-dimensional structural
analysis of proteins (structural genomics), which is a large field in
its own right2. Instead, we discuss three phases of the emergence
and maturation of proteomic concepts and technology. The first
spans the emergence from protein chemistry to proteomics as a
coordinated platform for discovery science. The second is the cur-
rent diversification of proteomic technologies and platforms, which
aim to capture the many properties of proteins. The third is a win-
dow into the future, in which the variety of data obtained by pro-
teomics and other discovery science technologies will be integrated
and collectively interpreted to achieve a comprehensive under-
standing of the workings of biological systems. We focus predomi-
nantly on developments in proteomics in the past decade.

From protein chemistry to proteomics
Protein chemistry was a key element of the reductionist research
approaches that were a mainstay of biology in the 1980s. Also
called ‘forward’, as in ‘forward genetics’, these approaches
attempted to move from an observed phenotype or function to
the relevant genes and their products that caused that phenotype.
Together with rapidly advancing methods in molecular biology
such as gene cloning, sequencing and expression analysis, protein
chemistry provided the link between the observed activity or
function of a biochemically isolated protein and the gene that
encoded it. A key objective was therefore the development of
ever-more sensitive and reliable methods for protein sequencing
to make ever-smaller amounts of purified protein accessible to
identification. The long-term goals of this type of research were
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to reassemble in vitro the system under study from its isolated
components and to test whether this reconstituted system would
recapitulate functions observed in vivo3.

The advent of large-scale sequencing projects and their results4

catalyzed the development of ‘reverse’ approaches, which
attempted to move from the gene sequence to function and phe-
notype. Such approaches included the observation of clusters of
mRNA species showing coordinated expression patterns in dif-
ferent cellular states, either by expression arrays or by serial
analysis of gene expression (SAGE)5,6. The idea of defining func-
tionally relevant patterns of gene expression by comparative pat-
tern analysis was also applied, and in fact pioneered, in the
protein science field through attempts to develop global
approaches to the quantitative analysis of protein expression pat-
terns generated by high-resolution two-dimensional gel elec-
trophoresis or ‘2DE’ (Box 1)7,8.

Below, we describe the evolution of protein chemistry meth-
ods and their adaptation from forward to reverse research
strategies.

From isolated proteins to gene sequence
Technological developments for analytical protein chemistry in
the 1980s and early 1990s were primarily directed at improving
the sensitivity of techniques for identifying proteins separated by
gels. Protein sequencing often provided the crucial link between
the activity of a purified protein and its amino acid sequence or
the sequence of the corresponding gene. Edman sequencing of
the amino terminus of intact proteins or enzymatically digested
fragments was the most common approach to identify gel-sepa-
rated proteins9,10. In the likely case that the sequence did not
exist in the rather small sequence databases that existed then,
degenerate oligonucleotide primers could be synthesized based
on segments of the determined sequences and the corresponding
gene could be cloned using methods based on PCR11.

Although protein sequencing by Edman degradation was
mature, reliable and automated, it also had relatively poor sensitiv-
ity and was slow. With the rapid increase in the size of sequence
databases, which was fueled by systematic sequencing programs,
the chance that a particular protein and/or gene sequence was

Box 1 • Glossary of experimental terms used in proteomics

2DE two-dimensional gel electrophoresis is the separation of proteins using two orthogonal parameters, isoelectric
point (charge) and relative molecular mass, which are both usually determined on the basis of protein mobility
in a polyacrylamide gel matrix.

discovery science investigation of a biological system or process by enumerating the elements of a system irrespective of any
hypotheses on how the system might function.

DNA microarrays a high-throughput differential screen of mRNA expression using complementary cDNA or oligonucleotide
libraries that are printed in extremely high density on microchips; these microchips are probed with a mixture
of fluorescently tagged cDNAs that are produced from two different cell populations and analyzed with a laser
confocal scanner.

ESI the electrospray ionization process is achieved by spraying a solution (such as the effluent of a HPLC column)
through a charged needle at atmospheric pressure towards the inlet of the mass spectrometer; the voltage
applied to the needle tip and a pressure differential result in the formation of ions for mass analysis and their
transfer into the mass spectrometer.

ICAT isotope-coded affinity tag reagent comprising a chemical modifying group linked to an affinity group through
a mass-encoded linker.

ion source mass spectrometer component designed to use the principles of an ionization method for generating ions
(charged analytes) for mass analysis.

ionization process of adding charge onto an uncharged (neutral) analyte, in other words, the formation of an ion; either
ionization is conducted in a vacuum or ions formed at atmospheric pressure are transferred into the vacuum
system of the mass spectrometer.

MALDI matrix-assisted laser desorption ionization is a process by which ion formation is promoted by short laser pulses;
the sample is deposited on a sample plate into the source (which is held under vacuum) and then embedded in a
matrix that promotes ionization; a laser fired at the sample that is co-crystallized with the matrix results in the
desorption of the analyte from the sample plate and its ionization.

mass analyzer mass spectrometer component that can measure the mass-to-charge ratio of charged molecules (ions); ion-trap,
quadrupole and time of flight (TOF) analyzers are used most often.

mass spectrometry accurate mass measurement of charged analytes (ions); in the context of proteomics, analytes are usually
peptides or less frequently protein ions; a mass spectrometer measures the mass-to-charge ratio of charged
species under vacuum and comprises, broadly, an ionization source and a mass analyzer.

MS spectra single-stage mass spectrometry spectra provide mass information on all ionizable components in a sample;
these data are used, for example, for peptide mass fingerprinting.

MS/MS spectra MS/MS spectra are generated in instruments equipped with a mass filter that can select a peptide ion from a
mixture of peptide ions, a collision cell in which peptide ions are fragmented into a series of product ions
(through collision of the selected precursor ion with a noble gas in a process referred to as CID), and a second
mass analyzer that records the fragment ion mass spectrum; the fragment ion spectra are referred to as either
MS/MS spectra or CID spectra.

protein identification method to determine the sequence identity of a protein; two common mass spectrometry–based approaches
used are peptide mass mapping and searching uninterpreted MS/MS spectra; in both methods, observed data 
are matched to theoretically derived peptide and/or fragment ion masses calculated from sequence databases.

systems biology study of a biological system by the systematic and quantitative analysis of all of the components that
constitute the system.

yeast two-hybrid genetics-based method for identifying protein-protein interactions in vivo; a protein fused to the DNA-binding
domain (the ‘bait’) and a (different) protein fused to the activation domain of a transcriptional activator (the
‘prey’) are expressed in yeast cells; if an interaction between the bait and the prey occurs, transcription of a
reporter gene is induced and detected typically by a color reaction that indicates transactivation of the
reporter gene.
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already represented in a
sequence database, either in
total or in part, also increased.
This greatly facilitated gene
cloning and sometimes the
complete sequence of a gene of
interest could be found by data-
base searching, without the need
for further experimentation.
Thus, the idea that protein sequences did not always have to be
determined de novo began to take shape.

DNA sequencing rules the day
In the early 1990s, mass DNA sequencing of cDNAs derived from
pools of mRNA generated large numbers of expressed sequence
tags (ESTs)12. These stretches of sequence provided an unprece-
dented window into the transcripts present in particular types of
cell and tissue, and therefore a powerful tool for gene discovery4.
Gene sequences (ESTs and others) also provided a resource that
could greatly accelerate protein identification by correlating
experimentally derived sequence segments with sequences in
databases. At the time, it was expected that eventually every gene
of a species would be represented in sequence databases and it
would be possible to identify proteins and/or genes simply by
looking up the gene of interest using experimentally derived
data.

Large-scale EST sequencing represented the first real approach
to the systematic sequencing of expressed genes13. Although ESTs
did provide much useful data, they did not produce the depth of
analysis that had been anticipated14. In part, this was due to the
dynamic range of transcript numbers expressed in cells, which
complicated the detection of low-abundance species. This prob-
lem could be alleviated partially through the use of normalized
libraries15.

The ultimate normalized sequence libraries that is, the com-
plete genomic sequences were established only a few years later
for yeast16 and a decade later for human17,18. With such complete
libraries on hand, the rapid identification of proteins was limited
only by our capacity to extract sequence information from pro-
teins and peptides, and to correlate this information with the
sequence databases. ‘Mass spectrometry’ (Box 1) and database
search algorithms rapidly filled this gap.

Protein and peptide mass spectrometry
For years, mass spectrometry has been the analytical chemist’s
workhorse for analyzing small molecules. The high precision of

mass spectrometric measurements can distinguish closely related
species, and tandem mass spectrometry or ‘MS/MS’ can provide
structural information on molecular ions that can be isolated
and fragmented within the instrument (Box 1).

To measure the mass or, more specifically, the mass-to-charge
ratio (m/z) of a molecule in a mass spectrometer, the analyte must
first be ionized and transferred into the high vacuum system of the
instrument. Peptides and proteins, like other large molecules,
proved difficult to ionize under conditions that did not destroy the
molecule. In the late 1980s, two methods were developed that
allowed the ‘ionization’ of peptides and proteins at high sensitivity
and without excessive fragmentation. These breakthroughs were
electrospray ionization (‘ESI’)19 and matrix-assisted laser desorp-
tion ionization (‘MALDI’)20, which had closely followed the devel-
opment of laser desorption21,22 (Box 1). The success of these
ionization methods in analytical protein chemistry led to the devel-
opment of commercial mass spectrometers equipped with robust
ESI or MALDI ‘ion source’ instruments, which rapidly penetrated
the protein chemistry community.

MALDI ion sources were most commonly coupled with time-
of-flight (TOF) ‘mass analyzers’, whereas ESI was most often cou-
pled with ion-trap or triple-quadrupole MS/MS spectrometers
(Box 1). Although MALDI-TOF mass spectrometers can deter-
mine the mass of a protein or peptide with a high degree of accu-
racy, the intrinsic mass of a eukaryotic protein is not a uniquely
identifying feature. It was quickly recognized, however, that the
masses of the various peptides generated by fragmentation of an
isolated protein with an enzyme of known cleavage specificity
could uniquely identify a protein.

In 1993, five independent reports were published that
described the implementation of this insight in database search
algorithms23–27. These algorithms, together with MALDI-TOF
mass spectrometry peptide analysis, constituted a ‘protein iden-
tification’ method that is now known as peptide mass mapping
(or peptide mass fingerprinting). In this type of analysis, the col-
lected ‘MS spectra’ (Box 1) are used to generate a list of prote-
olytic (peptide) fragment masses, which are then matched to the
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Fig. 1 Representation of a eukaryotic
cell. A section through a eukaryotic
cell is shown, highlighting the diverse
properties of proteins. The systematic
investigation of these properties con-
stitutes the field of proteomics. The
subcellular distribution, quantity,
modification and interaction state,
catalytic activity and structure are
particularly informative for describ-
ing biological systems. Representative
examples of protein properties are
shown, including the subcellular dis-
tribution of proteins to specific com-
partments and organelles; the
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other proteins or small molecules to
form functional complexes (or
‘machines’) with diverse functions;
and protein modifications such as car-
bohydrate (CHO), phosphate (PO4) or
lipid (lip).
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masses calculated from the same proteo-lytic digestion of each
entry in a sequence database, resulting in identification of the
target protein. The success of this type of analysis is dependent
on the specificity of the enzyme used (most frequently trypsin),
the number of peptides identified from each protein species, and
the mass accuracy of the mass spectrometer28. Owing to its
increasing sensitivity and ease of use, MALDI-TOF mass spec-
trometry has become the method of choice for protein identifica-
tion by peptide mass mapping and is commonly used for
identifying proteins separated by 2DE.

As discussed above, ESI ion sources were originally coupled
mostly with triple-quadrupole or ion-trap instruments. More
recently, hybrid-quadrupole TOF MS/MS spectrometers have
become available and are also used frequently with ESI. In addition
to measuring peptide mass, all of these instruments can isolate spe-
cific ions from a mixture on the basis of their m/z ratio and frag-
ment these ions in the gas phase within the instrument, allowing
the recording of MS/MS spectra. Because peptide ions fragment in
a sequence-dependent manner, the MS/MS spectrum of a peptide,
in principle, represents its amino acid sequence.

Algorithms that match MS/MS spectra to sequence data-
bases29,30 have greatly facilitated mass spectrometric protein
identification by this approach31. Because a peptide sequence,
and thus the MS/MS spectrum of a peptide, can uniquely iden-
tify a protein, the specificity of MS/MS-based protein identifica-
tions is often much higher than that of peptide mass mapping.
MS/MS spectra are also ideally suited to search translated EST
and other sequence databases containing incomplete sequences.
ESI-MS/MS is popular because it can be combined easily with
standard peptide separation tools, such as chromatography, and
because it is directly compatible with the solvents that are used to
solubilize peptides.

The method of nanospray-ESI, in which unseparated peptide
mixtures were sprayed into the mass spectrometer at very low
flow rates and detected at sensitivities not previously achieved by
ESI-MS, was developed subsequently32,33. The very slow sample
consumption afforded by the low flow rate provided the oppor-
tunity to generate fragment ion spectra of several of the observed
precursor ions. This was achieved by the operator, who manually
selected precursor ions. Subsequent developments in instrument
control software facilitated computer-controlled ion selection,

such that MS/MS spectra could be generated from many peptide
ions in a given sample without the need for operator interven-
tion, effectively automating the process. This was developed
mostly for analyses in which mixtures of peptides were supplied
to the mass spectrometer from an online, capillary, high-pressure
liquid chromatography (HPLC) system an approach referred
to as LC-MS/MS.

As summarized in Fig. 3, peptide and protein separation tech-
nologies, advanced mass spectrometry and MS/MS instrumenta-
tion and algorithms for searching mass spectrometric data against
sequence databases have been combined in different ways to create
a set of technologies for protein and proteome analyses (Fig. 4).

The ‘proteome’ is born
Long before global differential analysis of mRNA expression was
possible, protein science relied on 2DE for generating repro-
ducible protein arrays, displaying large numbers of separated fea-
tures and indicating their quantities34–36. On the strength of such
2DE protein profiles, in the 1970s and 1980s ideas were proposed
to build protein databases (such as the human protein index37)
and to apply reverse strategies based on subtractive pattern
analysis38–40, similar to current popular strategies for analyzing
data obtained from gene expression microarrays. In fact, at that
time many of the principles now commonly used for the global,
quantitative analysis of gene expression patterns, such as the use
of clustering algorithms and multivariate statistics, were devel-
oped in the context of 2DE7,8. These ideas were not substantially
implemented then, however, mainly because 2DE by itself is an
essentially descriptive technique that does not indicate the iden-
tity of the separated proteins and because the technique had been
plagued by reproducibility and other technical problems.

With the rapid advances in protein analytical technologies,
fueled by the addition of mass spectrometry, sequence databases
and database search tools, in the early 1990s it became possible
for protein chemists to identify and to examine the expression of
many, if not all, of the proteins resolvable by 2DE, and the possi-
bility for large-scale protein studies seemed attainable41. It was in
this context that in 1994, at the first 2DE meeting in Siena, Italy,
the term ‘proteome’ was coined42. The proteome was defined as
the protein complement of the genome, and the process of study-
ing the proteome became known as ‘proteomics’.
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Fig. 2 The current status of proteomic technologies. The different data typically collected in proteomic research and the available technologies are listed. The rel-
ative maturity of the proteomic technologies and other key discovery science tools is apparent from the position of the respective technology on the graph.
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In comparison to its nucleic acid–based counterpart, genomics,
the experimental complexity of proteomics is far greater. The tech-
nology is also not as mature and, owing to the lack of amplification
schemes akin to PCR, only proteins isolated from a natural source
can be analyzed. Proteomic analyses are therefore generally limited
by substrate. The complexities of the proteome arise because most
proteins seem to be processed and modified in complex ways and
can be the products of differential splicing; in addition, protein
abundance spans a range estimated at five to six orders of magni-
tude for yeast cells43 and more than ten orders of magnitude for
human blood serum for example, from interleukin-6 at ∼ 2 pg/ml
(ref. 44) to albumin at 50 mg/ml (ref. 45). Thus, the relatively low
number of human genes predicted from the genome sequence17,18

has the potential to generate a proteome of enormous and as yet
undetermined complexity.

It became rapidly apparent that a proteomic technology based
strictly on 2DE was technically complex, labor- and therefore
cost-intensive, and fundamentally limited. The increased use of
MALDI-MS and ESI-MS/MS in the identification of 2DE-sepa-
rated proteins showed that the incidence of comigrating proteins
even in this, the highest resolving protein method known, was
more prevalent than had been originally thought46. Because
quantification in 2DE relies on the assumption that one protein
is present in each spot, comigration compromises such analyses.
It was also observed that with conventional protein staining
methods only a relatively small subset of a cellular proteome was
apparent when unfractionated cell lysates were separated by
2DE46,47. Thus, despite the maturity and unmatched perfor-
mance of 2DE for separating intricate patterns of differentially
modified and processed proteins48, and despite the continuing
evolution of 2DE separation49–52 and detection technology53,
alternative methods for large-scale protein expression analysis
began to be investigated more vigorously.

Hunt and co-workers54 laid the groundwork for a gel-indepen-
dent approach to proteomics by demonstrating the ability of LC-
MS/MS systems to handle extremely complex peptide mixtures.
Antigen-presenting lymphocytes continually digest proteins and
present some of the resulting peptides bound to major histocom-
patibility complex (MHC) proteins for immune surveillance. Hunt
and co-workers54 used immunoprecipitation to isolate the peptide-
MHC complexes, extracted the antigenic peptides and subjected
the complex peptide mixtures to successive LC-MS/MS analyses.
They also used a specific cytotoxic T cell response as a bioassay to
confirm the presence of antigenic peptides in each fraction and cor-

related this functional data with the mass spectrometric data,
thereby identifying the sequence of the antigenic peptides55–57. This
approach clearly established LC-MS/MS as a powerful tool for ana-
lyzing complex peptide mixtures, and the application of this
method to the analysis of peptide mixtures generated by the prote-
olysis of complex protein samples was a considerable step toward
gel-independent proteomic technologies58.

Gel-independent quantitative profiling of the proteome
The combination of LC-MS/MS and sequence database search-
ing has been widely adopted for the analysis of complex peptide
mixtures generated from the proteolysis of samples containing
several proteins. This approach is often referred to as ‘shotgun’
proteomics59,60 and has the ability to catalog hundreds, or even
thousands, of components contained in samples isolated from
very different sources. Specific examples include the identifica-
tion of proteins in the periplasmic space of bacteria61, yeast ribo-
somal complexes62, murine nuclear interchromatin granule
clusters (nuclear speckles)63, murine mitochondrial soluble
intermembrane proteins64, human urinary proteins65, yeast
TFIID-associated proteins66, proteasomal proteins67, human
microsomal proteins68, human membrane proteins69 and yeast
nuclear pore proteins70 pre-fractionated by SDS polyacrylamide
gel electrophoresis, and proteins from yeast lysates71.

Such studies have also highlighted the limitations of shotgun
proteomics, including the difficulty of detecting and analyzing by
collision-induced dissociation (CID) mass spectrometry all of
the peptides in a sample, the qualitative nature of data-depen-
dent experiments, and the challenge of processing the tens of
thousands of CID spectra generated in a typical experimen-
t one of the many informatics challenges that still faces scien-
tists in this field. On average, a protein digested with trypsin will
generate 30–50 different peptides. A tryptic digest of the pro-
teome of a typical human cell will therefore generate a peptide
mixture containing at least hundreds of thousands of peptides.
Even the most advanced LC-MS/MS systems cannot resolve and
analyze such complexity in a reasonable amount of time.

To use LC-MS/MS for the analysis of most proteomes, there-
fore, a form of complexity reduction (fractionation) is required.
Two approaches have been developed to tackle this problem. The
first approach is the selective enrichment of a subset of peptides
from a complex mixture. This has been mostly achieved by
specifically targeting peptides that contain a distinguishing fea-
ture, such as chemically reactive sulfhydryl groups (cysteine

extract enrich

quantify
(2DE)

digest

digest

separate

mass
spectrometry

identify

mass
spectrometry

quantify

Fig. 3 Quantitative protein analysis from the cell to the identified protein. The two most common processes for quantitative proteome analysis are shown. In the
first (top), 2DE is used to separate and to quantify proteins, and selected proteins are then isolated and identified by mass spectrometry. In the second (bottom),
LC-MS/MS is used to analyze enzyme digests of unseparated protein mixtures, and accurate quantification is achieved by labeling the peptides with stable iso-
tope. Both processes are compatible with protein fractionation or separation methods, such as subcellular fractionation, protein complex isolation and elec-
trophoresis and chromatography, thereby providing additional biological context to the protein samples being analyzed.
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residues)59,72 or residues that have been modified post-transla-
tionally with phosphate73,74 or carbohydrate75,76. Ideally, such
strategies would select precisely one idiotypic peptide per pro-
tein. Although this has not been realized, substantial reductions
in sample complexity have been achieved. But the trade-off is the
loss of those proteins that do not contain the selected feature.

The second approach relies on extended upstream fractiona-
tion of the complex peptide mixtures, with the aim of increas-
ing the potential of the mass spectrometer to detect and to
sequence all of the components of the sample. This has been
implemented by using two or three orthogonal peptide separa-
tion methods in sequence, the most successful of which have
involved cation exchange and capillary reverse-phase chro-
matography68,71,77. Although both approaches either by
themselves or in combination have produced evidence that
proteome cataloguing using such shotgun proteomic strategies
is feasible71,78,79, a complete map of the proteome of any
species has yet to be produced by any method.

For proteomic studies applying a forward (function to
sequence) approach, determination of the sequence of the target
proteins is usually a defined end point, because detailed func-
tional analyses of the isolated species precede sequence analysis.
For studies that apply reverse (sequence to function) approaches,
knowing the sequence of the proteins in a sample is necessary but
not sufficient. Reverse approaches, which are used in many pro-
teomic studies, typically involve quantitative comparison of the
protein profiles expressed by cells or tissues in different states.

The most valuable information on the system being studied is
obtained from those proteins that are expressed differentially in a
matrix of proteins of unchanged expression; therefore, pro-
teomic technologies detecting differences in protein profiles need
to be quantitative. Unfortunately, peptides analyzed in a mass
spectrometer will produce different specific signal intensities
depending on their chemical composition, on the matrix in
which they are present and on other poorly understood variables.
Thus, the intensity of a peptide ion signal does not accurately
reflect the amount of peptide in a sample; in other words, mass
spectrometry is inherently not a quantitative technique. How-
ever, two peptides of identical chemical structure that differ in

mass because they differ in isotopic composition are expected,
according to stable isotope dilution theory80, to generate identi-
cal specific signals in a mass spectrometer. To turn shotgun pro-
teomics into a quantitative protein profiling method, therefore,
stable isotope dilution has been combined with the complexity
reduction techniques described above.

The first such approach was based on a class of reagents termed
isotope-coded affinity tags or ‘ICAT’ (Box 1), LC-MS/MS and
sequence database searching81. The reagents consist of an alkylat-
ing group (iodoacetic acid) that covalently attaches the reagent to
reduced cysteine residues, a polyether mass-encoded linker con-
taining either eight hydrogens (d0) or eight deuteriums (d8) that
represents the isotope dilution and a biotin affinity tag through
which tagged peptides are selectively isolated. For quantitative
protoemics, the ICAT reagent approach, or similar techniques,
now provides an alternative method to the subtractive 2DE-
based approaches discussed above.

As shown in Fig. 5, the ICAT reagent approach involves label-
ing the cysteine residues in one sample with d0-ICAT reagent and
the cysteine residues in a second sample with the d8-ICAT
reagent. The samples are then combined. After optional protein
enrichment and enzymatic digestion of the combined samples,
the biotinylated ICAT-labeled peptides are enriched by means of
avidin affinity chromatography and analyzed by LC-MS/MS.
Each cysteinyl peptide appears as a pair of signals differing by the
mass differential encoded in the mass tag. The ratio of these sig-
nal intensities precisely indicates the ratio of abundance of the
protein from which the peptide originates, and the MS/MS spec-
trum of either isotopic form of the peptide allows the protein to
be identified. Thus, in a single, automated operation this method
identifies the proteins present in two related samples and deter-
mines the ratio of relative abundance.

Variations of this approach have been described. For example,
alternative labeling chemistries have been explored82,83; stable
isotope labeling has been achieved by a solid-phase isotope tag
transfer method84; 16O or 18O has been incorporated from H2

16O
or H2

18O, respectively, at the carboxy terminus of peptides dur-
ing proteolytic cleavage by trypsin85–87; and stable-isotope meta-
bolic protein labeling has been attempted before mass

1975 1990 1994 2002

mass spectrometry
complex mixture analysis

LC-MS(/MS)

chip-based 
approaches

time

nucleotide sequencing
ESTs/genome scale

algorithms

genetic approaches

1996

proteomics
2D gel electrophoresis

Fig. 4 Time line indicating the convergence of different technologies and resources into a proteomic process. Advances in mass spectrometry and the generation
of large quantities of nucleotide sequence information, combined with computational algorithms that could correlate the two, led to the emergence of pro-
teomics as a field.
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spectrometric analysis of intact proteins or proteolytic peptides
in a high LC-MS/MS system88–91. Although isotope-tagging
methods based on chemical labeling after isolation are compati-
ble with essentially any protein sample, including organelles,
body fluids or subcellular and biochemical fractions, the applica-
tion of metabolic labeling is limited to those situations in which
cells can be cultured in isotopically defined media.

Contemporary proteomics: a bewildering array of tools
From its inception to the present day, proteomics has evolved
substantially (Fig. 4). Conceptually, proteomics has become a
biological assay for the quantitative, subtractive analysis of com-
plex protein samples. Technologically, proteomics has become a
suite of relatively mature tools that support protein cataloguing
and quantitative proteome measurements reliably, sensitively
and at high throughput. The impressive successes of gene expres-
sion profiling (‘DNA microarrays’; Box 1) for classifying cell
types and cellular states in health and disease92–95 and for dissect-
ing cellular pathways96,97 have illustrated the value of the infor-
mation obtained by systematic, quantitative expression profiling
experiments, and several insights have become apparent from
such studies.

First, global data sets are rich in information but difficult to
analyze using traditional knowledge-based interpretation. Sec-
ond, the more data the better: in comparison to interpretations
of one or a few expression profiles, it has been much more infor-
mative to collect several global data sets on the same, differen-
tially perturbed system, and to use mathematical tools such as
cluster analysis or singular value decomposition98,99 to extract
biological insights or to formulate hypotheses. Third, proteomic
and genomic measurements done on the same system provide
complementary information100 because neither the steady-state
quantity of 43,101,102 nor the response to perturbation-induced
changes in mRNA or protein is mutually predictable103,104.

Extrapolating from insights gained from the comparison of
mRNA and protein expression profiles, it is expected that addi-
tional systematic proteomic data, including activity profiles,
interaction maps and profiles of (regulatory) modifications, will
provide yet further insights into the structure, function and con-
trol of biological systems.

Much of the effort in contemporary proteomics is therefore
directed toward the development of suitable platforms on which
to generate these data. These efforts can be broadly grouped into
three categories based on mass spectrometry, microchips and
genetics (Fig. 4).

Mass spectrometry–based methods for studying the
proteome
The success of combining the selective chemical labeling of pro-
teins, stable isotope tagging, LC-MS/MS and database searching
as the basis for quantitative protein profiling suggested that the
same general approach might be adapted to other types of quan-
titative proteomic measurement. Over the years, protein chem-
istry has provided many reagents for selectively capturing classes
of protein with specific biochemical properties, including lectins
to capture glycoproteins, immobilized metal ions to affinity-
capture phosphorylated peptides, and suicide enzyme substrates
to capture specific enzymes. If such reagents could be adapted to
interact with their targets specifically and tightly (ideally cova-
lently), and if they could be made compatible with stable isotope
tagging methods, they might be used to profile quantitatively
the targeted functional group, activity or other property on a
proteome-wide scale.

Activity-based reagents covalently label only enzymatically
active forms of proteins and can thus directly determine activity
as opposed to total protein105–107. For example, the conversion of
enzyme substrates into enzyme suicide inhibitors has been
achieved for serine hydrolases and cysteine proteases. In fact, the
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study of proteases and their substrates and inhibitors in an
organism has been called “degradomics”108, and several studies
on the cysteine and serine protease families have provided ‘proof
of principle’ for the idea. These enzymes form covalently bound
acyl intermediates during their catalytic cycle. This property can
be used to introduce tagged chemical probes by means of a struc-
ture that mimics a general inhibitor and captures the active form
of the proteases covalently. Fluorescently tagged probes107,109–111

or biotinylated probes112,113 have been used successfully, and iso-
tope-tagged versions of these reagents are being developed.

Although the range of enzyme families to which this strategy
has been applied so far is limited, additional enzyme families
such as glycosidases also seem amenable to activity profiling114.
In addition, drug screening projects that have been aborted
because of poor compound specificity provide a rich source of
potential leads for the development of class-specific reagents. For
example, methods for capturing ATP-binding proteins have been
developed to enrich a range of proteins, including protein
kinases, with the potential for subsequent (activity) profiling of
the enriched proteins by quantitative proteomic strategies115.

When enzyme activities cannot be measured directly, they may
be inferred from the analysis of converted substrates. This has been
achieved by the quantitative measurement of substrate conversion
using isotope-tagged substrates and mass spectrometry116, or by
trapping enzyme substrates on chemically or genetically altered
enzymes and then analyzing the isolated enzyme-substrate conju-
gates by mass spectrometry. For example, chemically modified
trypsin117 has been used to identify incompletely processed neu-
ropeptides118,119, and protein tyrosine phosphatases in which the
invariant catalytic amino acid aspartic acid is mutated to alanine
have been used as ‘substrate traps’, allowing the identification of
their physiological substrates120,121.

Selective reagents or chemical reactions have been used to
extract phosphorylated peptides from complex mixtures. Immo-
bilized metal affinity chromatography73,122,123 has been used
successfully to enrich phosphopeptides from relatively simple
mixtures, but it lacks the specificity to be effective with more-
complex peptide samples. To increase the specificity of metal
affinity chromatography for phosphopeptides, Ficarro et al.74

eliminated interactions between the resin and carboxyl groups by
capping the carboxyl groups with methyl ester groups. This
allowed them to extract phosphopeptides selectively from the
tryptic digest of a yeast lysate. Subsequent LC-MS/MS analysis of
the selected peptides indicated the activation state of some yeast
kinases from their phosphorylation state information that is
not accessible by most conventional proteomic approaches. Two
covalent chemistries, one based on β-elimination reactions124,125

and one based on the formation of phosphoramidates126, have
been developed with the same objective. Although none of these
methods is currently capable of quantitative phosphoprotein
profiling on a proteome-wide scale, these early studies represent
a path to such a technology.

Mass spectrometry–based proteomics is also rapidly becoming
the method of choice for analyzing functional protein
complexes62,66,70,127,128. By providing a means to identify multi-
ple members of complexes, this approach complements the view
recently emphasized by Hartwell et al.129 that a cell is a collection
of interconnected modules (Fig. 1) that is, groups of proteins
with many network interconnections that act synergistically to
execute a particular cellular function.

Indeed, two large-scale ‘protein complex’ studies recently used
affinity-tagged bait proteins expressed in yeast cells to isolate the
bait protein together with its associated proteins130,131. The com-
position of the isolated complexes was analyzed by gel elec-
trophoresis and mass spectrometry, and thousands of protein

interactions many previously unknown were identified. But
the poor overlap between the two data sets when the same bait
proteins were used, and between either data set and results
obtained by a genetic yeast two-hybrid screen (see below)132,
suggests that the conditions and parameters for such experi-
ments need further optimization and standardization.

In an alternative approach using ICAT reagents to label the
components of a target protein complex and a suitable control
isolate before quantitative LC-MS/MS analysis, specific compo-
nents of the complex could be distinguished from nonspecifically
associated proteins and changes in the composition of protein
complexes isolated from cells at different states could be
observed readily133.

In the near future, it can be expected that quantitative pro-
teomic technologies will mature to become the obvious choice
for systematically determining the important, diverse properties
of proteins, including their activity and state of modification,
and the composition and dynamics of their functional modules.

Chip-based methods for studying the proteome
Complementary DNA or oligonucleotide microarrays have
proved invaluable for analyzing transcript levels in several bio-
logical systems5,134,135, and technological improvements con-
tinue to increase their utility136,137. Array-based profiling
techniques are conceptually simple. A probe that is specific for a
particular analyte is placed at a defined position in a two-dimen-
sional array, and the interaction of the probe with its target mol-
ecule is detected. Signals indicate that interactions have occurred,
their intensity and position on the array are recorded, and thus
the probed molecules and their quantity can be identified.

It therefore seemed obvious to apply similar principles to pro-
teomic analyses in particular to protein expression profiling by
generating ordered arrays of specific protein-binding mod-
ules138–140. Such modules have included phage library–selected
scFv antibodies141, minibodies142,143, cyclic peptides144, reagents
resulting from the scaffold engineering of various proteins145–147,
aptamers148, antibodies149 and antibody mimics150. In practice,
however, the translation of array-based profiling from nucleic acids
to proteins has faced many difficulties151.

First, unlike cDNAs, proteins usually need to be captured in
their native conformation. This restricts the range of conditions
that can be applied to maintain solubility, to optimize interac-
tions and to remove nonspecific contaminants. Second, because
at present proteins cannot be amplified before analysis, detection
methods must be very sensitive. Third, proteins have no inherent
properties that make them measurable at high sensitivity, and the
attachment of a detectable tag is prone to interfere with a pro-
tein’s interactions. Fourth, the interactions between proteins and
their binding reagents are less specific and of lower and more
variable affinity than those between Watson-Crick base-paired
nucleic acids. This increases the potential for crossreactivity and
complicates quantification, because substantial differences in the
dissociation constants for each protein-protein interaction must
be taken into account.

The challenge of obtaining antibodies of sufficient specificity to
make protein expression arrays possible was recently demonstrated
in studies in which monoclonal antibodies that were probed against
numerous expressed proteins showed a considerable propensity to
crossreact with proteins other than the intended target pro-
tein152,153. In spite of advances such as the development of high-
sensitivity detection methods154 and chip surface engineering155, it
is therefore unsurprising that the most successful protein microar-
rays for measuring an analyte in a complex protein mixture use rel-
atively simple arrays of well-characterized antibodies138, most
notably those directed towards cytokines154.
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At present, the use of ‘protein chips’ has been more success-
ful for systematically measuring or inferring functional prop-
erties of proteins. Direct functional measurements include the
activities of diverse enzymes156 such as protein kinases157,158,
protein-DNA interactions159,160, profiles of reaction antibod-
ies (autoantibodies) in blood serum and other clinical
samples152, and the interactions of proteins with small mole-
cules161. Using cDNA arrays assayed with probes generated
from mRNAs extracted from membrane-associated
polysomes, Diehn et al.162 could infer the identity of secreted
and membrane-associated proteins. Similarly, in a technique
that they call ‘translation state array analysis’, Morris and co-
workers163 have profiled polysome-associated mRNAs using
conventional cDNA array technology to distinguish actively
translated from non-translated mRNAs. As the chemistry of
protein attachment continues to improve, the size of the arrays
decreases164; and, as different types of array are developed,
additional uses for this technology will undoubtedly emerge.

Genetic methods for studying the proteome
Genetic methods for interrogating the proteome are generally
based on recombinant DNA techniques that introduce different
tags into all or selected proteins expressed by a cell. These tags
can be used to observe directly or to infer specific properties of
the tagged proteins.

The strengths of genetic methods are their ability to target
potentially every protein, to use selection for inferring function,
to assay the protein in a cellular environment and to engineer cell
strains with specific properties, as well as the ease of assay
automation165. The weaknesses of genetic methods are that tag-
ging itself can potentially interfere with the observed function and
that the range of species amenable to rigorous genetic engineering
is limited. This means that most observations particularly those
on mammalian proteins are made in a heterologous environ-
ment and that most readouts, with the exception of certain fluo-
rescence measurements, are indirect.

The prototypical genetic proteomic assay is the ‘yeast two-
hybrid system’ (Box 1), which was initially developed for
detecting protein-protein interactions166 and has been
reviewed recently167. This method has been used for large-
scale protein interaction screens in, for example, bacterio-
phage168, vaccinia169, yeast170–172, Helicobacter pylori173 and
Caenorhabditis elegans174,175. The relative merits of the system-
atic protein interaction maps generated by two-hybrid assay
and those generated by mass spectrometry130,131, together with
the matter of which one, if any, best represents the true space
of protein interactions in a cell, is an important and currently
unresolved issue133.

This type of method has also been extended to facilitate the
determination of protein-mRNA interactions176 and for sensing
protein-ligand binding177. Related approaches in which proteins
are expressed as fusions of green fluorescent protein or one of its
variants178,179 are proving invaluable for probing several func-
tional properties of proteins by direct in vivo observation180.
Although such observations have been made mostly during spe-
cific research projects, an initial compendium of the subcellular
localization of the yeast proteome181 clearly shows the potential
of this approach as a proteomic assay.

A window to the future
The scope of proteomic investigations has considerably broad-
ened in the past few years. Whereas initial efforts were focused
on determining the identity and quantity of proteins using a
narrow selection of methods, many emerging technologies
now attempt to measure systematically all of the biologically

important properties of proteins. Although few, if any, of these
methods have reached the status of validated proteomic tools,
the rapid pace at which they are developing suggests that the
rich and varied sources of information contained in the pro-
teome will become increasingly accessible. The main chal-
lenges of the future will be the validation, visualization,
integration and interpretation, in a biological context, of the
vast amounts of diverse data generated by the application of
proteomic and genomic discovery science tools.

In 1996, the first complete genomic sequence of a eukaryotic
species, Saccharomyces cerevisiae, was published16. The early
availability of this resource, the richness of knowledge already
acquired through decades of hypothesis-driven research and the
ease with which it could be experimentally manipulated made
yeast the model organism in which to test and to validate most of
the technologies and approaches discussed above. Because in
many respects the analysis of mammalian cells is more complex
and technically challenging, yeast can be viewed as a window into
the future of genomics-based and proteomics-based biological
research. What insights might this view provide?

First, there will be a convergence of discovery science and
hypothesis-driven research. The beginning of such a convergence
is already apparent in information resources such as the yeast
protein database182 and the Saccharomyces Genome
Database183, in which systematically collected data and the
results from hypothesis-driven research published in the scien-
tific literature have been combined into highly useful resources
for experimental biologists. In addition, a recent study has
shown the value of this union of data as an experimental strategy
to gain insights into the physiology of a cell100. In this study, both
genomic and proteomic data were collected from yeast cells in
which all of the known components of the galactose induction
pathway had been perturbed systematically. The different data
were integrated into a mathematical model consistent with the
available information. This model was then used to predict pre-
viously unknown interactions within the pathway and between
the galactose induction pathway and other cellular processes.
Some of these predictions were then verified experimentally100.

Second, systems biology approaches will detect connections
between broad cellular functions and pathways that were neither
apparent nor predictable despite decades of biochemical and
genetic analysis of the biological system in question. This has
been validated broadly by numerous mRNA expression studies,
and also by studies based on quantitative protein profiling (refs.
184, 185). The rich and diverse information represented in large
proteomic data sets is expected to accelerate our understanding
of the interdependence of cellular processes.

Third, our ability to collect large proteomic data sets already
outstrips our ability to validate, to interpret and to integrate such
data for the purpose of creating biological knowledge. Therefore,
software tools will be developed to help manage, interpret, inte-
grate and understand proteomic data. The lack of suitable soft-
ware tools currently limits essentially all areas of proteomic data
analysis, from database searching using MS/MS spectra to the
assembly of large data sets containing different types of data in
relational databases (Fig. 6). To derive value from the data that
goes beyond an initial scan for ‘interesting observations’ and to
make data portable and comparable, it will be necessary to
develop algorithms that assign a score to each data point that
estimates the probability that the observation is correct. Just as
the assignment of quality scores to each base in DNA sequencing
using the algorithm Phred186,187 was essential for the success of
genome sequencing programs, it can be expected that probabil-
ity-based scores calculated for proteomic data188 will have a sim-
ilar impact on proteomics.
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It may seem that these trends might be realized with incremen-
tal improvements of current proteomic technologies, and this
may be largely true for unicellular organisms. But multicellular
organisms contain levels of organization, such as the arrange-
ment of cells in tissues, and carry out processes, such as memory
and immunity, for which there are no counterparts in yeast or
other unicellular organisms. The transition from the application
of proteomic strategies in unicellular organisms to their applica-
tion in higher eukaryotes is therefore much more complex than
one could estimate from a simple comparison of the numbers of
genes in the respective genomes.

Some of these complexities, in particular the organization of
cells into tissues and to some extent the topology of the proteins
contained in them, are being investigated by an innovative
emerging technique called imaging mass spectrometry189,190.
Although at present this technique does not afford the sensitivity
and resolution to study biological processes, it is immediately
useful for generating diagnostic patterns. Despite these advances
and substantial increases in the sensitivity, resolution and mass
accuracy of new types of mass spectrometer such as linear ion
traps191, MALDI-TOF-TOF192 and FT-ICR-MS79,193, proteomic-
s especially when applied to higher eukaryotic species will
remain limited by technology for the foreseeable future.

We see four main challenges to be addressed in order for pro-
teomics to have a substantial impact on eukaryotic biology within
the systems biology model. The first challenge is the enormous
complexity of the proteome. For some proteins, in excess of 1,000
variants (splice and translation isoforms, differentially modified
and processed species) have been described194. The detection, and
particularly the molecular analysis of this complexity, remains an
unmatched task. The second challenge is the need for a general
technology for the targeted manipulation of gene expression in
eukaryotic cells. An approach that has proved successful for the sys-
tematic analysis of biological systems relies on iterative cycles of tar-
geted perturbations of the system under study and the systematic
analysis of the consequences of each perturbation100. Although
recent advances in using RNA interference in higher eukaryotic
cells open up exciting possibilities, the general targeted manipula-
tion of biological systems in these species remains unsolved. The
third challenge is the limited throughput of today’s proteomic plat-
forms: iterative, systematic measurements on differentially per-
turbed systems demand a sample throughput that is not matched
by current proteomic platforms. The fourth challenge is the lack of
a general technique for the absolute quantification of proteins. The
ability to quantify proteins absolutely, thereby eliminating the need
for a reference sample, would have far-reaching implications for
proteomics from the determination of the stoichiometry of pro-
tein complexes to the design of clinical studies aimed at discovering
diagnostic markers.

Fortunately, proteomics will have an impact on clinical and
biological research well before these challenges are met. We
expect that precise clinical diagnosis based on highly discrimi-
nating patterns of proteins in easily accessible samples, particu-
larly body fluids, may be the area in which proteomics will make
its first significant contribution195,196. In the short term, pro-
teomics also can be expected to provide partial data sets of suffi-
cient quality, density and information content to provide the
basis for generating sophisticated mathematical models of bio-
logical processes that will be able to simulate system properties
such as adaptation or robustness197,198, which may not be appar-
ent from the analysis of isolated elements of a system.

In its first decade, the field of proteomics has grown rapidly to
encompass numerous advanced technologies that strive to pro-
vide the molecular data necessary for a comprehensive under-
standing of biological processes. Although much ground has
been covered, continued advances in methods, instrumentation
and computational analysis will be needed to get closer to the
workings of biology through the analysis of these systems.
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