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The rapid evolution of proteomics has continued during the
past year, with a series of innovations in the core technologies
of two-dimensional electrophoresis and mass spectrometry,
and a diversity of productive research programmes. Well-
annotated proteomics databases are now emerging in a
number of fields to provide a platform for systematic research,
with particularly promising progress in clinical applications such
as cardiology and oncology. Large-scale quantitative research,
comparable in power and sensitivity to that achieved for gene
expression, is thus becoming a reality at the protein level.
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Abbreviations
2DE two-dimensional electrophoresis
MS mass spectrometry

Introduction
If the 1990s were the decade of genomics, the first ten
years of the new century are set to become the decade of
proteomics. For the first time, the technologies of pro-
teomics make it possible to generate quantitative protein
expression data on a scale and sensitivity comparable to
that achieved at the genetic level. This advance has major
implications for our understanding of cellular organisation
in health and disease, and for pharmaceutical and agricul-
tural biotechnology. Indeed, proteomics is already yielding
important findings across a wide range of applications.
This article reviews new concepts, innovative technologies
and biological applications in proteome research.

Concepts: structural versus quantitative
regulation proteomics 
The ultimate objectives of proteomics go beyond the sim-
ple cataloguing of the proteins that cells express in health
and disease states. The eventual goal is to elucidate the
organisation and dynamics of the metabolic, signalling and
regulatory networks through which the life of the cell is
transacted. Moreover, proteomics seeks to understand how
these networks become dysfunctional in disease, and to
predict how their function can be manipulated through
interventions such as drugs and genetic manipulations. 

These are ambitious goals that will require technologies of
increased sensitivity and new concepts before they can be
fully realised, but the task of mapping regulatory networks
and diagnosing cell states is progressing. In microbes,
VanBogelen et al. [1] from Parke-Davis/University of
Michigan have identified proteomic signatures of specific

cellular states, such as secretory dysfunction and the use of
specific phosphorus sources, and are currently combining
genomic and proteomic approaches in an attempt to map
full regulatory networks [2•].

Most proteomics research, however, is directed towards the
more proximal goal of investigating protein expression and
function under specified physiological conditions. Here, two
contrasting but complementary strategies have emerged. On
the one hand, ‘expression’ or ‘quantitative regulation’ pro-
teomics monitors the expression of large numbers of proteins
within a cell or tissue and observes quantitatively how the
pattern of expression changes under different circumstances,
such as in the presence of a drug or in diseased tissue [3].
This makes it possible to identify disease-specific proteins,
drug targets and markers of drug efficacy and toxicity, and
also to make deductions about regulatory networks by iden-
tifying proteins that undergo co-ordinated changes of
expression. This is currently the most widely used and pro-
ductive model of proteomics, and at present is largely
dependent on two-dimensional electrophoresis (2DE).

The second strategy has been referred to as ‘cell map’ or
‘structural’ proteomics [4]. Here, the immediate goal is to
identify the structure of proteins and in particular to iden-
tify proteins that interact with and form complexes with
other proteins. By documenting the physical interactions
of proteins, this strategy is likely to prove highly effective
for the detailed study of particular pathways, although
without the breadth of focus of quantitative regulation pro-
teomics. Although the two-hybrid and related assays
(reviewed in [5]) are important in identifying specific pro-
tein–protein interactions, the most important technology
for structural proteomics is mass spectrometry (MS).

Technologies: innovations in 2DE and MS
The distinction between quantitative regulation and struc-
tural proteomics is useful but it should be emphasised that
most proteomics projects combine elements of both
approaches and rely on both 2DE and MS. Both these core
technologies have seen significant advances during the past
year. There has been gradual progress on the vexed prob-
lem of isolating highly hydrophobic membrane proteins
using 2DE through the continued development of sample
preparation protocols based on zwitterionic detergents [6]
and organic solvents [7], but this remains an important and
unsolved problem. The challenge of obtaining samples of
just a single cell type from a tissue has been successfully
addressed using a laser capture microdissection system, in
which a tissue sample is attached to a film and specific cells
of interest detached using a laser beam [8].

The use of MS in proteomics continues to grow in power
and versatility with a number of notable recent innovations.
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A number of groups have introduced novel protein-tagging
methodologies that improve the power and sensitivity of
MS [9,10•]. Aebersold and co-workers [10•] have, for exam-
ple, developed a method for labelling peptides with
isotope-coded affinity tags (ICATs), which do not only sup-
port enhanced analysis of complex peptide mixtures but
also allow accurate quantification of differences in the level
of expression of proteins, a capability that MS-based pro-
teomics did not previously have. The coupling of MS with
a software tool, FindMod, has increased the power of this
approach to identify post-translational modifications [11•].
Techniques for the characterisation of protein complexes
have also been introduced, including a system based on liq-
uid chromatography/tandem MS [12] and the development
of a novel tandem affinity purification (TAP) tag for the
rapid purification of complexes from cell samples [13].
Other developments in sampling protocols have recently
allowed direct analysis by MS of the peptides from single
secretory vesicles and it is anticipated that other organelles
will be amenable to analysis by the same technique [14].

It is of course through the integration of 2DE- and MS-
based approaches that proteomics achieves its greatest
power. A representative example of the degree of integra-
tion now possible is the system developed by
Hochstrasser’s group [15•] in which whole 2DE gels are
subject to in situ digests, electrotransferred onto mem-
branes and directly scanned by MS, leading to the
automated generation of an annotated (i.e. the proteins are
characterised and identified) 2D map. Developments of
this kind, which are also being pioneered within specialist
proteomics companies, are now enabling proteomics to be
conducted on a scale commensurate with the complexity
of its subject matter.

Proteome databases 
The proteome database, consisting of annotated 2DE data
obtained under different cellular conditions, is the basic plat-
form from which proteome research addresses specific
biological and pharmaceutical questions. It is notable, how-
ever, that to date relatively few large-scale databases have
emerged into the public domain. The Yeast Protein Database
(YPD; http://www.proteome.com/databases/index.html) is
one of the best and longest-established large-scale data-
bases and its curators, Proteome Inc. (Beverly, MA), are
now constructing WormPD [16], a proteome database for
the nematode worm Caenorhabditis elegans, for which the
complete genome was recently sequenced. One of the
most important database developments during the past
year was the construction by Hoffmann-La Roche of a
Haemophilus influenzae database, consisting of over 1000
individual 2DE map protein spots from which more than
500 individual proteins have been identified to date [17••].
Klose and co-workers [18] have also recently reported their
ongoing programme to develop a database for the mouse
proteome, with an initial focus on brain proteins. In
humans, the databases on bladder cancer constructed by
Celis et al. [19] continue to be among the largest and 

best-annotated currently available, although the next few
years are certain to see a major drive to generate major pro-
teome databases for a wide variety of human tissues. The
number of smaller proteome databases designed to address
specific biological questions in humans and other organ-
isms is now very large and beyond the scope of this review
to address. The Expasy website (http://www.expasy.ch),
home to the major SWISS-2D PAGE proteomics database
and other resources, contains numerous links and remains
the best platform from which to explore the world of pub-
lic proteomics databases.

Basic biology
The number of proteomics projects addressing basic bio-
logical questions is now very large and continues to grow.
In part, this reflects the broadening usage of the term ‘pro-
teomics’ to embrace not only large-scale biotechnological
research but also any project in which proteins are system-
atically studied by 2DE, MS or other techniques. 

One of the most significant themes for general biology to
emerge out of proteomics has been a deepening insight
into the nature of the relationship between genes and pro-
teins. In the mouse proteome project of Klose and
co-workers described above [18], hundreds of mouse genes
were mapped to chromosomal locations on the basis of pro-
tein polymorphisms. It emerged from these studies that
many protein modifications are related to specific genes,
such that a protein should be considered as the phenotype
not of one but of many genes [20••]. Equally, a single
genetic mutation may affect many proteins. Ultimately,
studies of this kind will lead to a more sophisticated under-
standing of the relationship between genes and cell
function in health and disease.

The combination of immunoaffinity techniques with
2DE and subsequent MS continues to be a major work-
horse for studies of specific subsets of a cell’s proteome.
Numerous studies of basic cellular mechanisms are in
progress using this approach. For example, immunoblot-
ting using antiphosphotyrosine and antiphosphoserine
antibodies was used to extract over 500 phosphorylated
proteins from mouse fibroblasts, of which at least 100
were found to undergo alterations in phosphorylation fol-
lowing stimulation with platelet-derived growth factor
(PDGF) [21]. These studies have revealed new putative
signalling pathways downstream of the PDGF β receptor
and are applicable to other signal transduction pathways.
As a second example, immunoprecipitation was used to
extract the chaperonin GroEL from Escherichia coli, in
complex with over 300 newly translated polypeptides,
which were subsequently separated by 2DE [22]. The
technique enabled the function of GroEL in mediating
protein folding to be investigated and is a typical exam-
ple of how proteomics techniques can be used to target
and study a specific subset of cellular components.
Finally in this section, it is worth pointing out that pro-
teomics is a burgeoning field in plant biology and



agricultural biotechnology [23]. Plant proteomics studies
include characterization of individuals or lines, estima-
tion of genetic variability within and between
populations or establishment of genetic distances [23].

Clinical studies
The potential of proteomics, particularly quantitative reg-
ulation proteomics, in the clinical arena seems almost
boundless, as the protein correlates of any given disease
state can now be readily identified, provided sample
preparation is adequate and the problem is studied on an
appropriate scale. There are now numerous examples of
proteomics-based clinical studies with the number of pro-
jects increasing monthly. One interesting set of data to
emerge recently came from the University of Auckland,
New Zealand, where the construction of a proteome map
of the human hippocampus [24] has led to the identifica-
tion of 18 proteins with abnormal expression in
schizophrenics, several of which have been found to map
to the same region of chromosome 6 [25]. The potential
roles of these proteins in the pathogenesis of the disease
are now being investigated.

For several years now, the group of Dunn and colleagues at
Harefield Hospital, UK, have been developing one of the
major clinical applications of proteomics in the study of
heart disease, a programme that has recently been reviewed
[26•]. Once again, this work is built on the solid foundation
of good proteomics databases and recent work includes the
identification of disease-specific proteins for dilated car-
diomyopathy [27,28] and anti-endothelial cell antibodies
that are being investigated as a potential predictive test for
chronic heart transplant rejection [29]. But it is in oncology
that proteomics has found its most widespread clinical
applications to date, principally through the comparison of
normal and tumour tissue using 2DE-based techniques.
The past year has seen the publication of proteomics stud-
ies on a range of tumour types, among which two of the
most notable have been studies of bladder and breast can-
cer. In squamous cell carcinoma of the bladder, Celis et al.
[30•] used their database described above to identify sever-
al disease-specific proteins, which were used to raise
antibodies capable of identifying metaplastic lesions. The
same team has identified psoriacin as a protein marker of
bladder squamous cell carcinoma, which may provide a use-
ful, non-invasive approach to disease monitoring [31•].

During the past few years, several groups have described
proteomics studies of breast cancer. The first stage of the
most recent study reported the separation of over 1700 pro-
tein spots in normal luminal and myoepithelial breast cells,
of which over 170 differed significantly in expression
between the two cell types [32•]. The separation of the
two cell types was an important feature of this study
because ~95% of breast tumours are luminal in origin. The
next stage of this detailed study will determine the pro-
teome of tumour cells and identify differences with the
proteome of healthy luminal cells.

Toxicology
Toxicology is likely to prove one of the most important
applications of proteomics. 2DE is a highly sensitive means
of screening for toxicity and probing toxic mechanisms. By
comparing proteins expressed following treatment with a
given drug with those present under untreated conditions,
it is possible to identify changes in biochemical pathways
via observed alterations in sets of proteins that may be relat-
ed to the drugs efficacy or toxicity. When a large enough
library of proteomic signatures has been compiled for com-
pounds of known toxicity, it will be possible to use it to
assess the toxicity of novel compounds. However, few
large-scale proteomics studies in toxicology have yet
entered the public domain. In one ongoing study, a group at
Imperial College London/SmithKline Beecham recently
reported an ongoing 2DE- and NMR-based study of
glomerular nephrotoxicity in the rat following exposure to
puramycin aminonucleoside [33]. By monitoring the pro-
teins in urine, the study has permitted a more detailed
understanding of the nature and progression of the protein-
uria associated with glomerular nephrotoxicity than has pre-
viously been possible. In a second recent example, a study
of lead toxicity in a rabbit model identified a number of
proteins that change expression following increased lead
exposure, of which several molecules, provisionally identi-
fied as glutathione-S-transferase variants, may be devel-
oped into valuable markers of lead toxicity in humans [34].
Other notable reports to emerge recently in proteomic tox-
icology include an analysis of cyclosporin A toxicity, which
revealed a novel toxic mechanism involving the calcium-
binding protein calbindin-D [35], and the ongoing studies
of liver protein changes following exposure of rodents to
peroxisome proliferators being conducted by Argonne
National Laboratories and Large Scale Proteomics
Corporation [36,37]. However, although numerous other
toxicological studies have used proteomics tools such as
2DE and MS, the potential of proteomics in routine toxi-
cology has yet to be realised.

Conclusions
The past year has seen continued technical advances in
proteomics and the beginning of what is certain to be a
major and sustained influx of data on the organisation
and functions of proteins in living systems. In particular,
there has been important progress in the compilation of
protein expression databases on cell types ranging from
microbes to human cancer, and the identification of a
wide range of cell-state-specific proteins in numerous
organisms. The technologies of 2DE and MS are the dri-
ving force in contemporary proteomics and are likely to
remain so in the immediate future, although in the
longer term new approaches, including antibody-based
techniques and protein chips, may in time challenge
their pre-eminence. Over the next few years, however, it
will be through technologies that exist and are widely
used today that proteomics will help to overcome many
of the most challenging problems in contemporary 
biology and biotechnology.
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