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T
he advent of the Human Genome Project has
spawned a new industry – genomics – with nu-
merous companies hoping to capitalize on the
promise of this available information for drug dis-

covery. With less of a fanfare, an alternative and comple-
mentary approach to gene expression analysis – pro-
teomics – has emerged in the past few years. Based on the
recently coined term, proteome1, which was defined as the
entire protein complement expressed by a genome or by a
cell or tissue type, the aim of proteomics is to profile the
proteins from a cellular or tissue source. As with genomics,
when this is performed in a comparative manner between
diseased and healthy samples, the hope is that new drugs
or drug targets will be identified.

Value of proteomics

This new field of proteomics has seen a rapid increase in
interest and investment by companies ranging from large
pharmaceutical companies to specialized start-up compa-
nies. The basis for this interest stems from (1) the belief
that gene-based expression analysis alone will not be com-
prehensive and, in certain cases, will be totally inadequate

for drug discovery, and (2) the compelling observation that
most disease processes and disease treatments are manifest
at the protein level. To be convinced of this latter point,
one only needs to look at the list of top-selling pharma-
ceuticals and confirm that their mechanisms of action are
mediated through proteins.

Genomics was enthusiastically embraced because of the
sensitivity and high-throughput nature of the technology
and the availability of multiple methods for expression
analysis, such as serial analysis of gene expression
(SAGE)2, differential display3, oligonucleotide array tech-
nology4 and cDNA microarrays5. Also critical to genomics
is the widespread belief that protein expression can be in-
ferred through the presence of its mRNA. However, a re-
cent study by Anderson and Seilhamer6 offers evidence
that there is not necessarily a tight correlation between
transcript and protein levels. Therefore, the expression of
a gene has no definitive relationship to the ultimate ex-
pression or abundance of its protein product, emphasizing
the need to also profile protein expression in order to un-
derstand disease at the molecular level. This lack of corre-
lation can be attributed to:

• Temporal differences between gene expression and ac-
tual protein expression

• Spatial differences between the site of gene expression
and where protein products act

• Differential stability and turnover of mRNA versus pro-
tein product

• Post-transcriptional splicing of the mRNA to yield vari-
ous protein products

Of equal importance is the total inability of nucleic acid
sequence and expression to be used for the determination
of post-translational modifications (PTM), such as post-
translational processing, phosphorylation and glycosyl-
ation. As an example, signal transduction involves com-
plex protein cascades with phosphorylation a crucial
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component of the process. As cells use this mechanism for
immediate responses to external stimuli, no involvement
of gene expression is necessary. These PTMs play impor-
tant roles in the structure, activity and compartmentaliza-
tion of proteins, and have been shown to be involved in
disease states. Only a protein-based approach will be able
to detect these changes.

The ability to study protein relationships directly is an-
other unique advantage of proteomics. This ability will
carry more significance in the future, as only 2% of dis-
eases are believed to be monogenic7. The challenge now
is to understand how the networks of proteins are related
and lead to the other 98% of diseases. Proteomics is ideally
suited for this purpose because it looks directly at the pro-
tein level and also detects PTMs, which undoubtedly play
a role in protein–protein interactions.

A specific subset of proteomics, which deals with pro-
tein–protein interactions, is protein complex identification.
Examples of this include:

• Isolation and identification of heterodimers that cannot
be easily inferred from transcript information

• Identification of ligand–receptor interaction or
protein–protein binding through the use of Biacore
technology

• Identification of components of protein complexes such
as the spliceosome and ribosome

Basic technology

Currently, the prevailing operational definition for pro-
teomics is the combined use of mass spectrometry (MS)
with two-dimensional polyacrylamide gel electrophoresis
(2D-PAGE) analysis to study gene expression at the protein
level. At this time, 2D-PAGE is still the most comprehen-
sive, quantitative, high-resolution method for displaying
proteins, while MS is the most sensitive method available
to identify proteins.

2D-PAGE technology has improved dramatically over the
past five years. Since the introduction by Pharmacia
Biotech (Uppsala, Sweden) of Immobiline focusing strips,
in which the pH gradient is covalently linked to the gel, 2D
gels have been shown to be extremely reproducible. 2D
gels are capable of resolving thousands of proteins (includ-
ing isoforms and post-translationally modified proteins)
and, when stained with silver or fluorescent dyes, provide a
sensitive method for quantitating protein expression.
Sample loading advances8,9 and larger gel formats9 have in-
creased protein capacity to milligram levels, and improved
sample extraction techniques10,11 are increasing the repre-
sentation of total cellular protein loaded onto the gel.

Recent improvements in sample handling and instrumen-
tation by Amersham Pharmacia Biotech (Uppsala, Sweden)
now allow for more simplified sample loading and 
focusing.

MS has also been advancing at a rapid pace to position
itself as the fundamental tool for high-throughput, high-
sensitivity protein sequence analysis. Matrix-assisted laser
desorption ionization time of flight (MALDI-TOF) mass
spectrometry has been adapted for high-throughput pep-
tide mass fingerprinting for protein identification12–16. This
technique is ideal as an initial screen of 2D gel spots to
identify known proteins from the ever-expanding data-
bases. More definitive identifications based on peptide se-
quence or identification of protein modifications can be
achieved with tandem mass spectrometry (MS/MS)17. Triple
quadrupole or ion trap mass spectrometers have been
used for generating fragmentation data of peptides for
database searches or sequence analysis18–20. The modifi-
cation of the electrospray ion source to a micro- or
nanospray configuration has increased the sensitivity by at
least an order of magnitude21,22. Consistent, successful
identification of faint silver-stained 2D gel spots at low
femtomole levels is now attainable.

As is the case with genomics, the availability of an in-
creasingly comprehensive database has been a boon to pro-
teomics. The improvements in accuracy and resolution of
mass spectrometers have also helped to fuel the rapid rise
of proteomics. A major component in the growth of pro-
teomics not to be overlooked has been the development of
database searching software (reviewed in Refs 23,24). These
algorithms are capable of using various types of MS data to
interrogate databases and yield the critical identifications of
2D gel spots in a high-throughput, automated manner.

Figure 1 provides a generalized overview of the sequence
of steps involved in a typical proteomics procedure.

Applications of proteomics technology

Proteomics has unique and significant advantages as an
important complement to a genomics approach, and appli-
cations for this technology are readily apparent.

Target/marker identification
This application of proteomics provides a protein profile
of a cell or tissue that can be used to compare a healthy
with a diseased state for protein differences in the search
for drugs or drug targets. This is the most popularized of
the applications for proteomics; it has the added unique
advantage that bodily fluids can be used for profiling.

Identification of diagnostic markers for disease states such
as cancer by a differential proteome profiling of diseased
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and normal tissue is a subset of target identification. An
example of the successful use of this technology for
marker identification comes from the research of Julio
Celis of the Danish Centre for Human Genome Research
(Aarhus, Denmark). His laboratory has identified a bio-
marker, psoriasin, from the urine of patients with squa-
mous cell carcinoma (SCC) of the bladder25. This protein is
normally not found in cells of the urinary tract but has
now been confirmed by immunohistochemical analysis to
be detectable in some cells of bladder SCC.

Target validation/toxicology
Proteomics has an application as an assay for the potential
utility of drug candidates. This can be achieved by a com-
parative analysis of reference protein profiles from normal
or disease states with profiles after drug treatment.
Proteomics technology could also be integrated with com-
binatorial chemistry to evaluate comparative structure–
activity relationships of drug analogs. These applications
could accelerate identification and optimization of lead

candidates for clinical development. Large Scale Biology
(Rockville, MD, USA) has an active program to study the
effects of drugs on protein expression. The 2D gel data
have shown a correlation between protein changes and
the mechanism of action of the drugs. As an example, 
lovastatin – a cholesterol lowering agent – was shown 
to affect proteins involved with cholesterol metabolism26.

A variant of target validation is the use of proteomics to
study the toxicity of drugs. A comparison of the protein
profiles from normal tissue or tissue treated with the
known toxic agent might give an indication of the drug’s
toxic activity. An excellent example of the use of pro-
teomics for toxicology was the study of the toxic activity of
cyclosporine A (CsA) in kidney by Sandra Steiner (Novartis,
Basel, Switzerland)27. 2D gel profiles of rat kidney proteins
with or without treatment with CsA were compared. One of
the downregulated protein spots with CsA treatment was
identified as calbindin. This protein is found in the tubules
of kidney and is involved in calcium binding and transport.
There is now good evidence that the toxic effect of CsA
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Figure 1. Generic proteomics scheme. The number of two-dimensional (2D) gels that can be managed will
determine the extent of fractionation at each step. The rapid generation of multiple 2D gels, as a result of added
enrichment steps and associated fractionation, highlights the need for high-throughput automation of all aspects of
gel spot difference analysis (i.e. gel handling, staining, excision, digestion and MS analysis).
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with respect to intratubular calcification is linked to the de-
crease of calbindin. This is a clear case of where 2D-gel
analysis of kidney tissue gave new insights into the side ef-
fects of CsA. As with target validation, a database of the
protein profiles after treatment with known toxic agents
can be used as a reference for comparative purposes when
investigating the side effects of new drugs.

Protein–protein interactions
This use of proteomics was discussed earlier. There is no
substitute for dealing directly with proteins when studying
their interactions and complexes. The multiple compo-
nents of spliceosomes and anaphase-promoting complexes
have been identified through the use of the latest pro-
teomics technology28,29. The combination of high-sensitiv-
ity Biacore affinity purification and MS analysis has been
shown to be an ideal combination for identification of spe-
cific protein–protein interactions at nanogram levels30,31.
The identification of the heterodimeric subunits of bone
morphogenetic proteins (BMP) can be accomplished more
directly with a proteomics approach (Ref. 32; J. Wang and
coworkers, unpublished).

Alternative proteomics approaches

Even with the recent improvements in 2D gel and MS tech-
nology, proteomics is still viewed as a difficult technology
relative to genomics because of the complexity of the pro-
teome, the lack of a high-throughput scheme for amplify-
ing and detecting low abundance proteins and the relative
differences in protein solubility. Not surprisingly, alterna-
tives to this technology (particularly to replace the use of
2D gels) are being explored in the hope of making the
protein approach more competitive with genomics.

One approach that omits 2D gels is the use of multidi-
mensional chromatography to partially resolve mixtures of
proteins or their peptide digest products33–35. The resolving
power of the mass spectrometer can be used to identify
the components of the simplified mixture. This technique
has been used on fully sequenced and less complex sys-
tems such as bacteria and yeast. Potentially, this approach
avoids losses associated with 2D-gel technology but loses
the quantitative information gained from 2D-gel imaging.

A popular alternative for the screening and identification
of proteins has always been the use of antibodies.
Cambridge Antibody Technology (Melbourn, UK) has gen-
erated an extensive library of antibodies with their phage
antibody display system36. This library can then be probed
with a peptide or protein of interest to isolate the specific
antibody to be used for screening purposes. The goal with
this technology is to construct a database of protein ex-

pression information for the ligands of interest, based on
the antibodies from the library. The applications described
earlier will be relevant to this approach as well.

The yeast two-hybrid system is another alternative 
to studying protein expression with emphasis on pro-
tein–protein interactions. From the initial observation that
an interaction of two proteins, each fused to a separate do-
main of a transcription factor, allows for the transcription
of a reporter gene37, this technology has expanded with
the development of new variations and applications38–40.
The two-hybrid system is taking a proteomic view towards
expression analysis, but uses a genomic approach. The
high-throughput screening of genomic libraries to study
protein–protein interactions is an advantage, but the lack
of direct analysis of protein interactions is evident from the
false positives observed with this technology. Because of
the high-throughput nature of this screen, the potential for
constructing linkage maps of protein networks41, and the
impact this information would have for drug targets and
targeting, this technology must be considered a viable 
alternative for studying protein–protein interactions.

Another alternative approach to 2D gels would be a pro-
tein version of the DNA chip technology. This lofty goal is
far from being realized because of the challenges associ-
ated with the obvious differences between nucleic acids
and proteins. Ciphergen Biosystems (Palo Alto, CA, USA)
has made some early strides in this area with their surface-
enhanced laser desorption/ionization (SELDI)42 and
ProteinChip technology. These chips have addressable
sites for affinity binding of proteins from crude samples
and subsequent detection of bound protein by MS.

The future of proteomics

There is a growing realization of the importance of pro-
teomics in the life sciences industry. This is evident by the
increasing investment in this area by pharmaceutical and
genomics companies and the proliferation of numerous
companies dedicated to proteomics or to hardware and soft-
ware support of proteomics technologies. This increased 
attention and investment should fuel the continued rapid
advance of proteomics technology. Some of the advances,
which can be anticipated or are being realized already, are
in the areas of sample handling, automation for high-
throughput analysis, miniaturization43,44, mass spectrometer
development and bioinformatics. Improvements in sample
solubilization, subcellular fractionation, protein detection
and the commercialization of narrower range pH gradients
should improve the sensitivity, resolution and represen-
tation of proteins using 2D gels45. MS technology has been
continually improving in sensitivity and ease of use. It is 
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anticipated that the next generation of this technology will
see another order of magnitude increase in sensitivity.
Attempts have been made to directly integrate the resolution
of polyacrylamide gels with the sensitivity of MS by analyz-
ing proteins or their in situ digested peptides directly from
gels or blots by MALDI-MS (Refs 46,47). The development of
this technique vastly increases the potential for automation
and high-throughput protein identification from gels while
minimizing gel processing by having a direct interface be-
tween gels and mass spectrometer. As this new technique is
being developed, several laboratories around the world have
built high-throughput 2D-gel analysis platforms that integrate
imaging of 2D gel spots with their excision, in-gel digestion
and analysis by MS. Continued improvements in automating
all aspects of this process, particularly for dealing with multi-
ple gels in parallel, will be necessary if the goal is for pro-
teomics to be considered high-throughput. 2D gel elec-
trophoresis, staining and image analysis are just some of the
steps that remain to be fully automated before this process
can be truly called high-throughput. Finally, bioinformatics
will also need to keep pace with these other improvements.
The next generation of software for data collection, filtering,
analysis, management and database searching will have to
be developed. All the 2D gel images, mass spectra and se-
quence data will require archiving into a relational database
so it can ultimately be integrated with genomic data and data
from other sources available over the World Wide Web.

An objective evaluation will lead to the conclusion that
proteomics is a necessary component to any complete func-
tional genomics program. The advantages and importance
of directly analyzing proteins make a strong argument for
the value of proteomics. The shortcomings of throughput
and sensitivity (e.g. the lack of a protein equivalent for the
polymerase chain reaction) highlight the need for improved
automation, enrichment and detection methods. Otherwise,
proteomics will continue to be viewed as technically de-
manding and able to detect only abundant proteins. These
challenges will undoubtedly be attacked and overcome with
the increased awareness of the importance of proteomics.
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