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Proteomic analysis
Michael J Dutt and Kelvin H Lee

The field of proteomics is becoming increasingly important as
genome sequences are being completed and annotated.
Recent advances in proteomics include experimental and
mathematical proofs of the need to complement microarray
analysis with protein analysis, improved sensitivity for mass
spectrometric analysis of separated proteins, better informatic
tools for gel analysis and protein spot annotation, first steps
towards automated experimental procedures, and new
technology for quantitation of protein changes.
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Abbreviations

2DE two-dimensional protein electrophoresis
ESI electrospray ionization

IPG immobilized pH gradient

MALDI matrix-assisted laser desorption ionization
MS mass spectrometry

PTM post-translational modification
SDS-PAGE sodium dodecyl sulfate polyacrylamide gel

electrophoresis

Introduction

Nucleic acid-based analysis of biological systems
(e.g. DNA sequence information or mRNA expression
microarrays) can begin to provide data on the nature of
individual genes and on the coordinate regulation among
many genes. Experimental evidence, however, clearly
shows a disparity between the relative expression levels of
mRNA and their corresponding proteins [1°°,2].
Furthermore, it has recently been proven mathematically
that expression information from both mRNA and pro-
teins is required to understand a gene network [3°°]. The
need and desire to understand total protein expression is
motivating the field of ‘Proteomics’. The importance of
protein-based analysis is its ability to study post-transcrip-
tional control as well as post-translational modifications
(P'TMs) of proteins. Proteome analysis, which currently,
but not exclusively, relies on the microchemical character-
ization of peptides separated by two-dimensional protein
electrophoresis (2DE), can monitor synthesis rates,
expression levels and P'T'Ms of proteins. The field of pro-
teome analysis has also largely been driven by
technological developments. As with genomic information
or data derived from microarray analysis, an informatic
framework is required to organize proteomic data. A fur-
ther informatic challenge is to establish effective
connections between protein level and nucleic-acid level
information about genes and gene networks.

Because of space limitations in this review, we focus only
on technological developments in the areas of proteomics.
In particular, we consider proteomics based on the elec-
trophoretic  separation of proteins followed by
microchemical identification of resolved peptides and dis-
cuss recent technological advances. This subset area of
proteomics has enjoyed some recent technological devel-
opments in the past 12-24 months, some of which are
highlighted in this article and placed in the context of ear-
lier work. We also cite key examples of the application of
this technology by the biotechnology community.

Technology

Although the term ‘proteomics’ was first formalized in 1996
[4], the primary experimental tool to monitor genome-wide
protein expression, 2DE, has been available since 1975 [5].
2DE separates proteins first by charge using isoelectric
focusing and second by size using sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE). An exam-
ple of a 2DE image is given in Figure 1.

A key feature of 2DE-based analysis of protein mixtures
is the ability to perform analyses at both an analytical
scale as well as at a micropreparative scale without major
modification of protocols, procedures, or equipment.
Microgram quantities of protein can be studied in an ini-
tial experiment to identify proteins whose expression or
P'T'Ms change in an interesting manner. At this scale, the
resolution of up to 11,200 proteins from a single mixture
has been possible (J Klose, personal communication).
Subsequently, the same sample can be applied in mil-
ligram quantities to purify individual peptides for further
analysis by amino acid analysis, mass spectrometry,
amino-terminal or internal amino acid sequencing, and
other techniques [6]. The advent of immobilized pH gra-
dient (IPG) strips has been particularly important in this
regard [7]. IPG strips increase the reproducibility of iso-
electric focusing by using pH gradients covalently grafted
to the polyacrylamide-supporting matrix (which nearly
eliminates pH drift) and facilitate the resolution of mix-
tures of milligram quantities of protein. An added benefit
of IPG strips is the ability to tune the pH separation to
any desired range.

Other important technological advances in 2DE include
the development of sensitive protein stains, including the
ammoniacal silver stain [8], which permit detection of pro-
teins at or below nanogram quantities, and the use of in-gel
sample application to IPG gradient gel strips [9]. In-gel
sample loading, in contrast to loading at either the anodic
or cathodic ends of the gel, permits the application of
greater volumes and quantities of protein as well as reduc-
ing the observed focusing problems associated with
protein precipitation.



Analytical 2DE has limited applicability because the result-
ing data (expression patterns of protein separated by charge
and size) makes no connection to the actual identity of the
protein in terms of the originating gene or genes. Indeed,
the inability to more fully characterize the changes of inter-
est is the probable reason why the original technique did not
become more ubiquitous. Simple extensions to the tech-
nique, such as Western blotting and lectin affinity blotting
[10,11], have provided only modest increases in information
about proteins — such techniques are typically used to con-
firm a suspected identity. The demonstration by Aebersold
et al. [12] that amino-terminal and internal protein sequence
information could be obtained from 2DE-separated proteins
blotted onto membranes was seminal. Direct amino acid
sequencing provided an important connection between pro-
teomic and genomic information — yielding a genetic basis
for as yet uncharacterized proteins; however, equipment and
reagent costs, as well as the limited sensitivity associated
with direct sequencing, have been restrictive. More recent-
ly, peptides (digested proteins obtained from 2DE gels or
blots) are characterized by mass spectrometry (MS) [13].
The two common ionization techniques for proteins are
electrospray (or nanospray for smaller quantities) ionization
(ESI) and matrix-assisted laser desorption ionization
(MALDI). These techniques are coupled to different mass
analyzers, all of which possess certain advantages and disad-
vantages. In general, MALDI-time-of-flight MS is more
effective for the analysis of higher molecular weight pro-
teins, whereas ESI-ion trap MS offers better sensitivity of
detection, down to the femtomole level. For a more detailed
review of ESI and MALDI techniques, the reader is
referred to a review of the technologies [14]. A key feature
of MS analysis of gel-separated proteins and peptides is the
ability to generate different types of structural information
about a particular peptide of interest. For example, the mass
spectrometer can directly provide information on the mass
of a particular peptide and can also be used to generate e
novo amino acid sequence information from tandem mass
spectra obtained either by postsource decay or collision-
induced dissociation (as described in [15°,16]). Further, the
mass spectrometer can provide data on glycosylation pat-
terns, phosphorylation and other PTMs by measuring mass
shifts of peptide fragments. This flexibility, as well as the
ability to study other non-protein small molecules, has moti-
vated the current interest in mass spectrometry. Next we
consider some of the recent developments in MS technolo-
gy that apply specifically to proteomic analysis.

Recently, tandem MS has been used to identify proteins in
macromolecular complexes [17°]. This process uses two-
dimensional chromatographic separations, peptide
fragmentation, and then compares amino acid sequences
to genomic sequences. This is a rapid method for protein
identification that relies on the accuracy and predictive
power of whole-genome sequences. Moreover, another
form of tandem mass spectrometry seeks to replace the
need for SDS-PAGE [18]. This approach offers sub-pico-
mole sensitivity (0.3-3 pmol), mass measurement accuracy
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Escherichia coli JM105 constitutively expressing green fluorescent
protein was separated by two-dimensional protein electrophoresis and
stained with ammoniacal silver. The pH gradient (horizontal direction)
runs from pH 4-7 and the SDS-PAGE separation (vertical direction)
was performed in a 9—-17% T gradient gel. More than 2000 protein
species are visible by this technique.

to +/-0.05%, and reduced sample-handling losses; howev-
er, it is limited in its ability to quantitate proteins.

Informatics

Proteomic analysis requires informatic tools at many levels.
First, there is a desire to develop online databases of pro-
tein expression profiles. Such databases should be
seamlessly linked to and integrated with databases of
nucleic acid sequence and expressed sequence tags. An
excellent resource for Internet-accessible proteome data-
bases is the Expert Protein Analysis System (ExPASy),
now available online at http://www.expasy.ch/ [19°°].
Furthermore, there is the desire to develop software pack-
ages that can take multiple protein expression profiles and
automatically identify quantitative changes of interest.
Some pattern recognition software is commercially avail-
able from numerous vendors and one example is Melanie 3
(Swiss Institute for Bioinformatics) [20]. Key features of
Melanie 3 include the ability to perform multivariate sta-
tistics on datasets, make comparisons with online
databases and interface with MS spectrum.

There is currently a critical need to develop additional soft-
ware tools that can combine biochemical data about an
unidentified peptide from different experiments (e.g. iso-
electric point, molecular weight and tandem mass spectra)
and search protein sequence, nucleic acid sequence and
expressed sequence tag databases to identify the most prob-
able genetic basis.
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A suite of proteomic tools [21,22] is now available at the
ExPASy website [19°°]. The Swiss Institute for
Bioinformatics maintains this database and has released an
excellent summary of the protein sequence data bank [23].

Applications

Differential proteome analysis compares the expression pro-
file of 2DE-separated proteins from an arbitrary reference
state of a cell, tissue, or organism, to the profile of a non-stan-
dard condition, such as a diseased state or after the addition
of a toxin to the system. The differences in the two pro-
teomes give an indication of the response mechanisms of
that system to perturbations. There is an increasing variety of
applications of differential protcome analysis to interesting
problems. For example, exposure of rat kidneys to lead has
been shown to alter the quantity of 76 proteins in the cortex
and 13 in the medulla [24]. This work highlights the appli-
cation of proteomics in identifying markers for toxicological
studies. The phosphorylation state of membrane receptors
after stimulation with platelet-derived growth factor [25] and
the influence of temperature on Chinese hamster ovary
(CHO) cell productivity [26°°] are two examples that make
use of the ability of proteome analysis to highlight PTMs to
proteins in response to environmental perturbations. The
low temperature CHO cell experiment is particularly note-
worthy because it provides the first evidence that the cold
response of mammalian cells includes changes in P'T'Ms,
specifically the phosphorylation of tyrosine residues of two
proteins. Differential proteome analysis can also help identi-
fy post-transcriptional/pre-translational levels of control. By
measuring the level of translationally controlled tumor pro-
tein and the abundance of its mRNA, it was shown that
calcium levels in Cos-7 cells regulate protein expression at
the level of transcription and at a post-transcriptional step
[27]. Proteomic analysis has yielded clues to Sa/monella
nphimurium pathogenicity based on the analysis of a key reg-
ulon and its proteins [28]. The differential study of
Sinorhizobium melilori during early and late exponential
growth phase has identified a set of novel proteins associated
with growth control [29].

Future prospects

One goal in proteomics is the rapid and quantitative charac-
terization of proteins. New developments in the use of mass
spectrometry with isotope labeling hold much promise.
Isotopic metabolic labeling with 15N can help identify and
quantify proteins, including their modifications, from a puri-
fied subpopulation of proteins [30]. The technique is
applicable to a variety of mass analyzers and ionization tech-
niques. This approach has difficulty, however, measuring
low-abundance proteins because of the sample loading limi-
tations of analytical 2DE. Another approach that does not
have the same limitations has recently been developed
[31°°]. This new approach is not limited to cells compatible
with metabolic labeling, making it broadly applicable to
almost any cell or tissue type. The sidechains of cysteinyl
residues in a reduced protein sample are derivatized with
either an isotopically light (cell-state one) or heavy (cell-state

two) form of a chemical reagent. The cells are combined,
enzymatically cleaved, separated by affinity chromatography,
and finally separated by tandem mass spectrometry.
Operation of an LCQ™ ion trap mass spectrometer
(Finnigan MAT; San Jose, CA) in dual mode allows both the
quantity and sequence identity of the peptides from the dif-
ferent cell states to be determined because of their
differential tags. This method is analogous to the combina-
tion of mRNA species from two differing cell states analyzed
on DNA microarrays. This new protein approach should pro-
vide a widely applicable method for quantitatively
comparing protein mixtures from cells and tissues. Still, there
is a major limitation in the study of low abundance proteins
because of the lack of an amplification strategy analogous to
polymerase chain reaction for nucleic acids.

A particularly exciting development is the Molecular
Scanner developed by Denis Hochstrasser and co-workers
[32]. This new technology takes 2DE gels and combines
protease digestion and electroblotting to a membrane in a
single step, followed by the generation of MS fingerprints
(by MALDI-MS) of individual regions of the electroblotted
‘gel’. This approach theoretically permits the full character-
ization of all proteins on a gel. For a further discussion on the
promise of automation in proteomics, the reader is referred
to articles from the Australian Proteome Analysis Facility
[33] and The Swiss Federal Institute of Technology [34].

Conclusions

Information about gene expression at the protein level is
providing critical data on the genotype—phenotype rela-
tionship in a variety of settings. Such data is critical in
understanding this nonlinear relationship and is neces-
sary for metabolic and cellular engineering efforts. The
past 12-24 months have seen several key advances in the
characterization and quantitation of protein mixtures,
however, there is much left to do. Given the need to
study mRNA and protein expression profiles in parallel
and the current focus on new technology for nucleic acid
analysis; one might expect that the development of
improved technology for proteome analysis will become
increasingly important.
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