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2D or not 2D

Stephen J Fey* and Peter Mose Larsen

2D gel electrophoresis is the technology that everyone loves to
hate — it requires manual dexterity and precision to reproduce
precisely and is thus not well-suited as a high-throughput
technology. Although almost everyone would like to replace it,
the resolution and sensitivity it offers are exquisite and
unsurpassed if one wants a global view of cellular activity.
There have been several recent developments, for example, the
detection of low abundance proteins, and the resolution
possible with narrow-range IPG gels.
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Abbreviations

2DGE two-dimensional gel electrophoresis

IPG immobilised pH gradient

MALDI-TOF  matrix-assisted laser desorption-ionisation time-of-flight
MS mass spectrometry

Introduction

Two D, or not two D: that is the question:
Whether ‘tis nobler in the mind to suffer
The streaks and blobs of intractable proteins
Or to take chips against a sea of genes

And by comparing, find them that

hold the bitter taste of disease and death.

The past year has been a watershed year for two-dimen-
sional gel electrophoresis (2DGE) — it has become the
most important technology for high-resolution separation
of proteins for proteomics.

The question is — now that 2DGE is centre stage — will it
evolve into the powerful tool that everyone needs or will it be
replaced by another, higher-throughput technology? Some of
the alternatives will be reviewed elsewhere in this issue and
so the main drive of this article is to consider the capabilities
of 2DGE combined with mass spectrometry (MS).

What does proteome analysis need to do?

In the ideal world, proteome analysis should characterise
and quantitate all the proteins in a cell or biopsy at a par-
ticular time and under a particular set of environmental
conditions. This must also include all the post-translation-
al modifications, whether these are post-translational (such
as phosphorylations, methylations or acetylations) or pro-
cessing. Similar samples can then be compared to identify

the mechanisms that link the genotype (whether microor-
ganism, plant or animal) and environment together into
the phenotype.

In the real world, there is no technique that can accomplish
this, but the technique that comes closest is the combina-
tion of 2DGE and MS. These two technologies take a
‘snapshot’ of the cell so that many proteins can be separat-
ed, quantitated and identified. Whether this is the majority
of the proteins in the cell or not depends upon the system
under analysis — for simpler organisms (such as mycoplas-
ma, or bacteria) it is the majority, and for more complex
ones (such as humans), probably it is not.

The reason why proteome analysis is causing so much
excitement is that, in contrast to the genome, which is rela-
tively static and essentially identical in every somatic cell of
an organism, protein expression (the proteome) is in a state
of dynamic flux — constantly changing and responding to
stimuli (both internal and external). Thus, the protecome
brings us much closer to the living processes of the cell —
but this makes it much more difficult to study [1°°].
Although 2DGE has been around for more than 25 years,
the breakthrough in rapid protein-identification by MS has
suddenly persuaded many that this technology has come of
age — and in fact could be the source of big buisness [2].

On the basis of the central dogma, that the information
flow is from DNA via mRNA to protein, it could be
expected that mRNA expression would reflect exactly the
same as the proteome. Thus, all the excellent high-
throughput technologies that have been and continue to
be developed to analyse DNA or RNA could be used to
carry out protecome analysis. In the past year, there have
been a number of new technologies for analysing tran-
scription [3,4°°] that will undoubtedly play a major role in
increasing our understanding of cellular biology.

Obviously, mRNA expression is important and should not
be dismissed, but at the present time we know too little
about the cell to be able to predict when an increase in the
expression of a particular species of mRNA will be realised
by a corresponding increase in protein expression and
functional activity. Some of the modulations in mRNA
expression must be used to specify the ‘general directions’
for the cell activity, whereas the modulations in protein
expression levels may often represent the fine tuning of
the cellular apparatus, given the cell’s environment.
Therefore it is crucial to be able to quantitate expression
of the proteins and their modifications.

New technologies
2DGE has been a technology that involves a great deal of
expertise and hands-on time to execute reproducibly, but



this is changing. There have been a number of significant
advances (for example with the introduction of immo-
bilised pH gradient [IPG]) 2D technologies [5°*,6°]) that
enable highly reproducible patterns to be obtained
amongst different laboratories using different equipment
and chemicals [7]. However, a standard set of running
conditions has never been agreed upon and probably
never will be implemented by the majority of scientists.
This means that individual 2DGE patterns from different
labs cannot be compared in detail and reliable deductions
can only be made when the protein spot has been identi-
fied in both laboratories (luckily, this is becoming easier
with the increasing user-friendliness of MS instruments).
However, this single fact greatly reduces the value of the
databases that have been published and has retarded
progress in the field. This has spurred the search for a suc-
cessor to the throne. Currently, there are two contenders
that are worth mentioning.

The first is the use of large-scale peptide or protein arrays
[8°°]. These arrays are best suited, at present, to answer
specific questions about particular proteins (for example
the specific activities of single peptide or protein variants).
One of the major drawbacks is maintaining protein func-
tion: proteins normally exist in complexes and the correct
function of a particular protein may only be exhibited in
that complex. The other possibility is to array living organ-
isms (differing at each location by, for example, the
expression of a different Gal4 activation domain open
reading frame) so that it is possible to detect when partic-
ular genes are activated (and in doing so provide data
similar to mRNA transcription data). Alternatively, human
proteins can be expressed in a bacterial library immo-
bilised in an array, and these can then be probed using
antibodies [9]. The reverse is also possible: antibodies can
be arrayed and probed with whole-cell lysates [10].
Although these approaches offer powerful, high-through-
put answers to specific questions, none are suited to the
global investigation of the modulation in cellular metabo-
lism in response to stimulus or disease.

The second approach attempts to replace 2DGE. One very
promising approach that is being developed uses capillary
isoelectric focusing to separate the proteins. Protein detec-
tion can be carried out either by conventional UV [11], or
by Fourier transform MS [12°*]. This technology has
improved greatly in the past few years and can now be car-
ried out quantitatively. It is very well suited to proteins of
low molecular weight that are often overlooked by con-
ventional 2DGE and could become very powerful as it can
be fully automated. Other options involve using MS, either
of proteins or selected peptides — but none currently have
the resolution and sensitivity that is required.

Improvements in 2D technology

There have been many good reviews recently [5°°,13°°]
and so our aim will be to discuss critical aspects of
the technology.
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High-resolution separation of human proteins. 2DGE gel of [35S]-
methionine labelled HeLa cell proteins separated on a narrow range
IPG gel covering the pH range 5.0-6.0.

Current limitations in the technology are the inability of
2DGE to resolve all the proteins present, their exceptionally
wide range in expression levels and the extreme differences
in their solubility. Two approaches are being explored to solve
these drawbacks. The first is to run multiple gels that cover
overlapping pH and/or molecular-weight regions (to increase
the resolution of the 2DGE) and the second is to prefraction-
ate the sample (to reduce the complexity of the sample).

Narrow range gels

"The best approach to increase the resolution on the crowd-
ed 2DGE gels is to run multiple gels that cover narrow pH
ranges (e.g. covering 1 pH unit) [5°°,14-16]. Using these
gel systems, it is possible to resolve more than 10,000
proteins from a higher eukaryotic cell lysate (Figure 1).

Although effective, this technique requires more sample
(which might be limiting, for example, from human biop-
sies) and it multiplies the amount of work to be done.
Another limitation is that, as yet, no narrow-range gels are
commercially available for the ‘basic’ ranges above pH 7.

Low-abundance proteins

One hotly debated issue concerns whether it is possible to
detect and identify low-abundance proteins. This is an
important group of proteins because it encompasses recep-
tors, signal transduction and regulatory proteins. The
debate has centred on yeast because of the correlation
between codon bias and protein expression levels (genes
that are destined to be highly expressed during mid-expo-
nential growth use certain codons preferentially to ensure
rapid, low-error translation). These observations have then
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Detection of low-abundance proteins. (a) Close-up of a 2DGE gel of
[35S]-methionine-labelled Saccharomyces cerevisiae proteins (total
protein load 70 pg) separated on an IPG gel covering the pH range
4—7. Arrows indicate some of the proteins identified by MS. (b) Codon
bias of proteins identified above compared with those identified by
Gyagi et al. [19]. SDS, sodium dodecyl sulfate.

been used to say that either levels of mRNA and protein
expression do [17°°] or do not correlate [18]. The debate
turns out to be much ado about nothing because the
authors actually have very similar data. Codon bias has also
been used to suggest that low-abundance proteins cannot
be found by 2DGE-MS gel [19]. This hypothesis is based
on two observations: firstly, that the authors could not
identify any low-abundance proteins (despite using nar-
row-range gels and high loads); and secondly, that no
low-abundance proteins are entered into any 2DGE data-
bases. To take the second point first: groups who are
building databases will obviously select high-abundance
proteins first as they are the easiest to identify and so it is
obvious that this will result in a strong bias. As to the first
point, examining our own data, which has been derived
from investigation of the function analysis of unknown
genes (a region of the gel is shown in Figure 2a to illustrate
the proteins identified) from yeast, revealed a preponder-
ance of low-abundance proteins (codon bias below 0.2,

Figure 2b). This is despite the fact that narrow-range gels
were not used and the protein loaded on the gels was near-
ly 10 times lower (70 pg). Thus, the authors conclusions
appear to be based on their own technology and not a

physical limitation in 2DGE-MS.

Sample prefractionation

T'here are also several groups that are now advocating sam-
ple prefractionation using differential solubilisation
[20°°,21] or by prefractionating the proteins by isoelectric
focussing in solution prior to 2DGE [22°°]. The main dan-
ger with sample prefractionation is, of course, that the
reproducibility of the prefractionation is not perfect.
Because the primary utility of proteome analysis is to
quantitate cellular changes (and not merely to catalogue
the proteins present), prefractionation might introduce
additional variability into the results. Another potential
drawback of this method is that if proteins are extracted
with a particular detergent, then the detergent should be
present throughout the electrophoresis. Obviously this will
perturb the image obtained and thus images of different
fractions cannot simply be added together, but in the days
of rapid protein identification by MS, this is not a problem.
Obviously, proteolysis must be prevented throughout all
procedures. This alternative also has the disadvantage that
it multiplies the amount of work that has to be done — but
at least it should not consume significantly more sample.

Membrane proteins

One special example of prefractionation is the situation for
membrane proteins. It has been recently estimated that
30% of proteins are membrane proteins [23]. These are
notoriously difficult to work with and it has been reported
that only about 1% of integral membrane proteins are actu-
ally resolved on current 2DGE gels (even when thio-urea
is used in the lysis buffer) [24]. Considering their key roles
in signal transduction, cell adhesion, metabolite and ion
transport and the fact that they are often the primary target
for drug interactions, it remains critical to solve this prob-
lem [25°°]. One very promising approach is the use of
specific detergents [26°,27,28°°].

Basic proteins

In dramatic contrast to the concern with revealing as many
proteins as possible by using narrow-range gels or sample
prefractionation is that very few groups utilise specific gel
systems for basic proteins despite the fact that approxi-
mately one third to one half of the cellular proteins have
isoelectric points above pH 7. Part of the explanation could
be that the resolution of the commercial basic IPG gels
(pH ranges 6-9, 6-11 or 7-10) is not as good as the acidic
gels (Figure 3) even though solutions have been published
for some pH ranges [5°°].

Protein visualisation

It has been known for many years that protein resolution by
2DGE increases as the amount of protein applied decreases
and this is why radioisotopic detection of biosynthetically
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High-resolution separation of human proteins. 2DGE gel of [35S]-
methionine-labelled HelLa cell proteins separated on an IPG gel
covering the pH range 6.0-9.0. Note the absence of proteins around
pH 9.0. SDS, sodium dodecyl sulfate.

labelled proteins has been so successful. However, not all
samples can be labelled this way. Also, cells in or from biop-
sies dedifferentiate during the labelling period (which is
often from 4 to 20 hours) and thus do not accurately repre-
sent the 7z vivo proteome. Thus, rat hepatic stellate cells
respond differently to the cells 7z vivo [29°°]. Fortunately,
there are several novel approaches to circumvent this prob-
lem. The first uses post-harvest alkylation [30°], in which
the proteins are radio-iodinated after electrophoresis. This
technique has the potential to become ultrasensitive if pro-
cedures are found to label all the proteins present. In
addition, a wide variety of new fluorescent dyes have
appeared that can react with proteins either before (e.g.
bimane; Figure 4; [31]) or after 2DGE (e.g. Sypro ruby, red
and orange; [32°]). Although none of these can match
radioisotopic labelling, they are still a great improvement
over (colloidal) Commassie bluel or silver staining in that
they are sensitive (down to the nanogram range) and can be
quantitated (dynamic range >10%).

Mass spectrometry

MS is now firmly entrenched as the first choice methodol-
ogy for protein identification and characterisation. It is
continuing to evolve rapidly and diversify into an array of
technologies, with each variant adapted to specific applica-
tions. Currently, matrix-assisted laser desorption-ionisation
time-of-flight (MALDI-TOF) MS is the preferred tech-
nique for protein identification and characterisation of
post-translational modifications [33], whereas nanoelectro-
spray ionisation tandem MS is preferred for partial peptide
sequencing when there is no entry in the available data-
bases. MALDI-TOF is compatible with high-throughput

were labelled with bimane and then separated on a pH 4—7 IPG gel.

applications, whereas nanoelectrospray ionisation tandem
MS is more sensitive. It is also becoming apparent that
sample preparation is critical. Luckily, many new simple
micro-procedures for purifying peptides [34°°] or phospho-
peptides [35] are emerging.

With a view towards high throughput, a molecular scanner
has been described in which the proteins from a 2DGE gel
are digested and electroblotted onto a membrane. This
membrane is then scanned with a MALDI-TOF mass spec-
trometer to generate a fully annotated 2DGE image [36°°].
If image blurring because of diffusion during transfer could
be prevented, this technique would become very important.

Post-translational modifications are, sadly, often over-
looked in proteome analysis despite their visibility on
2DGE gels (e.g. by isotope labelling of phosphate,
myristylation, amino-terminal acetylation, palmitoyla-
tion or isoprenylation [37]. Because there may be, on
average, more than five modification variants of each
protein in humans, and because presumably all of these
variants have specific roles, it is clear that they play sig-
nificant roles in the regulation of cellular activity.
Characterisation of these roles can be carried out using a
combination of enzymes and MALDI-TOF to localise
which residues are modified [38°°] followed by site-
directed mutagenesis to investigate the biological
significance of the individual modifications.

New tools for proteome analysis

There are a number of tools emerging that, although not
specifically for 2DGE, will greatly increase the utility of
proteome analysis.

One problem that has confounded the cancer biopsy
analysis is the simple fact that tumours are heteroge-
neous and often the majority of the tissue that is present
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is normal [6°]. This has obviously made it much harder to
identify tcumour-specific differences. The introduction of
laser-assisted microdissection has greatly helped in this

field [39°,40].

Proteins do not exist in isolation in the cell: they take part
in complexes and interact extensively. Although 2DGE,
using interlink analysis, can reveal which proteins are co-
regulated, an additional important task for proteome
analysis is to characterise which, where, how, and when
proteins interact with one another. There are two exciting
approaches to these questions. The first is the two-hybrid
system, which has developed into a highly automated
means to identify protein—protein interactions on a pro-
teome-wide scale [41°°,42°]. The second is a means by
which protein complexes can be purified using a tandem-
affinity purification tag [43°°].

Bioinformatics

By far the weakest link in the ZDGE-MS proteome analy-
sis chain is, in fact, bioinformatics. Although bioinformatics
already plays a very prominent role in proteome analysis,
there are at least three levels where improved bioinformat-
ics could significantly increase both the speed and the
value of proteome analysis.

The first of these levels is in the analysis of the 2DGE
gel images. There is no program that is remotely
automatic when presented with complex 2DGE images
containing thousands of protein spots, and most
programs require often more than a day of user hands-on
time to edit the image before it can be fully entered into
the database. The problems lie in initial spot recognition
and in the subsequent matching of spots between gels.
Hopefully, advances such as those proposed for spot
matching [44,45°] will greatly accelerate data collection.
Data comparison tools are beginning to emerge so that
the user can compare the expression of particular
proteins on several gels [46].

The second level is that the databases which are being
created in many different labs [47°], although they may
be excellent repositories of spot identifications, rarely
have extensive links to the literature (noticeable excep-
tions are the Expasy server (http://www.expasy.ch/), the
YPD/worm databases (http://www.proteome.com/databases/
index.html) [17°°,48°°] and the Microbial Proteome
Database (http://www.abdn.ac.uk/~mmb023/2dhome.htm)
[20°°]). These databases often lack protein expression data
(under given environmental growth conditions), data that
will be invaluable to build up a working model to animate
life in the cell. What is needed to interpret this type of data
will be an electronic model of the cell so that protein
expression levels, enzyme reaction rates, and metabolite
concentrations can be entered into the model and so that
the cells response to stimuli can be simulated in order to
understand the complex changes that occur. Such a virtual
cell model is being constructed and, as this becomes more

elaborate, will provide an increasingly powerful research
tool (see URL: hetp://e-cell.org/) [49°°].

The third level is that the source of the information that
is presented in these protein databases should be made
very clear. There are an increasing number of predictive
tools (e.g. for protein modifications [50]) that can be
used to annotate protein sequences, but if used indis-
criminately they can lead to more confusion than
benefit [51°].

Applications
There is a wealth of good applications for proteomics and
so only a few examples are given to illustrate the scope of
this technology.

In the world of microorgansims, there have been excel-
lent basic cell-physiological studies of the regulation of
central carbon pathways and phosphate-starvation-
induced proteins in Bacillus subtilis [52°°, 53°°]. Stress
response is often seen and, as such, often can be under-
appreciated. And yet the response is specific and has
been shown to be different for different types of stress (in
Streptococcus mutans) [54]. That unexpected relationships
exist between cellular functions was demonstrated by the
observation that a reduction in mRNA capping leads to
hygromycin B resistance in Candida albicans [55°°].
Comparative proteome analysis has led to the identifica-
tion of vaccine candidates in Helicobacter pylori [56°] and
one novel area for protcome analysis is the taxonomy of
yeast strains [57].

In addition, complex cellular phenomena are being
studied; for example, the proliferative response induced
in primary hepatocytes by epidermal growth factor or
nafenopin [58°] and the regulation of ubiquitin-conju-
gating enzymes by interferon o in human T cells [59].
Finally, proteome analysis is being used to study physi-
ological processes; for example, during ovulation [60], in
the prostate [61] and during embryogenesis [62] and a
wide variety of diseases including diabetes [63,64], can-
cer [65°,66] and even schizophrenia [67].

Conclusions

The reasons why 2DGE is still around are obvious: it is a
very sensitive technique (at least an order of magnitude
more sensitive than current nucleic-acid-screening tech-
nologies); it has exquisite resolution (separating more that
10,000 different proteins and their modification products);
and it allows an unbiased search for novel relationships at
the global level. After all, all the world’s a stage and all the
proteins, merely players.
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