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As you lie on the rock on the edge of the lake, you stare
blankly at the sky and the myriad stars that play from
horizon to horizon. Without moving your head, your

eyes slowly adjust to the darkness and catch the translucent wisp
of light that flows across the sky. Slowly you begin to pick out
the patterns made familiar by decades of skygazing. The large
box with the three-starred handle, Ursa Major. The five-starred
zigzag that forms Andromeda.

Somewhere else, another lone figure sits staring blankly, eyes
adjusting tentatively to the glow of a light box or a video termi-
nal. There is no Milky Way to stream across the view, and it is
points of black on white, not the other way around, that greet
the viewer. And although the eyes do not seek Orion’s form in the
spray of proteinaceous spots and smudges, somewhere within the
two-dimensional spread that draws our explorer might just lie
another captivating shape—the target for a new wonder drug.

Spot the Difference
Perhaps the strongest, if much maligned, workhorse for proteom-
ic research is the analysis of protein expression profiles using
two-dimensional electrophoresis (2DE), which relies on the
separation, in two electrophoretic dimensions, of proteins extract-
ed from cell or tissue samples through a matrix of cross-linked

polyacrylamide (1). Traditionally, the
proteins are first separated through a
single-lane polyacrylamide gel on the basis
of their isoelectric points (pI).

This gel is then laid across the top of a second
polyacrylamide gel that denatures or unfolds the proteins

in the presence of an ionic detergent. As the proteins move
through the second gel, the smaller proteins move faster than
the larger ones, and thus, the protein population is separated
on the basis of molecular weight. In some experiments, before
the gels are run, the proteins are tagged with radioactive or
fluorescent markers to allow later detection. In other cases, the
proteins are chemically stained after separation. In either case,
the staining of the proteins results in a series of spots and smears
that represent a portion of the proteins in the sample.

By examining extracts from tissues or cells at different
stages of development, under different growth conditions, in
the presence of drugs, or upon infection by a pathogen, researchers
can look for changes in the spotting pattern of the cells. But
gels do not last forever, and it becomes essential that the data
from 2DE be stored in a format that is easily maintained. 

Image Analysis
Although there are innumerable methods for creating an image
of a gel—flatbed scanners, fluoro- and phosphoimagers, and
densitometers—the ability to use the data relies on image analy-
sis software packages (Table 1). The software can be used to either
simply log information, tell a robotic arm the location of a partic-
ular spot when excising it from a gel for further analysis by MS,
or perform comparative analysis between gels either generated
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in-house or available on Web-
based databases.

The first step in gel analy-
sis is detecting and quantifying
a single spot. Often, at this
point, the user must establish
background thresholds. This is
especially critical when trying
to identify spots of low inten-
sity. Many programs then filter
the image and raise the contrast
to further highlight the small-
er spots. A spot identifier
isolates the individual spots
on the gel, typically by analyz-
ing the intensities of individual
pixels and groups of pixels, and
gives them codes.

In some cases, the program compares the location of a given
spot for a given sample, an indication of the protein’s molecular
weight and pI, and discerns the true identity of the spot based
on a search of an internal or Web-based database. For example,
Julio E. Celis and colleagues at the Danish Centre for Human
Genome Research in the University of Aarhus (http://proteomics.
cancer.dk) offer a database of 2DE gels for human, animal, and
plant systems, with gels for disease states such as skin disorders
and cancer.

Comparative Analysis
If you only wanted to look at a single gel, life would be simple.
But proteomics is a comparative science. Thus, it is necessary to
be able to compare
protein spot patterns
between gels.

In matching gel
images, the program
performs automatically
what the human eye
does naturally: It looks
for pairs of features that
have the same or simi-
lar spatial distributions.
If there is a doublet in
the top right corner near
a smeared singlet in Gel 1, the program
searches for a similar doublet–singlet combi-
nation in Gel 2. This process is then repeat-
ed thousands of times until the program has
accounted for all of the spots that it can
identify. If it is trying to compare several
gels, one gel is established as the reference
gel, and all spot combinations on the other
gels are compared to it. One merely has to
imagine the problem of quickly and accu-
rately identifying and correlating upward
of 10,000 spots on two gels to see why
computational advances have proven so crit-
ical to proteomics.

In examining the effect(s) of a drug on
a cell or attempting to diagnose a disease

condition from a tissue sample,
proteomic researchers compare
what amount to before-and-
after gels. In doing so, some
programs have borrowed a tool
used to explore the cosmos. To
locate and identify comets and
asteroids, astronomers compare
two or more photographs of a
specific region of space, perhaps
taken hours or days apart. By
flicking back and forth between
the photos, the eye picks up
subtle changes in the position
of points of light, an indication
that some heavenly orb is
moving relative to the constel-
lation of stars behind it. Many

2DE analysis packages do the same thing computationally, switch-
ing back and forth between the images of two gels such that indi-
vidual spots appear to move or flicker relative to the fixed constel-
lation of spots around them. The researcher can then manually
highlight these changing spots on-screen. Alternatively, the
program can perform this function automatically, which is
useful when trying to compare gels generated under different
conditions or in different locations.

Multidimensional Mayhem
The real power in these programs lies in their ability to over-
come the technical glitches and human errors inherent in the use
of 2DE. Anyone who has run a polyacrylamide gel is familiar

with the problems of reproducibility, large-
ly caused by imperfections in the gel matrix.
The slightest polymerization failure can
lead to a severely warped gel where, for

example, all of the spots
5 cm from the top of the
gel move to the right by
1 cm. With the analysis
software, it is possible to
deal with the individual
defects by examining
several gels of the same
sample and averaging the
spot locations, ostensibly
creating a “perfect” gel in
the process. Alternative-
ly, many of the newer
programs allow for local-
ized perturbations by
keeping the larger picture
in mind.

The one caution to this
type of manipulation,
however, is that the
perturbations that might
be expected from an event
such as protein phospho-
rylation may be minor.
Thus, it is critical that the
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TABLE 1: Some 2DE Imaging Systems

Package Source Website

Gellab II+ Scanalytics www.scanalytics.com
ImageMaster Amersham Biosciences www.amershambio

sciences.com
ImagepIQ Proteome Systems www.proteomesystems.com
Impressionist Gene Data www.genedata.com
Kepler Large Scale Biology Corp. www.lsbc.com
Melanie 4 Geneva Bioinformatics SA www.genebio.com
PDQuest Bio-Rad www.discover.bio-rad.com
Phoretix 2D Phoretix International www.phoretix.com
ProteinMine Scimagix www.scimagix.com
ProXPRESS PerkinElmer Life Sciences www.perkinelmer.com
Z3 Compugen www.2dgels.com
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FIGURE 1: Researchers often use peak identification soft-
ware to direct robotic samples for MS analysis.



“fudge factor” introduced by the
program to accommodate gel
imperfections not obliterate any
actual differences between the
samples. This is where it
becomes critical to consider any
data manipulations with regard
to the other spots on the gel.
Ideally, when a cell reacts to a
drug treatment, changes will
occur in only a few spots, and
other protein expression levels
are maintained. One might
compare these proteinaceous
standard-bearers (e.g., the
housekeeping proteins that
maintain a cell’s internal envi-
ronment) to Polaris, the star
around which the northern
heavens rotate.

Mass-ive Undertakings
It is not always possible, howev-
er, to identify a specific protein
simply by looking at a spot on
a gel. There was a time when
protein identification was a
simple matter of isolating a
protein band from a polyacry-
lamide gel, digesting it with enzymes, and performing amino acid
sequencing on the resulting peptides. But as proteomic tech-
nologies improved, the variety of proteins to be isolated and char-
acterized increased dramatically. And with this increase in the
number of samples comes an increased need to identify these
same proteins in a manner that is high-throughput, low-cost,
and easily automated.

To that end, researchers have
come to rely on robotic systems
to run and pick peaks from gels,
purify and digest protein
samples, and load peptide
mixtures into mass spectrome-
ters for peptide analysis and
sequencing. But it is at the end
of this process where the real
work begins: the deconvolution
of the resulting MS and MS-MS
data into protein identification
badges (2).

Pieces of a Puzzle
When a protein is digested with
a protease (usually trypsin) and
studied by MS, the spectral
peaks are comparable to jigsaw
puzzle pieces. But unlike a tradi-
tional jigsaw puzzle where the
pieces are assembled to form
the picture, MS data analysis
software works in reverse, virtu-

ally chopping up a series of
proteins (pictures) from a
sequence database and gener-
ating virtual MS spectra to see
which one best matches the real
spectra (Figure 2).

These peptide-mapping
programs first match the virtu-
al and real spectra and then
score the match based on how
many and how well the calcu-
lated masses match the real
peptide masses. David Lubman
and his colleagues at the Univer-
sity of Michigan (www.umich.
edu) recently applied two
peptide-mapping programs, MS-
Fit and PeptIdent (Table 2), to
their multidimensional LC
system. In their study of differ-
ential protein expression be-
tween normal and cancer cells,
the researchers identified the
loss of several proteins in the
cancerous line (3).

The one drawback of such a
system, however, is that it is
biased toward high-molecular-
weight proteins for which more

virtual peptides can be calculated and which therefore have a high-
er probability of matching randomly. To some extent, repeating the
experiment with a different protease will offset this bias because
it will generate a different set of peptide fragments. If the real
and virtual peptides match with the second protease, then there
is good reason to believe that the parent proteins are the same.

Sequential Analysis
Another way of avoiding bias
is by sequencing the proteins
using MS-MS. In this case, the
original peptide fragments from
the first mass spectrometer pass
into a second spectrometer
where they are fragmented. The
resulting MS peaks represent a
protein sequence ladder, where
adjacent peaks differ by the
weights of the amino acid that
has been lost in the fragmen-
tation from one peptide peak
to the next.

Matthias Mann of the Uni-
versity of Southern Denmark
(www.sdu.dk) and MDS Pro-
teomics (www.mdsproteomics.
com) developed one such
program, PepSea, which relies
on short peptide sequences or
sequence tags that can be
probed against various genom-
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TABLE 2 : Some Peptide-Matching Programs

Package Source Website

MS profile searches
MOWSE Matrix Science www.matrixscience.com
MS-Fit University of California, http://prospector.ucsf.edu

San Francisco
MultiIdent Swiss Institute www.expasy.ch/tools/

of Bioinformatics multiident
PeptIdent Swiss Institute www.expasy.ch/tools/

of Bioinformatics peptident.html
ProtoCall MS Compugen www.cgen.com

MS-MS profile searches
MS-Tag University of California, http://prospector.ucsf.edu

San Francisco
PepFrag Rockefeller University http://prowl.rockefeller.edu
Pro ID Applied Biosystems www.appliedbiosystems.com
TurboSEQUEST Thermo Finnigan www.thermofinnigan.com

Both MS and MS-MS
Intellimarque Shimadzu Biotech www.shimadzu-biotech.net
Mascot Matrix Science www.matrixscience.com
PepSea MDS Proteomics www.mdsproteomics.com
ProImage Genomic Solutions www.genomicsolutions.com
ProteinLynx Waters Corp. www.waters.com
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FIGURE 2: Puzzling Problems. In standard protein identification
using MS (A), the spectral information (puzzle pieces) is assembled
to form the whole protein (picture). Using MS data analysis soft-
ware (B), however, protein sequences from a database (bottom) are
computationally cut into virtual mass spectra (middle) to see which
one best compares to the actual data (top).



ic databases (4). Unlike many of the other programs that require
some knowledge of protein coding regions, the short tags used
by PepSea allow a random search to occur such that DNA sequences
that have yet to be translated into protein can be probed as
well, widening the possibilities for success.

Alternatively, rather than simply determine the peptide
sequence from the spectra and probe a DNA or protein database,
the real MS-MS spectrum can be compared to a variety of virtu-
al MS-MS spectra calculated from the protein sequences in the
database. To address this problem, John Yates III and colleagues
at the University of Washington (www.washington.edu) developed
SEQUEST. Recently, Yates’s group used SEQUEST to analyze the
proteome of a yeast strain and was able to detect and identify
almost 1500 individual proteins (5).

The MS-MS sequence-based mechanism, however, can hamper
the accuracy of these programs, because proteins can be altered
by post-translational modifications, gene mutations, and splice
variants that cannot always be predicted from their sequence. If
a peptide is modified, its relative peak position or its fragmen-
tation pattern might be altered. To accommodate this problem,
Daniel Liebler and his colleagues at the University of Arizona
(www.arizona.edu) developed SALSA (scoring algorithm for spec-
tral analysis; 6).

The researchers tested the algorithm against mass spectra of
bovine serum albumin, comparing the results to those obtained
using SEQUEST. Overall, SALSA detected the same peptides as
SEQUEST, but then it went beyond the other algorithm’s perform-

ance by identifying peptides that had undergone chemical
modification. This ability arises from the fact that modified peptides
still follow the same ion patterns as described above, with the
sole exception that most or all of the series are shifted along the
m/z axis by the mass of the modification.

The Expanding Edge
As with most areas of software development where researchers
and programmers strive to accelerate information processing,
the spectrum of 2DE and MS data analysis tools is expanding at
an astronomical rate with few signs of slowing. And as new
algorithms are developed and applied, new constellations are sure
to be found in the proteomic heavens.
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