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Proteomics and its role in medicine
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SUMMARY

Proteomics is a novel methodological and conceptual approach to the study of living systems, seeking to map the
whole proteome, the genome protein complement. Proteomics is seeking a quantitative and qualitative description of
all proteins present in a cell, tissue, or a body at a time. The basic tools of proteomics include separation techniques
based on the principles of electrophoresis and chromatography serving to simplify complex protein mixtures and,
most importantly, mass spectrometry used to identify individual proteins. Proteomics is a very young branch of sci-
ence experiencing a turbulent development, which has shown a major potential for the study of many physiological
and pathological molecular mechanisms as well as direct use in establishing the diagnosis of severe disease.
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he period of frantic genome sequencing is unavoidably a thing

of the past and scientists are becoming increasingly aware of
the fact that mere knowledge of sequences of billions of bases is by
far not enough to clarify the biological functions of the body. We
are increasingly asking questions related directly to gene products,
that is, proteins. Proteomics involves a methodological systemic
approach to the study of living systems seeking to chart the pro-
teome, that is, quantitative and qualitative mapping of all proteins
present in an organelle, cell, tissue, or body at a given moment. Pro-
teomics also investigates how protein expression in a cell or tissue
varies in response to various external and internal stimuli, and asks
questions regarding interaction of individual proteins.

WHY PROTEOMICS WHEN THERE
IS ALREADY GENOMICS?

Genomic studies have to date furnished a wealth of data regard-
ing changes in the expression of individual genes during the course
of many physiological or pathological states. However, this infor-
mation only gives the levels of mRNA produced, not the amounts,
structure, stability, and activity of proteins, which are the ultimate
agents or creators of the phenotype. In fact, it has been found there
is no direct and reliable correlation between mRNA levels and the
amount of the corresponding protein in the cell (1, 2). While the
phenotype of a body is gene-mediated, it is made up eventually by
proteins. Hence, answers to questions regarding the molecular prin-
ciples of biology must be sought for in the world of proteins, their
modifications and complexes.

The human genome carries about 25,000 to 30,000 genes. How-
ever, most of these genes produce several mRNA variants, which
may give rise to several different proteins, often with most diverse
function. As a result, it has been suggested that the human proteome
includes hundreds of thousands of various proteins. The structure,
function and activity of proteins are modulated by more than 200
types of recognized post-translation modifications (phosphoryla-

tion, glycosylation, acetylation, etc.), constituting another level of
information also in the focus of proteomics. Only exceptionally do
proteins perform their function as individual molecules, as they
mostly make part of very intricate functional protein complexes,
which are also targets of proteomic investigations.

The molecular mechanisms of physiological processes cannot be
described using merely knowledge of gene structure and expres-
sion. The structure and expression of genes only suggest “what is
possible”. Proteomics provides an insight into how actually the phe-
notype is made up, into “what really is”. In addition to answering
basic questions of molecular physiology, proteomics offers medical
science a host of specific approaches. For example, it allows to
identify differences between healthy and diseased tissue, to track
changes occurring in cells exposed to the action of drugs, as well as
providing an invaluable opportunity to identify biomarkers of vari-
ous diseases.

TOOLS OF PROTEOMICS, 2D-PAGE

It follows from the definition of proteomics as a branch of sci-
ence seeking to chart the whole proteome that the starting material
of proteomic investigations are complex protein mixtures (body flu-
ids, tissue and tumor homogenates, etc.) containing thousands of
various proteins. The principle of most proteomic experiments is to
separate such a complex mixture using electrophoresis or chro-
matography so as to be able to identify individual proteins. The
most often used technique of separation is so-called two-dimen-
sional polyacrylamide gel electrophoresis (2D-PAGE) (3). A pro-
tein sample (serum, tissue homogenate, etc.) is first separated by
isoeletric focusing on a thin strip of acrylamide gel with a pH gra-
dient, with proteins separating by their charge (more exactly, by
their isoelectric point, pI) (Fig. 1A). The isoelectric point of most
proteins is within the range of pH 4-8. The gel strip with separate
proteins is subsequently transferred to buffer with SDS detergent
and placed on the upper margin of common acrylamide gel. When
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the electrical field perpendicular to the original direction of separa-
tion is applied, proteins migrate towards the anode and, in the pres-
ence of SDS detergent, they separate by their molecular weight
(Fig. 1B). After protein-specific staining, each spot on the gel rep-
resents a specific protein found in the gel in coordinates determined
by its isoelectric point (axis x) and molecular weight (axis y). The
spot intensities indicate the relative expression of the respective
proteins (Fig. 1C). Typical 2D-PAGE will separate and visualize up
to several thousands of proteins in one gel at a time. The resulting
pattern (specific separation of spots and their intensities) shows the
specific profile of protein expression in a given tissue. The high
reproducibility of the method allows comparing the patterns of spot
separation including their intensity. For example, it is thus possible
to compare protein expression in the tissue of a healthy individual
with that of a diseased one, or to search for changes in protein
expression produced by a drug. Proteins with differential expres-
sion or, more exactly, spots, are cut from the gel to be identified
using mass spectrometry (see below).

Two-dimensional electrophoresis combined with mass spectrom-
etry has been successfully used in numerous studies designed to
unveil changes in the expression of proteins immediately related to
various diseases. Examples include diseases of the heart (4), liver
(5-7), nervous system (8—10), lungs (11-13), stomach (14, 15), kid-
neys (16, 17), blood (18-20), and many others including cancer
(21-23).

PROTEIN IDENTIFICATION USING MASS
SPECTROMETRY

Proteomics would be completely unthinkable if not allowing
easy and inexpensive identification of individual proteins from a
minimal sample. This is currently available using mass spectrome-
try in conjunction with bioinformatics. Mass spectrometry allows
obtaining extremely accurate information about the weight and
structure of molecules, in the case of proteomics specifically about
the molecular weight of peptides and about their amino acid
sequence. As a result, mere picomols to femtomols (in orders of
10 to 10"'2 g) of protein are often enough to analyze and identify
a protein. As whole protein molecules are too big for direct mass
analysis, the starting material for the identification of protein is usu-
ally a mixture of peptides resulting from in vitro protein cleavage
using a specific protease. The protease used most often is trypsin
which, with a few exceptions, will only cleave peptide chain specif-
ically after arginine and lysine thus generating peptides with an
average length of about 10-30 amino acids.

A protein cut-out from the 2D-PAGE gel is thus first digested by
trypsin and the resultant peptide mixture is extracted from the gel
and purified. The mixture then serves as the starting material for
protein identification. The first step in mass analysis is always pep-
tide ionization. The most frequently employed method of ionization
is matrix assisted laser desorption/ionization (MALDI). The purified
mixture of peptides is mixed with so-called matrix (an organic sub-
stance absorbing laser energy), applied to a metallic target and dried.
The matrix with the sample is subsequently hit by a pulse laser
resulting in ionization of peptides, their desorption and transition
into gaseous phase. Charged molecular peptide ions are directed into
an analyzer. In the analyzer, there is vacuum with ions flying at
velocities determined by their molecular weight, more exactly, by
the mass to charge ratio (m/z). Very exact measurement of the time
of flight of charged peptides through the analyzer makes it possible
to calculate their exact molecular weight. These types of analyzer
are therefore referred to as TOF (time of flight) analyzers. (Fig. 2A).
In this manner, mass analysis will exactly (with a degree of accura-
cy of one to more decimal points) determine the molecular weights
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Fig. 1. Two-dimensional polyacrylamide gel electrophoresis (2D-PAGE) of
biological samples

1A. First dimension
The mixture is first separated by electrophoresis in a pH gradient. Proteins
migrate by their actual total charge. Total charge is zero in a pH region
corresponding to the isoelectric points of individual proteins. Proteins at
isoelectric point thus lose mobility and are unable to migrate further. The
result is separation of the whole protein mixture by pH gradient.

1B. Second dimension
A strip of gel with proteins separated in the first dimension is placed on
the top of acrylamide gel containing SDS detergent. In an electrical field
perpendicular to direction of original separation, proteins transit into SDS
gel where they migrate and are separated based on their molecular
weights.

1C. Complete lysate from human hepatoma cells (HepG2 cells) separated
by 2D electrophoresis in pH 4-7 gradient and 10% SDS-PAGE
Proteins were stained by colloidal Coomassie Blue. About 800 spots can
be detected on the gel. The arrow marks a selected protein whose
subsequent identification is explained in the legend to Figure 2.

of individual peptides previously obtained by tryptic digestion of a
selected protein. The measured molecular weights of peptides serve
as entry data for searching up and identifying the protein in available
protein and gene databases. The search algorithm is based on com-
paring the measured molecular weights of peptides with a database
of theoretical molecular weights of peptides which would occur by
cleavage of all known proteins by trypsin.
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As protein databases are by far not complete, the hypothetical
cleavage by trypsin includes all known DNA sequences translated
into amino acid sequences. This technique of protein identification
is referred to as peptide mass fingerprinting (see Fig. 2A). The
exactly measured weights of several peptides originating from a
single human protein are usually enough to locate the protein in
databases. Should peptide mass fingerprinting fail to identify the
protein—whatever the reason—the only option is to obtain some
information about the amino acid sequence of one or several pro-
teins. The necessary information can be obtained using so-called
tandem MS-MS (Fig. 2B). Using this approach, requiring more
sophisticated and expensive technology, a selected peptide, once its
molecular weight has been established, is retained in the mass spec-
trometer and fragmented by a series of collisions with an inert gas.
The weakest point of a peptide is its peptide bond so collision with
gas leads to peptide fragmentation down to individual amino acids.
Optimally, the fragmentation gives rise to a mixture comprising a
whole peptide and its fragments of various size differing by one
amino acid in their molecular weight. All fragments are “weighed”
by another MS analyzer (hence MS-MS) and recorded as a mass
spectrum. Differences in the measured molecular weights of frag-
ments (corresponding to individual peaks in the spectrum) and
knowledge of the molecular weights of all existing amino acids can
be used to read the amino acid sequence in the spectrum. The iden-
tified sequence will then be used for direct database searches (see
Fig. 2B). This approach makes it theoretically possible to determine
the whole sequence of the protein and to identify peptide mutations
or modifications.

In addition to MALDI, as described above, combined with one
or two TOF analyzers, other techniques of ionization, also in com-
bination with various types of analyzers (quadruple analyzer, ion
trap, or the ion cyclotrone) are commonly used today. Whatever the
technique, the principle of analysis of a peptide invariably involves
its ionization and subsequent determination of its exact molecular
weight based on its behavior in the vacuum and electromagnetic
field.

CHROMATOGRAPHIC METHODS
IN PROTEOMICS

Although 2D-PAGE continues to be the most important tool for
proteomics, it is not by far omnipotent. Its main drawback is that it
is unable to separate large (over 150 kDa) or transmembrane (high-
ly hydrophobic) proteins. Another limiting factor is its demand on
technology complicating any attempts at automation and analysis of
a large number of samples. Over the past five years, these limita-
tions have led to the development of alternative techniques of sepa-
ration of complex protein or peptide mixtures based on principles of
chromatography.

With chromatographic-based separation used in proteomics, the
starting material is again a complex protein mixture, e. g., a tumor
tissue homogenate, which is, however, exposed to specific trypsin
digestion before actual separation. The result is an extremely com-
plex peptide mixture (cleavage of an average protein with trypsin
gives rise to an approx. 15-20 peptides), subsequently separated
using a combination of at least two techniques of chromatography
(2D chromatography). The mixture of peptides is first separated
using a ion exchange chromatography, with individual collected
fractions further separated by means of so-called reverse phase
chromatography. Individual peptides leaving the second chromato-
graphic column may be transferred directly to a mass spectrometer
and identified. In this case, identification is only possible using MS-
MS, whereby the peptide is fragmented and its amino acid sequence
read. This procedure has been used, e. g., to identify a major part of
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Fig. 2. Identification of proteins using mass spectrometry and
bioinformatics

2A. Protein identification by peptide mapping using MALDI-TOF
The selected protein is cut from the gel and digested by trypsin. Resulting
peptides are extracted from the gel, purified, and mixed with matrix
(procedure performed specifically with spot marked with arrow in Fig.
1C). Laser pulses ionize peptides in the mixture, with the peptides
subsequently entering a TOF (time of flight) analyzer. The TOFs of
individual peptides through the analyzer are measured with a high degree
of accuracy. The result is the mass spectrum of a peptide mixture. Times
of flight serve to calculate the molecular weights to individual peptides
(more exactly, the mass-to-charge ratio, m/z). The measured weights of
peptides (originating from a single protein) are compared with all
theoretical peptides (formed by trypsin-based digestion in protein and gene
databases. Provided a protein represented in databases at least in the form
of a DNA sequence is involved, it is identified. In this particular case,
a light subunit of ferritin was analyzed and identified.

2B. Protein identification by microsequencing using tandem mass
spectrometry (MALDI-TOF-TOF device)
A mixture of ionized peptides is subjected to “weighing” by means of TOF
(time of flight) determination. The peptide whose amino acid sequences are
to be determined is selected from the mass spectrum. Only molecules of the
selected peptide are retained in the collision cell, not those of the other
peptides. An inert gas is driven into the collision cell resulting in peptide
fragmentation, usually at the site of the peptide bond. The resultant
fragments are "weighed” by another TOF analyzer or an analyzer of
another type. The resulting mass spectrum of the mixture of fragments can
be used to read at least a partial amino acid sequence. This is employed to
search for and identification of the starting protein in databases.

the yeast proteome (24) and close to 1,600 proteins of the human
epithelium including hydrophobic proteins and proteins present in
the cell in a very small number of copies (25). Among other things,
chromatographic approaches in proteomics have been used with
success for the study of tumor (26-28) as well as diseases of the liv-
er (29, 30) and kidney (16, 31).

The drawbacks of highly sensitive and often high-pressure meth-
ods of chromatography are they require sophisticated and costly
technology. This is offset by their ability to study even membrane
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Fig. 3. Protein profiling using chip and SELDI
A protein sample (a patient's serum) is applied to a chip with
a chromatographic surface (3A).

The chip contains several separation sites so several samples can be
analyzed at a time. The fraction of the peptides and proteins present in the
serum is retained by chromatography, with the remainder washed away.
A matrix is applied to the chromatographic surface with retained peptides
and, when hit by a pulse laser, the peptides become ionized and their
molecular weights measured in a TOF mass analyzer (3B). The result is
a complex spectrum of the whole analyzed mixture of peptides and smaller
proteins. For parallel analysis of several samples (e. g., when comparing
the sera of 50 healthy individuals and 50 patients) the spectra are
transformed into graphic format resembling the bar code (3C). Each bar
represents a peptide of a specific molecular weight. Specific and
statistically significant differences in the sera of healthy individuals and
patients represent potential diagnostic biomarkers.

proteins (receptors, transporters, etc.) which are most attractive
from the point of view of pharmacology as potential targets of var-
ious drugs. A combination of principles of chromatography with
mass spectrometry also makes the basis for SELDI, a most promis-
ing technique.

SELDI, CLINPROT AND PROTEIN
AND PEPTIDE PROFILING

Surface enhanced laser description ionization — time of flight
(SELDI-TOF), also referred to as “protein chip array technology” is
a novel, most promising approach to proteomic analysis of complex
peptide and protein mixtures using a combination of chip-based
microchromatography and mass spectrometry. The technique is
intended mainly for analysis of peptides and small proteins present
in biological samples, e. g., in the serum. Analysis using SELDI-
TOF starts with selective extraction of small proteins and peptides

from a sample based on the interaction with the chromatographic
surface of a chip. Retained peptides are subsequently ionized direct-
ly on the chip and analyzed in a TOF mass spectrometer. The mate-
rial studied using SELDI most often to date is the serum. Blood
serum is very rich in proteins and peptides (it has been estimated the
serum to contain thousands of various proteins and peptides) mak-
ing it an almost inexhaustible source of information on the status of
a body. On its transit through organ systems, the blood “collects”
traces of all ongoing physiological and pathological processes. This
information is carried in the form of metabolites, proteins and pep-
tides released from cells and tissues. As a result, study of a blood
plasma or serum proteome or peptidome provides a high chance to
identify specific protein or peptide biomarkers applicable in estab-
lishing timely and exact diagnosis of serious diseases.

Cellular extracts or biological fluids are usually too complex for
direct mass spectrometric analysis making it imperative to “’simpli-
fy” the mixture by fractionation, in this particular case by chip-
based microchromatography. Only a fraction of proteins of the
study sample is retained on the chip by interaction with some of the
types of chromatographic matrices (anex, katex, hydrophilic,
hydrophobic, metal-affinity and bio-affinity) based on their
(bio)chemical properties. A combination of several chromatograph-
ic surfaces and various washing conditions results in adequate frac-
tionation of the original sample directly on the chip. The starting
biological material is merely several microliters of the sample (e. g.,
serum). Analysis using SELDI provides a comprehensive mass
spectrumU] a protein profile[] whereby individual peaks correspond
to peptides or proteins of accurately measured molecular weight
(parameters m/z — mass/charge). Several dozens to hundreds of
peptides can be detected in a single spectrum. After normalization
and obligatory adjustment, the spectra can be compared (e. g., pro-
tein profiles of serum samples of healthy individuals and patients
with a specific type of tumors) to search for statistically significant
differences in spectra indicating potential biomarkers. To make
comparison of a large number of spectra easier, the spectra can be
transformed into graphic format resembling the bar code. Each bar
of the code represents a peptide and its position is determined by
the peptide’s molecular weight (Fig. 3). Potential biomarkers can be
identified, again using mass spectrometry.

SELDI-TOF has recently been used to identify novel highly spe-
cific and sensitive biomarkers for the diagnosis of cancer of the uri-
nary bladder (32), prostate (33), ovaries (34), breast (35) and, also,
malignancies of the liver (36), lungs (37), pancreas (38) as well as
several non-cancer conditions.

A technique analogous to SELDI developed by a company called
Bruker was presented in 2004. Its principle called Clinprot involves
chromatographic microfractionation of proteins and peptides, how-
ever, not on a chip but on magnetic microbeads. The main differ-
ence from SELDI is that bound peptides are released from the
microbeads following fractionation and only part of the eluate mix-
ture is used to determine the mass spectrum (protein profile). The
remaining part of released peptides can be used for additional anal-
yses, identification of peptides, immunodetection, and so on. An
advantage of this approach is its flexibility as it allows combining
magnetic separation with common as well as high-performance
mass spectrometers enabling fragmentation and direct identification
of peptides based on their amino acid sequence. As Clinprot has
been established only recently, no more than two papers document-
ing its successful application in medical research have been pub-
lished to date. Specific changes have been identified in the serum of
patients with glioblastoma (39) and in asthma patients (40).

The benefits of protein profiling, either using magnetic beads
(Clinprot) or the chip (SELDI) include very low consumption of the
sample, potential for robotization and processing of a high number
of samples with subsequent statistical analysis. As a result, both
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approaches have a considerable potential for routine diagnosis in
the foreseeable future.

CONCLUSION

Proteomics is a young innovative branch of science experiencing
turbulent development. This is supported, inter alia, by the expo-
nential growth of scientific papers that report on studies using pro-
teomic approaches to tackle biological issues (Fig. 4). There is
almost no doubt proteomics will help, within a couple of years, to
our understanding of the molecular principles of life as well as con-
tribute to advances in the diagnosis and treatment of serious dis-
eases (Graph 1).

Abbreviations

2D-PAGE - two-dimensional polyacrylamide gel electrophoresis
MALDI - matrix assisted laser desorption/ionization

MS - mass spectrometry

MS-MS - tandem mass spectrometry

mRNA - messenger ribonucleic acid

SDS - sodium dodecyl sulphate

SELDI - surface enhanced laser desorption/ionization

SELDI-TOF - surface enhanced laser desorption ionization — time of flight
TOF - time of flight
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Graph 1. Development of the number of scientific publications involving
proteomic-based techniques searched in Medline database
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Translation: René Prahl

Comments by Dr Jiracek on “Proteomics
and its role in medicine”

The remarkable advances in molecular biology in the last decade have made it possible to characterize the genomes of a number of ani-
mal species, topped with the completion of sequencing of the human genome reported in the spring of 2003. Current efforts should be aimed
at explaining and understanding the function of genes. In the body, genetic information is expressed in the form of proteins, which are the
actual functional molecules. Almost any chemical process in the body is mediated by proteins, and even a simple process such as carbon
dioxide hydration has “its own” enzyme, carbonic anhydrase, accelerating the reaction rate by a factor of more than a million. Recent
research has shown that the human body, containing about 100,000 genes, expresses a total of some 25,000 proteins, while it is estimated
that a single “average” human cell expresses about 10,000 proteins. However, the total number of proteins and peptides occurring in the
body is many times higher due to post-translational modifications, alternative splicing, existence of protein complexes, etc. Protein expres-
sion is exactly regulated, be that at the level of transcription or translation. However, there is usually bad correlation between the levels of
DNA, mRNA and proteins. For these reasons, it is clear that mere knowledge of the sequence of the genome will not be enough to unrav-
el its biological functions. Hence the renewed interest shown by researchers; a new branch of science called proteomics was born.

Proteomics can be defined as quantitative analysis of proteins present in the body at a time and under exactly defined conditions (1). In
fact, it is a set of techniques and methods allowing protein analysis. The term proteome was coined in 1994 as an analogy to the protein
equivalent of the genome. The proteome represents the set of all proteins expressed and subsequently modified by the genome throughout
the life of a cell. The term is also used in a less general sense to express the protein composition of the body, an organ, tissue or body flu-
id at a specified time and under exactly defined conditions. As the proteome reflects the current metabolic status of a given cell or body, it
is a highly dynamic system characteristically influenced by changes in conditions in the environment.
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In my view, analysis of the identity and function of the proteome(s) represents a major challenge for biological and chemical sciences
for at least the next decade. I am confident the ramifications of current and future discoveries in proteomics will extremely benefit medicine
in particular. It is for this reason that I hail review articles helping the medical community to get familiar with proteomics, its applications
and results.

The review article by Jifi Petrdk offers a relatively comprehensive outline of the basic literature addressing various aspects of proteomics
while concisely and clearly explaining the principles of individual techniques such as that of conventional two-dimensional gel elec-
trophoresis (which, in my view, will long continue to be the most useful technique of protein separation), mass spectrometry or the recent
chip-based techniques. It should only be regretted that more space has not been given to a more detailed description of specific proteomic
results applicable in medicine, e.g., identification of cancer markers, etc.
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