
Muscle tissues and muscle proteins are important

body constituents of higher vertebrates including humans.

In various species, these tissues represent up to 40% of

body weight and their protein metabolism may reach 25%

of total protein metabolism [1�5]. Specialized proteins

determine contractility, principally important feature of

these tissues that are characterized by significant mor�

phological and biochemical differences. These differ�

ences are underlined by a characteristic spectrum of

expressing genes, reflecting the existence of specific pro�

tein isoforms [4�9]. Muscle tissues also secrete proteins

involved in formation of neuromuscular synapses [10] and

secrete into blood circulation some specific growth fac�

tors that influence the length�mass characteristics of ver�

tebrates [11�13].

During ontogenesis, vertebrate muscle tissues (and

their proteins) undergo complex changes [1, 5, 6, 13�15]

terminating in the aging period [16�18]. A wide spectrum

of various diseases (from myocardial infarction and

autoimmune processes to inherited neuromuscular dis�

eases) is characterized by specific changes in muscle tis�

sues [19�25]. All these points make vertebrate tissues

interesting and perspective objects for proteomic studies.

The history of these studies can be subdivided into three

stages: pre�genomic, genomic (followed by formation of

genomics as an independent branch of functional

genomics), and post�genomic, which is successfully

developed now (Fig. 1).

SYSTEMIC STUDIES OF MUSCLE PROTEINS

IN THE PRE�GENOMIC PERIOD

OF PROTEOMIC DEVELOPMENT

General features of vertebrate muscle proteins and
some main families of muscle proteins. From the first half

of the XX century, vertebrate muscle proteins have been

intensively studied by biochemists. Usually scientists con�

centrated their attention on a particular representative of

these proteins; they studied characteristic features of

structure and function of muscle proteins (including

interaction with adenine nucleotides and calcium ions),

their metabolism, and some other properties [1, 2, 4, 6,

48]. In other words, scientists used a strategy of sequential

study of muscle proteins. Russian biochemists made sub�

stantial contributions in contemporary knowledge of

muscle proteins and an important role belonged to stud�

ies by B. F. Poglazov and his students [48�50].

In the 1980s vertebrate muscle proteins were classi�

fied into three main categories by morphological�func�

tional criteria and extraction by various solvents: I) con�

tractile proteins directly involved in the process of muscle
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Fig. 1. The main stages in formation of proteomics.

PRE�GENOMIC STAGE (1975�1989)

Development of 2D�electrophoresis and its application for
systematic studies of proteins. Preparation of first 2D�protein
maps and organization of special conferences [26�28]

First monographs and special software for 2D�electrophore�
sis; beginning of computer�aided analysis and standardization
of results [27, 29, 30]

Ideas concerning preparation of complete catalog of human
proteins [27, 28, 31, 32]

GENOMIC STAGE (1989�1999)

Initial studies on preparation of complex protein catalogs
of humans and other organisms [33�36]

Development and introduction of methods of protein
identification based on primary structure analysis [32, 35]

Introduction of the terms “proteome” and “proteomics”,
preparations of proteomes for yeast, E. coli, and other
organisms [37�40]

POST�GENOMIC STAGE (since 1999)

Extension of proteome studies, including construction
of human and mouse proteomes, discussion of perspectives
and coordination of proteomic studies with data of structural
genomics [41�47]

Appearance of first specialized “proteomic” journals:
Proteomics (since 2001), Mol. Cell. Proteomics (since 2002),
J. Proteome Res. (since 2002), etc.
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contraction; II) cytoplasmic housekeeping proteins; III)

proteins of various subcellular structures forming special

molecular architectonics of muscle fibers [1, 2, 51�53].

An additional group (IV) would be formed by secretory

muscle proteins exported by muscle tissues [10�13, 24].

From the 1980s, it was found that many muscle pro�

teins exist as isoforms characterized by high homology of

amino acid sequences and similar functions. Some iso�

forms are encoded by related but not identical genes,

others result from alternative splicing, and a third group

represents products of posttranslational modifications

[5�7, 25, 54]. This promoted the concept of the origina�

tion of protein and gene families through duplication of

ancestor genes followed by subsequent divergence of their

initial copies [5, 6, 55, 56]. Some common properties of

human muscle protein families are summarized in Tables

1�3.

Isoforms of muscle proteins of the first group were

originally found in muscles; initially they were considered

as tissue specific isoforms, but later they were also found

in non�muscle cells [1, 5�7]. Nevertheless, some muscle

proteins of the second group are tissue specific muscle

isoforms [72, 99]. Reliable demonstration of tissue speci�

ficity of some muscle proteins is not only of theoretical

importance; this has clear practical applications for

development of different diagnostic tests [6, 19, 25, 65,

73].

Almost all these human muscle proteins (listed in

Tables 1�3) have been sequenced and genes encoding

these proteins identified, mapped on chromosomes,

Names of some
proteins and protein

families

β7 and other myosin
heavy chains

1V/sB and other
myosin light chains

α�Actin of skeletal
muscles and other
actins

α�Tropomyosin and
other tropomyosins

Troponins T

Troponins C

Troponins I

Medico�biological
importance

(reference publications)

cardiomyopathies and myo�
pathies (“central core” dis�
ease) associated with muta�
tions [23�25]

mutation associated cardio�
myopathies, PTM under CVD,
hyperthyroidism, narcosis, in
some tumors, diagnostics of
CVD, etc. [19, 25, 58�62]

nemaline and other inherited
myopathies, PTMs are possi�
ble in CVD, isoforms in some
tumors [21, 23, 63]

nemaline myopathy and mu�
tation associated cardiomyo�
pathies, isoforms in tumors,
autoAB at CVD [7, 20, 24, 25,
64]

mutation associated cardio�
myopathy and diagnostics in�
cluding myocardial infarction
[6, 17, 19, 25, 65, 66]

mutation associated cardio�
myopathy and diagnostics in�
cluding myocardial infarction
[23, 25, 57]

mutation associated cardio�
myopathy and diagnostics in�
cluding myocardial infarction
[19, 23, 25, 57, 65]

Table 1. Properties of the most abundant human muscle proteins and protein families of group I (contractile proteins)

(from www.ncbi.nlm.nih.gov and [5�7, 57])

Some structural
characteristics

high homology of isoforms from
different fibril types, dimers in
thick filaments (~220 kD)

members are subdivided into
two subfamilies: essential and
regulatory MLC (PTM include
phosphorylation) (17�24 kD)

high homology of isoforms with
different localization including
thin filaments (~43 kD)

dimers in thin filaments and dif�
ferent localization, sites for
interactions with other proteins,
alternative splicing and PTM
(30�33 kD)

protein members are subdivided
into three subfamilies: fast, slow,
and cardiac subfamilies; multi�
ple isoforms due to alternative
splicing and PTM (31�36 kD)

proteins contain 4 Ca�binding
domains (EF�hands); they are
members of Ca�binding protein
superfamily (21�31 kD)

fast and slow isoforms are in the
structure of troponin complex;
PTM include phosphorylation
(27�31 kD)

General
characteristics
of the family

more than
6 genes encode

10 isoforms

more than
5 genes encode

7 isoforms

6 genes encode
6 isoforms

and there are
~14 similar genes

4 genes encode
more than 10 iso�
forms and there
are ~8 similar

genes

3 genes encode
tens isoforms

2 genes encode
2 isoforms

3 genes encode
3 isoforms

General
symbols

MHC,
MYH

MLC

ACT

TM,
TPM

TnT,
TNNT

TnC,
TNNC

TnI,
TNNI

Note: autoAB) autoantibodies; CVD) cardiovascular diseases; PTM) posttranslational modifications.
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and their exon–intron structure recognized (see

www.ncbi.nlm.nih.gov).

Since the 1980s, the vast majority of these muscle

proteins have been objects of proteomic studies [4, 8, 9,

45, 47, 58, 83, 100, 101]. Moreover, Tables 1�3 show that

almost all these (and many other) proteins attract much

attention of clinicians because of involvement of these

proteins in pathological processes in muscle tissues and

their diagnostic potential [6, 19, 23, 25, 65, 66, 102].

Huge literature has accumulated on protein–protein

interactions of muscle proteins [5, 7, 48, 49]; many pro�

teins involved in specific binding to actins, myosins, and

troponins and influencing muscle contractility have been

found [6, 23, 25, 57]. Many muscle proteins of groups II

and III are associated with various subcellular muscle

structures and influence functioning of these structures

[51, 72, 85, 86, 88, 103].

Thus, the accumulation of a large amount of experi�

mental material on the diversity of vertebrate muscle pro�

teins and complex changes in these proteins during myo�

genesis and differentiation followed by formation of vari�

ous types of myofibrils and changes in protein patterns

under pathological conditions [6, 7, 13, 25] required the

research strategy to be changed from sequential analysis of

separate proteins to a strategy of parallel studies. Develop�

ment of two�dimensional (2D) electrophoresis by O’Far�

Names of some
proteins and protein

families

Triosophosphate
isomerase

Muscle forms of
enolase and other
enolases

Muscle forms
of pyruvate kinase
and others

Lactate dehydro�
genases A (muscle
isoform), B�, C�,
and A�like

Cytosolic and mito�
chondrial aconitases

Creatine phospho�
kinase, muscle
and other isoforms

Superoxide dismu�
tase, cytosolic
and mitochondrial
isoforms

Medico�biological importance
(reference publications)

insufficiency causes hemolytic
anemia, neuromuscular disor�
ders, and defects of myoblasts
[69�71]

marker of myogenesis and muscle
damage; mutations cause muscle
insufficiency and myalgia and
muscle intolerance to physical
training; putative stress�protein
under hypoxia [15, 72�74]

certain isoforms are diagnostic
markers of some tumors, impair�
ments of other isoforms associat�
ed with mutations are the cause of
hemolytic anemia [67, 75, 76]

diagnostic marker of CVD and
muscle damage; myoglobinuria
and skin destruction due to muta�
tion associated insufficiency [65,
77]

allele polymorphism in various
populations, myopathy associat�
ed with ACO2 insufficiency [67,
68, 78, 79]

diagnostic marker of CVD, myo�
pathies, and other muscle damage
[19, 65, 66, 80]

protection against reactive oxy�
gen species and other oxidants;
mutations were found in amyo�
trophic lateral sclerosis [81�83]

Table 2. Properties of human muscle proteins and protein families of group II (cytoplasmic proteins) (from

www.ncbi.nlm.nih.gov and [5, 66�68])

Some structural characteristics
of the main isoforms

highly conservative structure in
mammals (27�28 kD)

β�isoforms differ in molecular
mass; they may be constituents of
multiprotein complex of glycolytic
enzymes (45�46 kD)

tissue specific tetramers (four
isoenzymes), which consist of two
types of subunits, exhibit catalytic
activity (58 kD)

tissue specific tetramers (five
isoenzymes), which consist of two
types of subunits, exhibit catalytic
activity (35�36 kD)

Fe–S containing proteins that can
bind RNA (84�97 kD)

tissue specific dimers are active in
cytosol, nonspecific isoforms are
in mitochondria (40 kD)

Cu� and Zn�containing cytosolic
protein, mitochondrial isoform
contains Mg (17�22 kD)

General charac�
teristics of the

family or proteins

isoforms and
allele variants

isoforms are
encoded by dif�
ferent genes
and/or originate
due to PTM;
allele variants

isoforms are
encoded by dif�
ferent genes
and/or originate
due to alternative
splicing

isoforms encoded
by different genes
and allele variants

isoforms encoded
by different genes
and allele variants

isoforms encoded
by different genes
and allele variants

isoforms are
encoded by dif�
ferent genes
and/or originate
due to alternative
splicing

Symbols

TPI1,
TPI

ENO3,
MSE, etc.

PK3,
PKM;
PKM2,
etc.

LDHA
(LDHM),
etc.

ACO1 
and
ACO2
(IRP1)

CKM,
CK,
CKMM,
CKMB

SOD1,
SOD2

Note: PTM) posttranslational modifications.
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rell, immunoblotting, microsequencing, and other highly

effective technologies of protein analysis provided the me�

thodological basis for this transition [26, 27, 29, 31, 33].

Development of a systemic approach in protein stud�
ies and its use in analysis of proteins of vertebrate muscle
tissues. In 1975, P. O’Farrell [26] described a new method

of highly effective protein fractionation suitable (as he

believed) for systemic studies of proteins encoded in the

genome of E. coli and other organisms. Soon this method

of 2D�electrophoresis and this new system of protein

analysis became very popular among scientists [27, 29,

31, 33]. In the beginning of the 1980s, N. Anderson and

L. Anderson took into consideration some features of

2D�electrophoresis and developed a special systemic

approach to studies of proteins from various organisms,

cells, subcellular structures, biological fluids [27], and

also muscle tissues [30, 100]. Subsequently, these ideas

were supported by studies of other researchers [27, 29, 33]

including Russian scientists [31].

The main stages characterizing the strategy of the

systemic approach in protein studies can be described

schematically as follows.

Name

α2�actinins
and other actinins

αB�crystallin
and other crystallins

Titin

Nebulin

Desmin

Dystrophin

Sarcoglycans

Medico�biological importance
(reference publications)

specificity for fast and slow fibrils;
polymorphism associated with
tolerance to physical load [5, 87,
88]

chaperone and stress�protein pro�
tecting cardiomyocytes against
ischemia; PTM in ischemia and
in mitosis; mutation�associated
myopathies [23, 56, 89, 90]

ischemia�induced damage, dila�
tation cardiomyopathy and muta�
tion associated tibial myopathy
[5, 84, 89, 91]

multifunctional regulator of myo�
fibril genesis; impairments in
alcohol myopathy; mutation
associated inherited nemaline
myopathy [24, 85, 92, 93]

marker of muscle type differenti�
ation; tumor diagnostics; muta�
tion�associated desmin myopathy
and cardiomyopathies [23, 86,
94�96]

mutation�associated distrophino�
pathies and cardiomyopathies
[23, 24]

mutation�associated Erb–Rota
myodystrophy and cardiomyopa�
thy [23, 24, 97, 98]

Table 3. Properties of some human muscle proteins and protein families of group III (proteins of cytoskeleton and var�

ious subcellular structures) (from www.ncbi.nlm.nih.gov and [5, 56, 84�86])

Some structural characteristics
of the main isoforms

repeated homologous stretches in
primary structure (of 114�125
residues); interaction with F�actin
(100�110 kD)

large aggregate formation, special
conservative regions in the pri�
mary structure (20�27 kD)

more than 100 Ig�repeats and
more than 100 Fn�repeats, SH3�
binding motifs (3000 kD)

there are more than 189 copies of
repeating stretches of 35 residues
in the primary structure; 7 various
species (600�850 kD)

formation of class III intermediate
filaments, conservative domains
(53 kD)

component of membrane cyto�
skeleton, 24 spectrin�like blocks
in the primary structure (427 kD)

formation of dystrophin�associat�
ed membrane complex; PTM in�
clude N�glycosylation (25�50 kD)

General
characteristics

of the family or
individual protein

homodimers
constituted by
extended sub�
units and anti�
parallel orienta�
tion; isoforms
encoded by dif�
ferent genes

members of
multigenic family
of small “heat
shock proteins”;
PTM include
phosphorylation

unique large pro�
tein, isoforms in
different tissues

isoforms due to
alternative modes
of expression

multiple allele
variants

isoforms and
other products of
alternative mode
of expression

integral mem�
brane proteins
with large extra�
cellular domains

General
symbol

ACTN

CRY, 
CR, 
sHsp

TTN

NEB

DES

DMD,
DYS

SG,
DAG,
DAPC

Note: Ig� or Fn�repeats, immunoglobulin�like and fibronectin�like repeats; PTM, posttranslational modification.
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1. All proteins (or the maximally possible number of

proteins) contained in a particular sample are solubilized,

and they represent the object for analysis. Maximally possi�

ble solubilization is achieved by complex treatments:

homogenization in solution containing maximal urea

concentration and a detergent (or detergents); ultrasonic

treatment and (in some cases) use of hydrolases destroy�

ing non�protein macromolecules. (Addition of protease

inhibitors to the lysing solutions prevents undesired pro�

teolysis [26, 27, 29].)

2. Protein fractionation is based on two independent

physicochemical properties of polypeptide chains reflecting

the properties of the primary structures of the separating pro�

teins. The first stage is isoelectrofocusing of proteins in

thin polyacrylamide gel columns in the presence of urea

and a nonionic detergent (Nonidet P�40 or Triton X�

100). This is carried out in pH gradient created by

ampholytes [34, 39, 46, 47, 104]. Separation of proteins

with pI > 8.0 requires the use of a special modification of

2D�electrophoresis, which includes non�equilibrium

electrophoresis in a pH gradient (NEPHGE). Many

studies have also used carriers with immobilized pH gra�

dient, which is created by special substances known as

immobilins; they are bound covalently to a polyacryl�

amide matrix (IPG) [104, 105]. A polyacrylamide col�

umn with separated proteins is then used as a start zone

from which fractionation in the second dimension begins

on a polyacrylamide plate. This stage involves the widely

used variant of electrophoretic protein separation in the

presence of sodium dodecyl sulfate (SDS). For increase

in protein resolution gel plates with concentration gradi�

ent of acrylamide are used at this stage.

3. Highly sensitive detection of protein fractions after

separation. A wide range of methods from classic

Coomassie Brilliant Blue R�250 to various variants of

autoradiography and colored silver staining are available.

Some methods can detect thousands of protein fractions

on the electrophoregrams. Methods of protein detection

developed in the pre�genomic stage recognized such vari�

eties of polypeptide chains, which were comparable with

evaluation of number of functioning genes in typical

eukaryotic cells [29, 33, 104].

4. Systematic description of protein distribution on two�

dimensional electrophoregrams using rectangular coordi�

nates. The position of each protein fraction on a 2D�elec�

trophoregram can be characterized by “vertical” and

“horizontal” coordinates. Position on the former and the

latter is a function of molecular mass and isoelectric

point, respectively. Thus, elucidation of protein fraction

coordinates on 2D�electrophoregrams represents the first

step in systematic and objective description of protein

products of gene expression in certain organs (tissues,

cells). An important feature of this stage of the systemat�

ic strategy consists in formation of a “synthetic image” of

protein distribution obtained on the basis of many ade�

quate 2D�electrophoregrams (so�called “protein por�

trait” of the research object) or generation of standard�

ized schemes of distribution known as “2D�maps” [27,

29, 33, 104]. Various approaches including special soft�

ware for computer analysis of images have been used [29,

33�35, 106].

5. Identification of known proteins and detection of

unknown proteins in the research object. At early stages of

the development of the systematic approach, it was

accepted that informational and implicational potentials

of “2D�maps” for various applied studies significantly

increased after identification of known proteins on these

maps [27, 29, 30, 100]. Many various methods for protein

identification after 2D�electrophoresis have been devel�

oped, and immunoblotting and microsequencing are the

most important of them [29, 33, 104, 106]. Solution of

identification problems was sometimes accompanied by

detection of new proteins or their isoforms (see for exam�

ple [107, 108]).

6. Generation of protein database of the research

object. At this final stage of studies, a bulk of information

on identified proteins could be systematized and summa�

rized in the form of a specialized computer database (or

databases), which can provide a basis for subsequent

developments of a wide range of basic and applied prob�

lems of protein biochemistry [27, 29, 31, 33].

The properties of muscle proteins were very attrac�

tive for the use of the systematic approach (and later for

proteomic studies). In the early 1980s the first publica�

tions of 2D�electrophoresis and systematic analysis for

2D�mapping of vertebrate muscle proteins appeared, and

the authors were able to identify actin, myosin light

chains, α� and β�tropomyosins, some troponins, etc. on

these maps [30, 100, 109]. In the second half of the 1980s,

Russian scientists also started to use 2D�electrophoresis

with the systematic approach for studies of muscle pro�

teins [110, 111].

GENOMIC STAGE OF ORGANIZATION

OF PROTEOMICS AND SUBSEQUENT

DEVELOPMENT OF A SYSTEMATIC

APPROACH IN PROTEIN STUDIES

USING MUSCLE PROTEINS AS AN EXAMPLE

A qualitatively new stage in the development of sys�

tematic studies of proteins began in parallel with studies

on decoding of genomes of various organisms and the

beginning of the “Human Genome Project” [112]. Ideas

concerning the use of systematic analysis of proteins for

decoding the informational content of genomes were

actively discussed, and this approach was included in the

Russian genome project [112�114].

The term “proteome” defining the protein equiva�

lent of the genome (“PROTEOME: entire PROTEin

complement expressed by the genOME”), was originally

proposed in lectures by members of the Organizing
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Committee of the conference “2D�Electrophoresis: from

Protein Maps to Genomes” held in Siena (Italy) in 1994

[37]. Evidently, the ideology of actively developing

genomic projects promoted the appearance of new termi�

nology. Now the terms “proteome” and “proteomics” are

commonly accepted and they are actively used in numer�

ous publications and many international forums [35, 39,

42, 115].

However, the main framework of the strategy of pro�

teome studies [34, 35, 38, 39, 106] was still within the ide�

ology formulated in the early 1980s [27, 29]. The most

important features of the genomic stage of proteomic

studies included: a) qualitative changes in the problem of

protein identification through the introduction of mass

spectrometric methods; b) use of DNA (and genomic)

technologies for protein identification and elucidation of

various geno�phenotypic correlations; c) optimization of

computer systems for image analyses; d) use of bioinfor�

matic resources for solution of proteomic problems.

Summarizing results of numerous studies [33, 35, 38, 39,

46], the strategy of proteomic studies of any object (e.g.,

muscle proteins) can be represented as a series of sequen�

tially realized steps, where key positions are reserved for

2D�electrophoresis of proteins, protein identification by

means of mass�spectrometry, and generation of a com�

puter database (Fig. 2).

Genomic and post�genome stages were character�

ized by improvement and modification of the methodical

arsenal for each stage of the proteomic strategy. Taking

into consideration problems of solubilization of muscle

proteins related to groups I and III, it is important to

emphasize the significantly extended spectrum of

approaches required for solution of this problem. For

example, this included the use of thiourea, CHAPS, sul�

fobetain, Triton X�114, and other detergents and also var�

ious protease inhibitors [46, 52, 115, 116]. The propor�

tion of studies using different variants of IPG during 2D�

electrophoresis sharply increased [35, 38, 39]. New high�

ly sensitive systems for direct detection of proteins (e.g.,

dyes SYPRO Orange, SYPRO Red) and improved meth�

ods for immunochemical identification (Enhanced

Chemiluminescence) have been proposed [46, 115].

The Danish group of Prof. J. E. Celis has demon�

strated successful examples of the use of the proteomic

strategy [33, 34, 46, 106]. They fractionated total protein

preparations extracted from non�cultivated human ker�

atinocyte biopsy using 2D�electrophoresis and detected

protein fractions by radioautography and fluoroautogra�

phy (using pre�labeling with [35S]methionine). Gel

images obtained by scanning were subjected to special

computer treatment using the PDQUEST II computer

system, which provides smoothing of primary image,

background subtraction, final smoothing of image, calcu�

lation of shape and distribution of protein spot density,

etc. Use of calibrated segments containing known

amount of radioactivity allowed the combining of multi�

ple radioautographs that were obtained from the same gel

by its exposure for different time intervals. This allowed

pooling quantitative data about all protein fractions dif�

fering by several orders of magnitude into one synthetic

computer image. For convenience of manipulations, a

total image was traditionally separated into nine rectan�

gular regions (this was accepted at the pre�genomic stage,

see for example [110, 111]). Each protein fractions

applied onto the map received its own number and this

facilitated quantitative and qualitative analysis of infor�

mation on each protein by means of protein databases.

The final 2D�map reflecting the human keratinocyte pro�

teome included 3625 proteins; 2313 of the 3625 proteins

were detected using 2D�electrophoresis within the pH

region 4.5�7.0; 954 proteins were found in the pH region

of 7.0�11.5 (modification of NEPHGE) [46]. Among

them, 1285 proteins were identified, and the resulting

information formed the corresponding database (see [46]

and http://biobase.dk/cgi�bin/celis). This database con�

tained a number of non�muscle isoforms of muscle pro�

teins and many housekeeper proteins present in muscle

tissues.

Several other laboratories began to use proteomic

technologies for studies of muscle proteins during the

genomic period. Since 1992, M. J. Dunn’s group

(Harefield, England) regularly reports on progress in the

creation of a database of various muscle proteins [4, 117].

In the first stage of this project more than a thousand var�

ious proteins within the pH range 4�7 were investigated;

38 of them were identified by microsequencing and

immunoblotting. Summarized results placed on the

Internet (HSC�2DPAGE) represented extended infor�

mation on cardiac proteins of human, rat, and dog. In

1996, 220 proteins of this database were identified by

Western�blotting, N�terminal and internal sequencing,

and by mass�spectrometry [35].

Significant progress in the development of a human

cardiac protein database was achieved by the German

group of Jungblut et al. [40, 118]. These authors

employed the classic method of 2D�electrophoresis with

formation of ampholyte pH gradient for isoelectrofocus�

ing. They were able to detect 3239 proteins, and 20 mus�

cle proteins were identified by N�terminal and internal

microsequencing, immunoblotting, and analysis of

amino acid composition. In 1999, this database contained

120 identified proteins and the total number of proteins in

this database increased to 3300 [40].

The first Russian 2D�map of human left ventricle

proteins was published in 1990 [119], its second version

appeared in 1995, and results obtained were summarized

as a catalogue of human striated muscle proteins [8]. This

catalog includes 312 muscle proteins; 33 protein fractions

have been identified (including 14 fractions which were

identified using microsequencing) [8, 120]. Each protein

fraction is characterized by molecular mass, isoelectric

point, and subcellular localization (cytosol, mitochon�
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Fig. 2. General scheme and some potential problems of the proteomic approach in protein studies (modification from [35, 38, 39, 132]).
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dria). During staining with “Stains all” dye (Sigma,

USA), some muscle proteins were recognized as poly�

morph variants demonstrating variability during embryo�

genesis.

The development of the Russian catalog was accom�

panied by creation of an original system of uniform

seven�digit numeration of protein fractions on the 2D�

map. The first four numbers represent decimal logarithm

of protein molecular mass, and the three last numbers are

the mean of isoelectric point. Subsequently this approach

and this system were used in later versions of this catalog,

and each version had certain characteristic features and

supplemented older versions with new information [9,

121]. For example, in the third version the total number

of proteins included on the 2D�map was increased to 347

due to better resolution of proteins in acidic and alkaline

zones of the pH gradient. This was achieved using a sys�

tem with immobilin pH gradient during protein fraction�

ation in the first dimension. On the final 2D�map, all

fractions belonging to almost all muscle proteins listed in

Tables 1�3 were identified (Fig. 3, see color insert).

Increasing attention to medical aspects of studies was

typical for the genomic period. This was important for

elucidation of new markers of tumor processes [35, 40,

122], neurotransmitters and neuropeptides [123], eluci�

dation of molecular nature of cardiomyopathies [25, 40],

and identification of some proteins important for diag�

nostics of some infections [39, 40]. This suggests the great

promise of proteomics even on the background of impres�

sive results obtained during genomic projects [124, 125].

BEGINNING OF THE POST�GENOMIC STAGE:

SOME ACHIEVEMENTS OF STRUCTURAL

GENOMICS AND PROTEOMIC STUDIES

OF VERTEBRATE MUSCLE PROTEINS

The turn of the century was characterized by inten�

sive studies of genomes of various organisms (especially of

the human genome). This resulted in the accumulation of

principally important information for many branches of

general biology and medicine [42, 43, 124, 125]. The

identification of special research objects (genomes),

specificity of solving problems, and the development and

use of a whole complex of special technologies emphasize

the fact that a new branch of science has been formed—

genomics, or more precisely structural genomics [36, 39].

The creation of GenBank, a giant and constantly develop�

ing computer database on decoded nucleotide sequences

[36, 39, 126] and availability of some other important

computer resources (e.g., www.ncbi.nlm.nih.gov; http://

cn.expasy.org, etc.) were the most important events deter�

mining development of this field. Structural genomics has

summarized data on genomes of rather complex organ�

isms, both prokaryotes and eukaryotes [36, 124�126]

(including two mammalian species, human and mouse)

[124�127]. Structural genomics also operates with mate�

rials on more than a thousand relatively short genomes

related to cellular organelles, natural plasmids, viruses,

etc. (cited by www.ncbi.nlm.nih.gov). Undoubtedly,

results of complete sequencing of the human genome are

the most important information for medicine (and

human biology in general) [124, 125, 127]. One of the key

reports in this series contained results of an international

consortium that included about 20 research groups from

the USA, United Kingdom, Japan, France, Germany,

and China [124]. The other report was published by C. J.

Venter et al; his group working for Celera Genomics

developed their own strategy of genomic analysis [125].

Analyzing 26,383 genes in the human genome, sci�

entists from Celera Genomics characterized putative

functions for more than 60% of these genes [125]. Many

of the characterized genes should function in muscle tis�

sues; 376 genes are responsible for muscle contractility

(motor); 296 genes encode structural muscle proteins,

876 genes encode structural proteins of cytoskeleton, etc.

Since the existence of multiple products of gene expres�

sion is firmly recognized for well�studied genes encoding

muscle proteins, the information available in the human

genome indicates the possibility for formation of many

thousands of proteins in human muscle tissues.

In general, the achievements of structural genomics

provided a good background for the transition to so�

called functional genomics [43, 128]. The research task of

functional genomics is often defined as study of gene

expression and its results; however, the main emphases

are made on various aspects of such study [39, 40, 122,

123, 129]. Nevertheless, gene functions represent the

main object of functional genomics. Consequently, vari�

ous studies related to genome operation which extend our

knowledge on theoretical considerations on phenotype

formation under normal and pathological conditions can

be referred to the sphere of functional genomics.

Considering the existence of several levels of forma�

tion of functional characteristics (direct gene control of

amino acid sequences, alternative promoters and alterna�

tive splicing responsible for multiple products of gene

expression, posttranslational modifications, protein–

protein interactions, etc.), we obtain in the first approxi�

mation the sphere of research interests of functional

genomics. These research interests may be subdivided

into four actively developing directions [39, 40, 42, 128,

129]: study of coordinated gene expression followed by

formation of primary transcripts, their splicing, and for�

mation of mature mRNAs (transcriptomics); study of

protein products of gene expression including posttrans�

lational modification of the protein products (pro�

teomics); study of genetic mechanisms and genetic con�

trol of formation of subcellular structures, cell differenti�

ation, and histogenesis (cytomics); study of genetic

mechanisms and genetic control of various phenotype

formation under normal and pathological conditions.
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Considering the main research tasks of functional

genomics, the principal goals of proteomics of the post�

genomic period consist of recognition and identification

(with known proteins) of the maximally possible number

of protein fractions obtained from a particular object. On

“protein portraits”, these fractions are usually character�

ized by certain coordinates. Identification of certain frac�

tions with known proteins (including various isoforms)

can be used to compare genomic, transcriptomic, and

proteomic information; this significantly increases the

value of protein databases [38, 43, 106]. Thus, the major

role of proteomics can be defined as integral analysis of

the functional state of the genome at the level of protein

products of gene expression [46, 47, 128].

Considering the major research tasks, the proteomics

and systematic approach in protein studies naturally fit to

the central problem of molecular biology of genomic and

post�genomic stages [4, 40, 45, 128, 130]. Analysis of

publications that appeared in the literature from 1995 to

2002 by a common set of key words—“human”, “car�

diac”, “protein”—revealed about 150�250 papers per year

and 10�20 papers of them contained information on

amino acid sequence of myocardial muscle proteins [45].

Muscle proteins attract much interest from other tissues

[4, 130�132].

A report on muscle proteins published by a British

group in 2001 [4] and a report on myocardial proteins

published by a German group in 2002 [133] represent

typical examples of results of studies carried out in the

post�genomic stage. Both groups used laboratory animals

as experimental models that the authors suggest may

model certain pathological conditions in humans and

approaches for their treatments. In both studies, proteins

were fractionated by 2D�electrophoresis and identified by

mass�spectrometry; the resulting images were treated

using the Melani computer program. Both groups detect�

ed about 500�600 protein fractions, and several tens of

muscle proteins belonging to three main groups were

identified. Our database also contains about 500 muscle

proteins, and more than 50 of these proteins have been

identified [9].

Results reported by Gajendran et al. [10] demon�

strated another aspect of proteomic analysis of muscle

proteins. These authors characterized 1200 proteins form

cultivated muscle cells So18; 140 of the 1200 proteins

were identified by mass�spectrometry. Comparison of

proteomic maps and results of co�electrophoresis of pro�

tein preparations of cultivated cells, culture medium, and

proteins from muscle extracts revealed some proteins

secreted by muscle cells.

Proteomic studies of muscle proteins typical for the

post�genomic period have some characteristic features.

Beside wide use of mass�spectrometry for protein identi�

fication, use of genomic information and transcriptome

analysis, these include special attention to certain groups

of muscles and even to some subcellular components of

muscles (sub�proteomics) [45, 52, 53, 58, 130]. A study

by Li et al. [130] is a typical example of such investiga�

tions. These authors analyzed proteins of human m.

thyreoarytenoideus. These muscles are of particular inter�

est because of their unique functions providing speech

facility and protection of the respiratory tracts from aspi�

ration. Six autopsies were investigated. Their proteins

were fractionated by 2D�electrophoresis using IPG with

broad (variant I) and narrow (variant II) pH values (pH

ranges of 3�10 and 5�8, respectively). Using silver staining

the variant revealed 547 protein fractions, and 75% of

them were located within the pH zone of 5�8. Although

variant II detected 1087 proteins, 26 fractions from pH

region of 3�5 and 110 fractions of pH region of 8�10 were

absent. The authors tried to identify 150 protein fractions,

which were cut from 2D�electrophoregrams, but only 75

proteins could be identified by mass�spectrometry. The

identified proteins were referred to the following func�

tional classes: a) membrane proteins, membrane recep�

tors and proteins involved in signaling (8.5%); b) proteins

of cytoskeleton and myofibrils (14.6%); c) proteins asso�

ciated with mitochondria and energy production of cells

(28%); d) proteins involved into stress response (8.5%); e)

proteins bound to DNA or RNA (10.9%); f) non�classi�

fied proteins (29.2%). These results confirmed the notion

that many muscle proteins exist as a set of isoforms and

isoform composition (e.g., composition of myosin heavy

and light chains and also composition of troponin com�

plex) of muscle proteins determines functional capacities

of muscles including contractility. Li et al. [130] generat�

ed their own database of human muscle proteins. They

believe that subsequent development of such studies will

help to create an effective resource for molecular analysis

of normal and pathological process in striated muscles.

In the post�genomic period, possibilities and

approaches to the solution of proteomic tasks without the

use of 2D�electrophoresis are actively discussed in the lit�

erature [44, 115, 134]. For example, it was suggested that

reversed�phase HPLC [135], capillary isoelectrofocusing

and capillary electrophoresis [136], design of special pro�

tein chips [134, 137], and also combinations of various

techniques for protein fractionation including modern

variants of affinity and ion�exchange chromatography

[135, 137] might provide an alternative to 2D�elec�

trophoresis. A practical example of such approaches

(called gel�free approaches) was demonstrated by Ruse et

al. [45]. They studied human myocardial proteome.

Myocardial samples obtained from five patients without

cardiac pathology were used for maximally possible solu�

bilization of proteins. The solubilized preparations were

treated by trypsin and proteolytic peptides were analyzed

by chromatographic methods in combination with mass�

spectrometry. Such proteomic analysis consisted of 11

sequential stages; 267 proteins including 47 phosphopro�

teins were identified. For protein identification, these

authors used the broad capacities of bioinformatics and
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special databases (http://www.harefield.nthames.nhs.uk/

nhli/protein/index.html and http://www.mdc�berlin.de/

~emu/heart/). The identified proteins were determined

as mitochondrial (98), nuclear (75), and cytoplasmic (65)

proteins and 22 proteins belonged to various structures of

cytoskeleton.

Although several attempts have been made to use

gel�free approaches in proteomics, many researchers

believe that 2D�electrophoresis remains the main tool for

protein (including muscle protein) fractionation [46, 47,

58, 102, 115].

Characterizing proteomics of the post�genomic peri�

od as the branch of functional genomics, we should

emphasize that it still actively uses the systematic

approach for studies of protein products of gene expres�

sion for elucidation of principles of genome functioning.

Now the main “proteomic pathway” to selected targets is

related to creation of computer databases based on vari�

ous protein catalogs corresponding to proteomes of the

studied objects including whole vertebrate organisms (and

the human body as well) [39, 41, 45�47, 102, 131]. It

should be noted that this viewpoint completely corre�

sponds to the notions that appeared in the pre�genomic

period [27, 29, 31, 33]. The construction of proteomes (as

well as genomes) should become (and they have actually

become) new important species characteristics and data

obtained begin to form a new theoretical basis for the

development of many general biological and medical

problems [39, 43, 115, 127, 129].

It should also be noted that many researchers are

concentrating their attention again on recognition and

studies of separate proteins (including those which repre�

sent a combination of several isoforms) by proteomic and

other technologies [7, 75, 102]. (This often reflects

changes in functional properties of muscle tissues [23, 25,

138].) Other priorities include studies of muscle proteins

with certain tissues specificity and/or studies of proteins

that are characterized by clear variability during ontogen�

esis and also under different treatments [10, 18, 132, 133,

139].

PROTEOMIC STUDIES OF TISSUE

SPECIFICITY AND POLYMORPHISM

OF SOME MUSCLE PROTEINS

Results of numerous studies suggest that contractile

function of myofibrils under normal and pathological

conditions depends on the presence of certain forms of

muscle proteins and also on their posttranslational modi�

fications [5, 60, 61, 139]. (We cannot analyze this bulk of

information because the accumulated material signifi�

cantly exceeds all possible limits reserved for this review.)

So all these problems studied by means of proteomic

technologies will be considered using certain muscle pro�

teins as examples (myosin light chains, troponins T, eno�

lases, and crystallins). These proteins were selected be�

cause of the availability of rather comprehensive informa�

tion in our group [8, 9, 108, 111, 114, 119, 140].

Since polymorphism of proteins related to group I

muscle proteins and directly involved in muscle contrac�

tion is of special interest, the proteomic technologies have

been actively used for investigation of polymorphism of

almost all proteins of this group. Myosin heavy chains

(MHC) are the only exception due to the remaining

problems of fractionation of poorly soluble proteins with

molecular mass of 100 kD and above by the method of

2D�electrophoresis. Although there are some reports on

detection of MHC fractions during 2D�electrophoresis

[30], all the information on tissue specificity of MHC iso�

forms has been obtained in studies using technologies

other than proteomic ones [5, 141].

In contrast to MHC, myosin light chains (MLC) can

be successfully analyzed by the proteomic technologies.

These proteins are reliably detected and identified within

the region of 2D�electrophoregram limited by the coordi�

nates from 28 to 15 kD and pI from 4.8 to 5.5 [8, 9, 108].

Besides major MLC proteins, this region also contains

more than twenty other protein fractions that still require

better identification (Fig. 3). Special analysis of one of

these proteins [108] specific for atrium revealed that its

amino acid sequence contains at least two sites that share

high homology with the corresponding sequences of other

MLC. For some MLC polymorphic variants are known;

for example, 2D�electrophoretic analysis of human

autopsies revealed the variant known as MLC�1V/sB,

which differed from the normal pI value; this was due to a

single amino acid substitution 144(N→H) [140]. Some

MLCs are subjected to phosphorylation and their phos�

phorylated forms are reliably registered by the proteomic

technologies; these forms have been listed in the pro�

teome databases [4, 117], especially in HSC�2DPAGE

and other English computer resources (http://www.

harefield.nthames.nhs.uk/nhli/protein/index.html).

There is increasing evidence for medical importance

of various proteins of the MLC family. Some hyper�

trophic cardiomyopathies are associated with mutations

of MLC�1V/sB and MLC�2s/v genes encoding essential

and regulatory myosin light chains, respectively [25], and

MLC�2 phosphorylation/dephosphorylation processes

are significantly altered in cardiovascular diseases [58],

hyperthyroidism [60], during narcosis [61], and in some

tumors [62]. This emphasizes the importance of further

studies of MLC. Tests on MLC are already used in clini�

cal practice because these proteins are specific markers of

cardiac damage [19]. Thus, certain experimental evi�

dence exists that skeletal muscles and myocardial ventri�

cles and atria contain specific spectra of MLC proteins

that are changed during ontogenesis and in pathology [5,

8, 58, 111].

The family of troponin T (TnT) proteins attracts

much attention due to the problem of tissues specificity of
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proteins; this family is further subdivided into fast skele�

tal, slow skeletal, and cardiac isoforms of troponins [6,

57]. Separate members of this family are studied using

proteomic technologies for solution of various medico�

biological problems [6, 25, 57, 132].

Human (and other vertebrate) muscle tissues of var�

ious types contain specific sets of TnT isoforms; fast

skeletal TnTs are the most abundant isoforms. Their for�

mation involves alternative mechanisms of expression of

one gene, and the calculated number of such isoforms can

reach 128 [6, 54, 57]. One gene encoding slow skeletal

TnT is responsible for formation of four isoforms of par�

ticular species due to alternative splicing [142]. Interest�

ingly, 2D�electrophoresis of human skeletal muscles with

subsequent mass�spectrometry also revealed four frac�

tions of slow skeletal TnT (Fig. 3).

TnT together with troponins C and I form a troponin

complex in thin filaments; this complex interacts with

tropomyosin molecules and plays an important role in the

regulation of muscle contraction. Consequently, the pres�

ence of certain forms of TnT should emphasize some

specificity in the functioning of certain muscles [5, 6, 57].

Moreover, convincing evidence exists that mutations in

genes encoding TnT cause certain types of muscle pathol�

ogy [6, 23, 25]. Comparative 2D�electrophoretic study of

skeletal muscle samples (n = 8) obtained from patients

with amyotrophic lateral sclerosis and corresponding

controls revealed that a group of closely positioned pro�

teins clearly and specifically detected in muscles under

normal conditions is absent in patients with this disease

[143]. Mass�spectrometric analysis identified the missed

proteins as protein products of expression of slow skeletal

muscle TnT gene (TNNT1) [144]. Mass�spectrometry

analysis of the other protein fraction, which might be

related to the considered group by its electrophoretic

mobility and which has been detected in muscle samples

of healthy individuals and patients with amyotrophic lat�

eral sclerosis, identified this proteins as the protein prod�

uct of slow skeletal muscle TnT gene; this product is

apparently truncated at the C�terminus because it lacked

the C�terminal part. Although appearance of amyotroph�

ic lateral sclerosis is often associated with mutations in

superoxide dismutase gene (SOD1) [82], disappearance

of isoforms of TnT suggests their involvement in patho�

genesis of this disease.

Proteomic technologies are successfully used for

studies of numerous proteins of group II. For example,

interesting results have been obtained during studies of an

isoform of enolase specific for muscle tissues (ENO3) [4,

72, 103]. This glycolytic enzyme attracts much attention

as a putative marker of early myogenesis and muscle

impairments under increased physical load (e.g., during

very intensive sport trainings) [15, 73].

Using 2D�electrophoresis, Merkulova et al. [72]

demonstrated that human fast muscles (type II) contain

two isoforms of β�enolase that differ in molecular mass:

the H isoform is of 46 kD, whereas the L isoform is of

45 kD. In different people, β�enolase forms three isoform

patterns: the enzyme may be present as H isoform, L iso�

form, or mixture of equal quantities of H and L isoforms.

This suggests the genetic nature of human β�enolase

polymorphism.

Recently, we also detected the position of β�enolase

(together with some other proteins) on the 2D�map of

human muscle proteins (Fig. 3) using mass�spectrometry.

This study was carried out in the Proteomic Center at the

Institute of Biomedical Chemistry, Russian Academy of

Medical Sciences [144]. Subsequent investigation of rep�

resentative set of biopsies (n = 20) and autopsies (n = 34)

of skeletal muscles also revealed the existence of two iso�

forms of β�enolase (Fig. 4). Their frequencies corre�

sponded to expected values using the Hardy–Weinberg

Fig. 4. Isoforms of human muscle β�enolase: a) heterozygote (H and L isoforms are present); b) homozygote (H form is present).

a b
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equation. This indirectly supports the suggestion of di�

allele state of ENO3 gene. It is possible that polymor�

phism of β�enolase may influence energy supply to mus�

cle tissues. This is indirectly supported by the fact that

some missense mutations in ENO3 gene cause enzymatic

insufficiency, manifesting by specific myopathy charac�

terized by myalgia and inability for muscle training [74].

In some proteomic studies αB�crystallin, a protein

of group III, has been intensively investigated [8, 34, 45,

130, 133]. In 1995, our group determined its position on

the 2D�map of muscle proteins using microsequencing

(Fig. 3) [8]. Later mass�spectrometry revealed that frac�

tion 4313685 is also a crystallin. This fraction is presum�

ably a phosphorylated form of this protein [56, 90].

Similar results were obtained by Z�B. Li et al. [130].

Analyzing proteins of m. thyreoarytenoideus, these

authors identified two fractions as αB�crystallins and one

fraction as α�crystallin (polypeptide 2). Study of changes

in protein composition of human heart transplant (n = 3)

during its rejection revealed sharp reduction of αB�crys�

tallin fraction and marked increase of two neighboring

fractions, 4312685 (kD/pI 20.6/6.85) and 4262672

(kD/pI 18.3/6.72) [121]. This observation possibly

reflects changes in the set of small heat shock proteins or

degradation of αB�crystallins; it is also possible that these

changes are associated with the reaction of heart trans�

plant rejection.

Thus, proteomic studies of muscle proteins represent

one of the intensively developing regions of modern pro�

teomics, which has good perspectives and which may sub�

stantially contribute to new achievements in muscle pro�

tein research.
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Fig. 3 (for Shishkin et al.). 2D�electrophoresis of human muscle proteins. a) Typical electrophoregram of skeletal muscle proteins. b) 2D�

map generated by the Melani software. Arrows indicate identified proteins: 1) TnC; 2) MLC type 3, fast; 3) type 3; 4) MLC type 2; 5) MLC

type 1; 6) DES; 7) ACT; 8) βTM; 9) αTM; 10) ENO3; 11) PK3; 12) ACO2; 13) TPI1; 14) SOD1; 15) CRYAB; 16) a region with four TnT1

fractions; 17) CKMM; 18) LDGA; 19) TnI fast type; 20) TnI isoform; 21) CRYAB (4313685) isoform. Mm, molecular mass.
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