
Cardiac muscle contraction is a complex process in

which cardiomyocyte stimulation, occurring as a result of

cell membrane depolarization and subsequent increase in

intracellular Ca2+ level, is coupled with the generation of

mechanical force. The key role in the regulation of mus-

cle contraction belongs to one of the components of thin

filament – troponin complex. This protein consists of

three subunits – troponin C (TnC), which binds Ca2+,

troponin I (TnI), which inhibits the ATPase activity of

actomyosin complex, and troponin T (TnT), which inter-

acts with tropomyosin. Complex changes in troponin

structure that occur after binding of Ca2+ enable the ATP-

dependent interaction of myosin with actin and develop-

ment of muscle contraction. Developmental isoform

change, alternative splicing, and various posttranslational

modifications of troponin complex proteins allow the fine

adjustment of cardiac contraction.

Troponin complex also has important medical impli-

cations. This protein is a target for some cardiotonics

used in therapy of heart failure. A number of mutations in

troponin genes lead to the development of different types

of cardiomyopathies. In addition, for the last 25 years iso-

forms of TnI and TnT specific for cardiac muscle tissue

have been used for diagnostics of pathologies associated

with cardiomyocyte necrosis (myocardial infarction,

myocardial trauma, and others).

This review summarizes the existing data on struc-

ture and functioning of troponin complex components

and their role in the regulation of cardiac muscle activity.

EXPRESSION OF TROPONIN

COMPLEX SUBUNITS

Troponin I

In humans, troponin I is expressed in three isoforms:

fast and slow skeletal isoforms and specific cardiac iso-

form [1-3]. Genes of all three TnI isoforms are arranged

in tandems with TnT genes and are paralogs formed by

the triplication of the ancestor TnI/TnT pair of genes [4,

5]. During embryonic development the fast and slow

skeletal isoforms of TnI are expressed in all types of skele-
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tal musculature, but in the adult state these isoforms are

present only in the fast and slow skeletal muscles, respec-

tively [6]. The slow skeletal TnI isoform is also expressed

in cardiac muscle during embryonic development [7-9],

and it is completely substituted by cardiac TnI shortly

after birth. The cardiac isoform of TnI is expressed exclu-

sively in heart [10-12]. The gene of cardiac TnI (TNNI3)

is situated on the 19th chromosome (19q13.4) and con-

sists of eight exons and seven introns [3]. Exon 3 is absent

in genes of the skeletal isoforms, and it codes the main

part of the unique N-terminal domain of cardiac TnI [3].

Developmental changes of TnI isoforms in heart.

During ontogenesis of many animals and humans,

changes in TnI isoforms in heart occur [8, 13-16]. In the

embryonic stage of heart development the slow skeletal

TnI isoform is mainly expressed. During the last weeks of

human fetal development the rate of hcTnI expression

increases [7, 9], and by the ninth month after birth skele-

tal TnI is completely substituted by the cardiac isoform

[9]. The molecular mechanism that regulates this substi-

tution is not fully understood. It seems that this process is

controlled on both transcriptional and translational lev-

els. In experiments with mouse myoblasts, it was shown

that transcriptional factor Yin Yang 1 may participate in

the inhibition of the slow skeletal TnI gene promoter [17].

In another series of experiments with embryonic rat

myocardium, increased level of antisense RNA impeding

the translation of hcTnI was observed. The level of this

antisense RNA decreased with maturation of the organ-

ism [18].

Experiments on cardiac myocytes of mice [19, 20],

rats [21, 22], and rabbits [23, 24] show that slow skeletal

TnI incorporated in cardiac troponin complex provides

higher affinity for Ca2+ and is less sensitive to acidosis

than the cardiac TnI isoform. So expression of slow skele-

tal TnI in embryonic myocytes makes cardiac muscle

more resistant to hypoxia and acidosis that may occur

during fetal development and labor.

Troponin T

Troponin T is expressed in humans by three genes

coding slow and fast skeletal and cardiac isoforms of the

protein. The cardiac troponin T gene (TNNT2) is locat-

ed on chromosome 1 (1q32.3) [25, 26], is 17-kb long, and

consists of 17 exons and 16 introns [27]. It was shown that

apart from heart tissue, cardiac TnT is transiently

expressed in skeletal muscles during fetal development

[28-31].

Alternative splicing and isoform changing of cTnT

during ontogenesis. In a few studies dedicated to the

analysis of expression of TnT isoforms during develop-

ment of mouse [32, 33] and rat [34] cardiac muscle, a

transient increase in mRNA coding the slow skeletal iso-

form of TnT was observed. An increased level of this

mRNA was also detected in fetal human heart muscle and

in cardiomyocytes of patients with end-stage heart failure

[34]. However, it is worth mentioning that in these works

no evidence of the translation of these mRNAs was pre-

sented. The absence of skeletal TnT isoforms in heart dur-

ing different stages of development was confirmed by

many works [30, 35-37], and so it is possible to say that

the cardiac isoform of TnT is the only one that is

expressed in cardiomyocytes.

In avian [38] and mammal [39-43] heart muscle,

several forms of cardiac troponin T are expressed. These

isoforms are produced as a result of alternative splicing of

the cardiac troponin T gene. In humans, several forms of

TnT are formed by alternative splicing of exons 4, 5, and

13 [25, 26, 30, 38, 42, 44, 45] (see further Fig. 2c). The

amino acid sequence that is coded by exon 5 is expressed

only in the embryonic form of cardiac TnT and is absent

in the structure of TnT in adult heart [13, 30, 38, 43, 45].

Exons 4 and 13 can be alternatively spliced during any

developmental stage [28, 42, 45, 46]. In mice and rats the

expression of the embryonic form of cardiac troponin T

ceases by, respectively, the 5th and 14th day of postnatal

development [28]. The exact time of cessation of human

embryonic cardiac TnT expression is not known, but by

the ninth month of postnatal development embryonic

TnT is completely substituted by the adult form in which

the amino acid sequence coded by exon 5 is absent [26].

In the heart of healthy adults, troponin T is mainly pres-

ent as isoform TnT3, which is 287-a.a. long and incorpo-

rates the amino acid sequences coded by exons 4 and 13

[30, 46].

The amino acid sequence coded by exon 5 (EEED-

WREDED) is highly negatively charged. So alternative

splicing of this exon leads, first, to the shortening of the

protein and, second, to the substitution of a more acidic

isoform by a less acidic one. These changes can affect the

functioning of the troponin complex. It was shown that

the expression of the adult isoform of troponin T

enhances the maximal myofibril force and sensitivity of

myocytes to Ca2+ [47-49]. Splicing of exon 4 may also be

functionally important. Expression of TnT lacking the

sequence coded by exon 4 was observed in hearts of

patients with end-stage heart failure [30, 46].

The molecular mechanism that regulates the alterna-

tive splicing of TnT is not fully understood. So far only

factors influencing the splicing of TnT exon 5 have been

investigated. It was shown that binding of transcriptional

factors CUG-BP and ETR-3 to the UG-rich part of the

intronic sequence downstream of exon 5 leads to the

introduction of this exon into the mRNA [50].

Expression of CUG-BP and ETR-3 is downregulated

during development of the organism [51]. Two other pro-

teins – PTB and MBNL – are antagonists of CUG-BP

and ETR-3. Binding of PTB and MBNL to the intronic

sequences both upstream and downstream from exon 5

prevents its incorporation into the mRNA [52].
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Troponin C

Troponin C is expressed in humans by two genes:

gene TNNC1 that is located on chromosome 3 (3p21.1)

and codes the cardiac/slow skeletal isoform of TnC

(c/ssTnC) [53] and gene TNNC2 that is located on chro-

mosome 20 (20q12) and codes the fast skeletal isoform of

troponin C [54, 55]. TNNC1 consists of six exons and five

introns [56] and is expressed in cardiac and slow skeletal

muscles [57]. In experiments with chickens, it was shown

that TNNC1 is also transiently expressed during fetal

development of fast skeletal musculature [58, 59]. Gene

TNNC2 is expressed exclusively in fast skeletal muscles

independently of the stage of development [57].

STRUCTURE OF HUMAN CARDIAC

TROPONIN COMPLEX COMPONENTS

Troponin I

Translation of hcTnI mRNA leads to the develop-

ment of a 210-a.a. protein. During synthesis, the first

methionine is removed and the subsequent alanine

residue is acetylated [60, 61]. Thus, the mature molecule

of TnI is 209 a.a. long and has a molecular mass of

24 kDa. The cardiac isoform of troponin I consists of five

domains: N-terminal domain, IT-arm, inhibitory

domain, regulatory domain, and C-terminal mobile

domain (Fig. 1b).

The N-terminal domain (residues 2-32)1 is present

exclusively in the cardiac isoform of troponin I and plays

a crucial role in the interaction of TnI with TnC and in the

regulation of muscle contraction. This domain consists of

an acidic part (residues 2-11), Xaa-Pro motif (residues

12-18), and a part that carries two serine residues (S23

and S24) that can be phosphorylated (residues 19-32)

[60, 62]. By means of dot blotting [63] and NMR [62, 64-

66], it was shown that residues 19-33 of the N-terminal

domain of dephosphorylated TnI are able to interact with

the N-terminal globule of TnC (Fig. 1a) [63, 65].

Phosphorylation of S23 and S24 leads to the formation of

a new α-helix motif formed by residues 21-30 of TnI [62].

This structural change disrupts the interaction of TnC

with the N-terminal domain of TnI and dislocates the lat-

ter. It is proposed that the acidic N-terminal domain of

biphosphorylated TnI interacts with the positively

charged inhibitory domain of TnI, and this interaction

has an influence on the Ca2+-dependent regulation of

muscle contraction [62].

The IT-arm (residues 42-136), which follows the N-

terminal domain, is composed of two α-helices (H1

(residues 43-79) and H2 (residues 90-135)) connected

with a short linker [67]. The IT-arm is the least flexible

part of the TnI molecule, and it plays a structural role,

providing contact with troponins C and T and orientating

TnI in the troponin complex. An amphiphilic part of the

H1 α-helix (residues 43-65) contacts the C-terminal

domain of TnC [67, 68]. The C-terminal part of the H1

α-helix (residues 66-79) interacts with the H2 α-helix of

TnT [67, 69]. Residues 80-89 of TnI make up a flexible

linker between helices H1 and H2. The H2 α-helix of TnI

forms a coiled-coil structure with the H2 α-helix of TnT

(residues 226-271 of hcTnT) [67, 70, 71].

The inhibitory domain of hcTnI spans residues 137-

148 [67, 72] (somewhat different borders of this region

(residues 129-148) are indicated in papers of Lindhout

and Sykes [73] and Brown et al. [74]). In the absence of

Ca2+, residues 138-148 of the inhibitory domain interact

with actin [72, 75] and shift the tropomyosin molecule so

Fig. 1. Domain structure of human cardiac troponin I. a) Scheme of the hcTnI secondary structure. The structure of the N-terminal domain

of TnI is represented according to [62], arrangement of α-helices H1-H4 in the TnI molecule according to [67], and structure of the mobile

domain according to [86]. The wavy curve represents the Xaa-Pro region of TnI (residues 12-18) forming a proline helix. Short β-strands 1

and 2 are marked by arrows. Proteins of the thin filament that interact with the relevant regions of the TnI molecule are indicated in ovals [62,

63, 65, 67, 88]. N-TnC and C-TnC, N- and C-terminal domains of TnC, respectively; Tm, tropomyosin. b) Domain organization of hcTnI

[67]. ID, inhibitory domain; RD, regulatory domain.

a

b

1 Numbering of amino acid residues in TnI and TnT corre-

sponds to the products of human cardiac TnI and TnT gene

expression and includes the first methionines if not stated oth-

erwise.
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as to impede the actomyosin complex formation [76, 77].

A few variants of the inhibitory domain structure are pre-

sented in the literature. In the work of Brown et al. [74]

on artificial troponin complex composed of different ani-

mal troponins, by means of site-directed spin labeling

(SDSL-EPR) it was shown that the region limited by

residues 138-145 does not possess a stable secondary

structure. In the work by Takeda et al. [67], they were not

able to crystallize the inhibitory region, which also sug-

gests a high flexibility of this part of the molecule. The

data of Lindhout and Sykes [73] indicate that in the pres-

ence of Ca2+, residues 132-135 of hcTnI interact with a

hydrophobic region on the surface of the C-terminal

domain of TnC, the following residues 135-140 form an

α-helix that interacts with E- and H-helices of TnC,

while residues 141-148 do not possess secondary structure

[73]. But a few other studies argue that the inhibitory

domain of TnI may have an arranged structure. Data on

chicken troponin I structure obtained by FRET suggest

that in the absence of Ca2+ the region limited by residues

138-149 (residues 137-148 of hcTnI) interacts with actin

and accepts a compact conformation [75]. Increase in

Ca2+ concentration leads to a conformational change in

the inhibitory region of chicken TnI, which forms a quasi-

α-helix that interacts with the linker region of TnC [75,

78]. Data obtained by H/D mass spectrometry also sug-

gest that the inhibitory domain of TnI may obtain sec-

ondary structure [79].

The regulatory domain of hcTnI (residues 149-163)

includes the short H3 α-helix (residues 150-159) [67]. At

high Ca2+ concentrations, this domain interacts with a

hydrophobic cleft on the surface of the TnC N-terminal

domain, forming a third region of contact of hcTnI with

TnC [80]. Interaction of the regulatory domain with TnC

leads to the dissociation of the TnI inhibitory domain

from actin and to the shift of tropomyosin that enables the

formation of the actomyosin complex [69, 80, 81].

The mobile domain of hcTnI (residues 163-210)

contains the H4 α-helix (residues 164-188) and the C-

terminal part of the molecule (residues 190-210). The

structure of the latter is not fully understood. In the work

of Takeda et al. [67], in which the troponin complex was

crystallized in a Ca2+-saturated state, they could not

define the structure of residues 192-210 that, according to

the authors, indicates high mobility of this region in the

presence of Ca2+ [67]. Interestingly, the C-terminal part

of skeletal troponin I has a high degree of homology with

the same region of hcTnI, and in studies of skeletal tro-

ponin I a few variants of structure of this part of the mol-

ecule have been proposed. NMR studies of the troponin

complex reconstructed in vitro from recombinant TnI,

TnC, and a fragment of TnT [82], as well as studies of the

chimeric proteins [83], suggest that the C-terminal part

of TnI remains in the unordered state. However, the data

of King et al. [84], obtained by means of small-angle neu-

tron scattering, indicate that in the presence of Ca2+ this

region of chicken skeletal TnI may adopt a compact con-

formation that is presumably formed by α-helices. At low

Ca2+ concentrations, it changes to elongated coiled-coil.

In the work of Murakami et al. [85] using NMR, it was

shown that the C-terminal part of chicken skeletal tro-

ponin I adopts secondary structure formed by consecutive

α-helix, two short anti-parallel β-strands, and two fol-

lowing α-helices. An analogical structure was proposed in

a recent paper of Wang et al. [86] performed using FRET.

Finally, in a work of Zhou et al. [87] performed on rat car-

diac TnI, it was shown that in the presence of Ca2+ the C-

terminal part of TnI adopts an arranged secondary struc-

ture, while at low Ca2+ concentration it stays in the

unordered state.

In a study of chicken recombinant skeletal troponin

[85], rat recombinant cardiac troponin I [87], or different

recombinant fragments of human cardiac TnI (residues

131-210 [88] or 1-192 [89]), it was demonstrated that at

low Ca2+ concentrations the mobile domain of TnI inter-

acts with tropomyosin and the C-terminal part of actin. It

is believed that these interactions play a crucial role in the

regulation of Ca2+-dependent contraction and stabiliza-

tion of the troponin complex on the surface of the thin fil-

ament [88, 89].

Troponin T

Troponin T plays the main role in the fixation of the

troponin complex on the actin filament, organizes the

subunits in the complex, and also participates in the reg-

ulation of muscle contraction [90, 91]. As stated earlier,

in adult human heart muscle the 35.9 kDa isoform TnT3

is predominantly expressed. The N-terminal methionine

is cleaved during the processing of the protein and the

consecutive serine is acetylated, so the mature human

cardiac troponin T molecule is 287-a.a.-long. So far only

a small C-terminal portion of the molecule has been crys-

tallized [67], and most of the information about the struc-

ture of the protein has been gathered by analysis of its

fragments.

The hcTnT molecule is stretched along the thin fila-

ment [88, 92] and consists of the N-terminal variable

domain (residues 2-68) and conservative central (residues

69-200) and C-terminal domains (residues 201-288)

(Fig. 2b). The structure of the N-terminal domain varies

among different species of TnT [93], and, like in hcTnI,

has a unique sequence of ~32 a.a. that is not present in the

skeletal isoforms of TnT [94]. This region is highly polar

and negatively charged because by more than half it con-

sists of aspartate or glutamate residues. Some of the early

studies performed on the isolated N-terminal domain of

TnT indicate that this region does not interact with other

proteins of the thin filament [95, 96], although others

presume that the first 40 amino acid residues of cardiac

TnT may contact with other components of the troponin
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complex and tropomyosin [97]. According to studies per-

formed on different chimeric proteins and deletion

mutants of TnT, the N-terminal part of the protein influ-

ences the conformation of the complex [98-100] and the

interaction of troponin complex with actin and

tropomyosin [100, 101], and effects the Ca2+ sensitivity of

the muscle [94, 102, 103] and the development of the

maximum force of contraction [103, 104].

The central domain of hcTnT embodies the first site

(T1) of interaction with tropomyosin (residues 98-136 of

hcTnT) [105]. T1 contacts tropomyosin in the place of

binding of two tropomyosin dimers [92, 106], and the

force of this contact does not depend on the concentra-

tion of Ca2+ [107]. The exact structure of T1 is not fully

clarified, but it is supposed that this region is mainly α-

helical [108, 109]. Residues 183-200, following T1, form

a flexible linker that connects the central part of the mol-

ecule with its C-terminal domain [67, 109].

The C-terminal domain of hcTnT contains α-helices

H1 (residues 204-220) and H2 (residues 226-271) [67].

The H2 α-helix participates in the interaction with TnI,

forming coiled-coil with the H2 α-helix of the latter [67,

70]. With its C-terminus (residues 256-270), the H2 α-

helix of hcTnT interacts with the Ca2+-binding loops of

the TnC C-terminal domain [67]. The structure of the last

16 residues of hcTnT was not resolved in the crystal,

which indicates the structural flexibility of this region

[67]. Apart from contacting with TnI and TnC, the C-ter-

minal domain of hcTnT contains a second site of interac-

tion with tropomyosin (T2). T2 connects to the region

around the C190 of the tropomyosin molecule [110, 111],

and this interaction becomes stronger in the absence of

Ca2+ [107]. Data on the exact localization of the T2

region is controversial. In the paper of Jin et al. [105]

using immunoanalysis of mouse slow skeletal TnT frag-

ments, it was shown that T2 spans residues 180-204

(homologous to residues 197-239 of hcTnT). But other

works suggest that the T2 region is formed by the last 16

residues of TnT [111-113]. Interacting with tropomyosin

and, probably, actin, this C-terminal part of the molecule

stabilizes the troponin complex in the non-active state,

because the deletion of the last 14 amino acid residues of

hcTnT resulted in the enhancement of actin-activated

ATPase activity in vitro [113].

Troponin C

The isoform of TnC expressed in human heart has

molecular mass of 18.4 kDa and consists of 161 a.a. [114].

As opposed to hcTnI and hcTnT, the N-terminal methio-

nine of the mature c/ssTnC is not removed, and it is

acetylated [114, 115]. TnC consists of a short N-terminal

domain (residues 1-13) that is formed by the first α-helix

(N-α-helix) and four Ca2+-binding EF-hands that are

combined pairwise into the N-terminal (residues 14-87)

and C-terminal (residues 92-161) globular domains (Fig.

3). Each EF-hand consists of two α-helices (α-helices A-

H), between which is located the Ca2+-binding loop.

Each loop incorporates a short β-strand that forms an

antiparallel β-sheet with the β-strand of the neighboring

Ca2+-binding loop [67, 116]. The N- and C-terminal

globular domains of TnC are connected by a short linker

situated between α-helices D and E (D–E linker) [116].

In the fast skeletal isoform of TnC, all four EF-hands

are able to bind Ca2+ or Mg2+ [117, 118]. A few noncon-

servative amino acid substitutions in the first EF-hand of

the c/ssTnC isoform impede the ion binding [116, 119],

and c/ssTnC has only three Ca2+-binding sites: two C-ter-

minal sites with high affinity for Ca2+ (Kd ~ 107 M–1) and

one site with low affinity (Kd ~ 105 M–1) [120-122].

The high affinity sites of the c/ssTnC C-terminal

domain (EF-hands III and IV) have relatively low speci-

ficity for Ca2+ and under physiological conditions are con-

Fig. 2. Domain structure of human cardiac troponin T. a) Scheme of the hcTnT secondary structure. Arrangement of α-helices H1 and H2

in the hcTnT molecule is represented according to [67]. Proteins of the thin filament that interact with the relevant regions of the TnT mol-

ecule are indicated in ovals [67, 105, 113]. T1 and T2, regions of interaction with tropomyosin. b) Domain organization of hcTnT molecule.

c) Arrangement of the exons coding the relevant parts of the hcTnT molecule [91, 93]. Gray boxes, exons 4 and 13 that are alternatively

spliced; black box, exon 5 that is expressed only in the embryonic form of the protein.

a

b

c
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stantly filled with Mg2+ or Ca2+ [118] (Fig. 3a). The C-ter-

minal domain provides the interaction of TnC with other

proteins of the troponin complex and does not directly

participate in the Ca2+-dependent regulation of muscle

contraction [122, 123]. The N-terminal domain EF-hand

II has a low affinity but high selectivity for Ca2+ and plays

a crucial role in the regulation of contraction [122, 124].

ROLE OF TROPONIN COMPLEX

IN REGULATION OF MUSCLE CONTRACTION

Sarcomere Structure and the Mechanism

of Muscle Contraction

The functional unit providing contraction of the

muscle is the sarcomere. It consists of thick filaments

formed by myosin molecules, each surrounded by six thin

filaments anchored by their “+”-ends in Z-disks. The thin

filament is composed of molecules of fibrous actin (F-

actin) that are connected with two fibers of tropomyosin

and molecules of troponin complex. The F-actin fibril is

formed by polymerization of molecules of globular actin,

and it appears in electron microscopy as a two-stranded

right-handed helix [125, 126] with a groove on each side

(Fig. 4; see color insert). The tropomyosin strand is

assembled by polymerization of the α-helical dimers that

form a coiled-coil structure [127]. During polymerization,

the ends of each tropomyosin dimer partially overlap with

the neighboring dimers in a “head-to-tail” fashion, form-

ing two continuous tropomyosin threads that lie in each

actin groove [128]. Interactions of tropomyosin with actin

are noncovalent and rather flexible [129], and each

tropomyosin dimer contacts seven actin monomers [130].

The troponin complex is located on every seventh

monomer of actin, so the stoichiometric ration of

actin/tropomyosin/troponin in the thin filament is 7 : 1 :

1 [131] (Fig. 4). The troponin complex is connected to

the thin filament mainly by the interactions of TnT with

tropomyosin. The inhibitory and mobile domains of TnI

also participate in the binding, interacting with actin at

low Ca2+ concentrations [132, 133]. It is also assumed

that the mobile domain of TnI can interact with

tropomyosin [134, 135].

Cardiac muscle contraction is developed by the slid-

ing of actin filaments along myosin. This process is ener-

gized by the cyclic ATP-dependent interaction of myosin

and actin. In the first step of the cycle, myosin binds an

ATP molecule and hydrolyses it to ADP and phosphate,

but at this stage it is not able to get rid of the products of

the reaction. The head of the myosin molecule (S1-

myosin subfragment), containing the ADP and phos-

phate, is capable of weak interactions with actin. The lat-

ter stimulate the dissociation of phosphate from the S1-

myosin active center. Escape of phosphate and following

dissociation of ADP from the active center leads to con-

formational change in the “neck” of the myosin molecule

and drawing of the actin filament along the myosin.

Binding of a new ATP molecule leads to the dissociation

of S1-myosin from actin. The subsequent hydrolysis of

ATP enables a new “step” of myosin on actin [136, 137].

Role of Troponin Complex in Regulation

of Cardiac Muscle Contraction

Muscle contraction is regulated by the changes of the

Ca2+ concentration in the cytoplasm of the myocyte. But

as opposed to smooth muscle, where the formation of

actomyosin complex is mostly regulated by Ca2+-depend-

ent phosphorylation of myosin light chain (MLC20)

[138], Ca2+-dependent regulation of cardiac and skeletal

muscle contraction is based on alteration in thin filament

structure [139, 140].

Fig. 3. Domain structure of human cardiac/slow skeletal troponin C. a) Scheme of c/ssTnC secondary structure according to [67, 116]. α-

Helices N and A-H are represented by cylinders, β-strands by arrows. Two circles without designation mark the low-specificity regions that

bind both Ca2+ and Mg2+. The circle designated with “Ca” represents the high-specificity region that binds Ca2+. Proteins of the thin filament

that interact with the relevant regions of the TnT molecule are indicated in ovals [63, 65, 67, 80]. N-TnI, N-terminal domain of TnI; RD,

regulatory domain; ID, inhibitory domain. b) Domain structure of c/ssTnC [67].

a

b
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At present, a few models of regulation of cardiac

muscle contraction are discussed: a three-state model

[140-142], a “fly-casting” model [82, 143], and a four-

state model [87, 144].

According to the three-state model, thin filament

proteins can accept three structural states: a blocked B-

state, a closed C-state, and an open myosin-bound M-

state [141]. At low (~100 nM [145]) cytoplasmic Ca2+

concentrations during diastole, the thin filament remains

in the B-state. The inhibitory domain of TnI binds to F-

actin and shifts the tropomyosin molecule towards the

periphery of the actin groove, which leads to steric block-

ing of the myosin-binding site on the surface of the thin

filament [146]. The displacement of tropomyosin is also

supported by the binding of the T2 region of TnT to

tropomyosin, which is enhanced in the absence of Ca2+

[107].

Spreading of cardiac action potential leads to a

release of Ca2+ from the sarcoplasmic reticulum of the

myocyte and an increase in free Ca2+ concentration in the

cytoplasm (up to ~1 µM [145]). Binding of Ca2+ to the

EF-hand II of c/ssTnC leads to changes in TnC confor-

mation. The α-helices B and C move away from α-helices

A and D [147-149], which leads to the formation a

hydrophobic region on the surface of the N-terminal

domain of TnC and subsequent binding of the regulatory

domain of TnI to it [80, 150, 151]. As opposed to the fast

skeletal isoform of TnC, Ca2+ binding to the EF hand II

does not result in a complete change in the TnC confor-

mation from “closed” (with hidden hydrophobic sites and

almost antiparallel orientation of α-helices flanking the

Ca2+-binding loop) to the completely “open” (with

accessible hydrophobic regions and α-helices orientated

at almost 90° angle to each other) [116, 150]. After the

binding of Ca2+, the N-terminal domain of TnC turns to

the “half-open” conformation [116, 152], and it is con-

sidered that the binding of the hcTnI regulatory domain is

necessary for stabilization of this conformation [80, 153].

Interaction of the TnI regulatory domain with TnC leads

to the dissociation of the TnI inhibitory domain from

actin, a certain shift of the tropomyosin molecule to the

center of the F-actin groove, and consecutive formation

of weak contact between S1-myosin and actin (C-state).

This contact does not fully activate the actomyosin com-

plex, but it promotes the further movement of

tropomyosin into the actin groove [154]. In the M-state,

tropomyosin is completely displaced into the groove of F-

actin, which opens the myosin binding site on the actin

surface [155-157] and leads to the formation of strong

actomyosin complex and the development of muscle con-

traction [140]. Decreasing intracellular Ca2+ concentra-

tion leads to the dissociation of Ca2+ from the N-terminal

domain of TnC and change in conformation of the pro-

tein back to the “closed” state. This promotes the disso-

ciation of the TnI regulatory domain from TnC and move-

ment of the TnI inhibitory domain towards actin.

Resumed interaction of the inhibitory domain with actin

moves the tropomyosin molecule back to the edge of the

groove, which blocks the myosin-binding site, prevents

the formation of actomyosin complex, and leads to the

relaxation of the muscle. The three-state model was fur-

ther developed in the work of Robinson et al. [158], who

by means of FRET experiments showed that in the

absence of S1-myosin, only 50% of Ca2+-saturated

actin–troponin–tropomyosin complex was in the activat-

ed state. These results demonstrate that increase in Ca2+

level alone is not sufficient for the complete activation of

contraction. Addition of S1-myosin and formation of

strong actomyosin complexes stabilized the active state of

the thin filament. Robinson et al. proposed that myosin

also influences the affinity of TnC to Ca2+, thus regulating

the dissociation rate of the TnI regulatory domain from

the N-terminal domain of TnC [158]. Similar results were

obtained by the group of Houmeida [159], who using

stop-flow spectroscopy of native porcine cardiac troponin

complex showed that the addition of both Ca2+ and S1-

myosin is essential for the full activation of the thin fila-

ment, while the addition of just one of these components

leads to only ~70% activation. Studies of the structure

and function of actomyosin complex components led to

the development of new models of the regulation of mus-

cle contraction.

Structural studies of skeletal troponin I resulted in

the proposal of the “fly-casting” model of muscle con-

traction. According to this model, the critical regulatory

role is assigned to the C-terminal mobile domain of skele-

tal TnI [143]. It is presumed that in the absence of Ca2+

this part of the molecule adopts a stable secondary struc-

ture composed of the H4 α-helix that is followed by two

short antiparallel β-strands arranged in a β-sheet and two

consecutive short α-helices. In this conformation, the

mobile domain binds to actin, stabilizing the non-active

state of the thin filament. The regulatory domain of TnI

does not have any stabilized conformation, and it fluctu-

ates freely between actin and the N-terminal domain of

TnC. Increasing Ca2+ concentration provokes the adop-

tion of α-helical structure by the regulatory domain of

TnI and its interaction with TnC [143]. Next, the TnI

mobile domain dissociates from actin, which is accompa-

nied by the turning of the mobile domain into the flexible

unarranged state. These conformational changes stimu-

late the dissociation of the TnI inhibitory domain from

actin and its association with the D–E linker of TnC.

Decreasing of the Ca2+ concentration leads to the associ-

ation of the mobile domain with actin, which promotes

the dissociation of, first, the TnI regulatory and, then, the

inhibitory domains from TnC, interaction of the inhibito-

ry domain with actin, and transition of the muscle into

the relaxed state [143].

The four-state model of muscle contraction was first

proposed by Lehrer [144] and developed in the recent

work of Zhou et al. [87]. This model, on the whole, unites
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and supplements the theories that were proposed before.

According to this model, the thin filament can remain in

four structural states: blocked Mg2+-state, closed Ca2+-

state and, open Mg2+-S1- and Ca2+-S1-states [87, 144]

(Fig. 5; see color insert). In the blocked Mg2+-state, which

corresponds to the B-state of the three-state model, the

interaction of the TnI inhibitory domain with actin shifts

the tropomyosin and impedes the formation of cross-

bridges. The mobile domain of TnI additionally stabilizes

the troponin complex on the surface of the thin filament,

contacting with actin and, presumably, tropomyosin.

Increase in Ca2+ concentration induces relatively fast dis-

sociation of the mobile domain from the thin filament and

its shift to the disordered state. The subsequent interaction

of the TnI regulatory domain with the N-terminal part of

TnC provokes the dissociation of the TnI inhibitory

domain from actin (closed Ca2+-state that is similar to the

C-state of the three-state model). The tropomyosin mol-

ecule shifts into the actin groove, opening the site of con-

tact of S1-myosin with actin, which leads to the formation

of strong cross-bridges (open Ca2+-S1-state correspon-

ding to the M-state of the three-state model). In the

Mg2+-S1 state, which presents an alternative way of thin

filament activation, S1-myosin interacts with actin in the

absence of Ca2+. It is assumed that this interaction shifts

the tropomyosin molecule and leads to the dissociation of

the TnI mobile domain from actin and association of the

regulatory domain with TnC, increasing the sensitivity of

TnC to Ca2+ [144]. The transition to the Mg2+-S1-state is

not sufficient for the development of muscle contraction,

which takes place only after binding of Ca2+ to the TnC N-

terminal domain, but this interaction accelerates the shift

of the thin filament into the active state and facilitates the

formation of strong cross-bridges [87].

According to the four-state model, the relaxation of

muscle occurs in two steps distinguished by their rate.

During the first (fast) step, Ca2+ dissociates from the N-

terminal domain of TnC, which leads to the interaction of

the TnI mobile domain with actin and dissociation of the

regulatory domain from TnC. These structural alterations

stimulate the slower removal of the inhibitory domain

from TnC and association of the inhibitory domain with

actin (second step). The presence of S1-myosin impedes

the interaction of the mobile domain with actin, thus sta-

bilizing the open conformation of TnC and hindering

muscle relaxation. As a result, the rate of TnI inhibitory

domain switching becomes comparable with the speed of

cross-bridge formation, and it is presumed that this step

can play a significant role in the regulation of the rate of

muscle contraction [87, 160].

Interactions of S1-myosin with actin in the absence

of Ca2+ and the resulting formation of the open state of

actin filament may also explain such features of cardiac

muscle contraction as length-dependent activation of

cardiomyocytes [161], slow rate of myocyte relaxation

after the decrease in intracellular Ca2+ concentration, and

increased Ca2+-sensitivity of the thin filament after the

formation of cross-bridges [144].

According to the existing models, troponin complex

plays an essential role in the regulation of cardiac muscle

contraction. Conformational changes in troponin com-

plex subunits provide the development of muscle con-

traction during the increase in cytoplasmic Ca2+ concen-

tration and muscle relaxation after its decrease.

Moreover, structural features of the troponin complex

enable the fine regulation of these processes, giving car-

diac muscle an opportunity to adapt to various physio-

logical and pathological conditions. Some of these regu-

latory mechanisms and their role in the adaptation of

cardiac muscle to different conditions are discussed in

the next chapters.

Troponin Complex and Length-Dependent Regulation

of Muscle Contraction. Frank–Starling Law

According to the Frank–Starling law, the force of

muscle contraction increases proportionally to the degree

of muscle stretching. This relation is particularly pro-

nounced in cardiac muscle, where the strength of

myocardial contraction increases after the greater filling

of ventricles with blood [162]. This mechanism synchro-

nizes the cardiac output volume with the volume of blood

coming into the heart from veins. The molecular mecha-

nisms of this action are not yet fully understood. It is pre-

sumed that the increase in cardiac output can be provid-

ed by such features as the increase in cardiac myocyte

Ca2+-sensitivity, reduction of the distance between thin

and thick filaments during stretching, and increase in car-

diac muscle cooperativity of contraction [163, 164].

The data of a few investigations show that the tro-

ponin complex may participate in the regulation of

length-dependence of cardiac muscle contraction [165,

166]. In experiments with transgenic mice, it was shown

that the substitution of cardiac TnI with the skeletal iso-

form led to a decrease in cardiac muscle length-depend-

ence and increase in its Ca2+-sensitivity [165, 167]. On

the contrary, the substitution of skeletal TnI with the car-

diac isoform in skinned rabbit skeletal muscles increased

its length-dependence and decreased the affinity of TnC

to Ca2+ [166]. It was also demonstrated that phosphoryla-

tion of TnI S23 and 24 by protein kinase A (PKA) has a

pronounced influence on the Frank–Starling relation in

myocytes, leading to decrease in muscle Ca2+-sensitivity

[167, 168].

The reasons by which cardiac isoform of TnI has a

bigger influence on the length-dependence than skeletal

isoforms are not fully understood. In a paper of

Tachampa et al. [169], it was presumed that residue T144

can play a key role in the regulation of this process. This

residue is located in the inhibitory domain of cardiac TnI,

and in skeletal isoforms it is substituted by proline.
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Mutation of this residue in skeletal TnI to threonine led to

increase in length-dependence of skeletal muscle almost

to the level characteristic of the cardiac muscle [169].

Influence of Acidosis on Cardiac Muscle Contraction

Heart muscle is very sensitive to decrease in intracel-

lular pH (acidosis). Decline in pH beyond the physiolog-

ical values decreases the efficiency of cardiac contraction,

violates the Ca2+-dependent regulation, and can lead to

arrhythmia [170-172]. Physiological fluctuations of pH

appear during change in cardiac loading and increased

cardiac rate [173]. Dangerous decline in intracellular pH

(down to values 6.5 and lower [174, 175]) stipulated by

accumulation of metabolic products including lactate

[176] is observed during prolonged ischemia.

The troponin complex plays a significant role in the

sensitivity of cardiac muscle to the decline in intracellular

pH [21, 177, 178]. It was noted that embryonic car-

diomyocytes expressing the slow skeletal isoform of TnI

are less susceptible to the influence of acidosis than adult

myocytes [14, 179]. Substitution of cardiac TnI with the

slow skeletal isoform in primary culture of rat cardiomyo-

cytes led to decrease in the threshold for Ca2+-activated

tension, molecular cooperativity and reduced the acidic

pH-induced (pH 6.2) desensitization of Ca2+-activated

tension [21]. Similar results were obtained after the sub-

stitution of cardiac TnI with the slow skeletal isoform in

hearts of transgenic mice [19].

In experiments on mice, it was shown that the differ-

ence in the sensitivity of TnI isoforms to decrease in pH

can be caused by the substitution of one amino acid

residue located in the regulatory domain of cardiac TnI

isoform – A164 (homologous to A163 in hcTnI). In

skeletal troponins this residue is a histidine. Perfusion of

isolated hearts of wild-type mice with low pH buffer

(pH 6.8) led to the fast violation of left ventricle func-

tioning and decrease in the developed pressure. However,

hearts of mutant mice carrying the cardiac troponin in

which H164 was substituted with alanine were much

more resistant to the decline in pH [180]. This mutation

decreased the negative effect of ischemia–reperfusion

and the duration of arrhythmia [180]. In confirmation of

this effect, experiments in vitro with hcTnI showed that

the A163H mutation leads to the recovery of Ca2+-sensi-

tivity of mutated troponin I compared with the wild-type

protein [178]. A recent investigation conducted on the

hcTnI inhibitory domain peptide with introduced A163H

mutation showed that H163 interacts with residues E15

and E19 of c/ssTnC [181]. The authors suggest that an

increase in the positive charge of the histidine residue at

low pH values leads to the enhancement of interaction of

the TnI inhibitory domain with TnC. This contact stabi-

lizes the open conformation of TnC and increases the

Ca2+-sensitivity of the complex [181].

Troponin T can also influence the functioning of

cardiac muscle during acidosis, but, as opposed to TnI,

cardiac TnT is more resistant to the decline in intracellu-

lar pH than the skeletal isoforms of the protein.

Substitution of cardiac TnT with the fast skeletal isoform

led to increase in the influence of low pH values (pH 6.5)

on the muscle contraction in vitro. Hearts of transgenic

mice carrying skeletal TnT showed more pronounced

decrease in maximal tension and pCa50 than hearts of

wild-type animals [182].

POSTTRANSLATIONAL MODIFICATIONS

OF TROPONIN COMPLEX SUBUNITS

AND REGULATION OF MUSCLE CONTRACTION

One of the most important mechanisms of regulation

of protein functioning is phosphorylation. Many studies

have shown that TnT and TnI can be phosphorylated by

various protein kinases, and these posttranslational mod-

ifications have a considerable effect on the structure and

properties of troponin complex. Disruption of troponin

phosphorylation mechanisms is associated with different

pathologies of cardiac muscle, which also confirms the

important role of these modifications in troponin com-

plex functioning.

Phosphorylation of Troponin I

By means of computer analysis in silico [183] and in

experiments in vitro and in vivo [183-194], it was shown

that at least 17 amino acid residues of cardiac TnI can be

phosphorylated by different protein kinases (Fig. 6; see

color insert). The functional significance of some of those

modifications is not yet well studied in vivo, but the

importance of other phosphorylation sites is well docu-

mented, and there is no doubt that this type of posttrans-

lational modifications plays and important role in the

regulation of cardiac muscle contraction.

Protein kinase A. During increased load (for exam-

ple, during intensive physical exercises) an organism

needs more intensive supply of certain muscles and

organs with oxygen-rich blood. This demand is ensured

by augmentation of heart output and by increase in heart

rate. These processes are controlled by the sympathetic

nervous system via cardiomyocyte β-adrenergic receptors

[195]. β-Adrenergic stimulation results in an increase in

cAMP and subsequent activation of PKA. This enzyme

phosphorylates many proteins participating in muscle

contraction including a number of myofilament

proteins − cardiac myosin binding protein C (cMyBP-C)

[196], titin [197, 198], TnI [199-201], and proteins par-

ticipating in the binding and transportation of Ca2+

(phospholamban [202], dihydropyridine, and ryanodine

receptors [203, 204]). PKA-dependent phosphorylation
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of myocyte proteins increases cardiac output. This can be

obtained both by increase in strength of contraction of

heart muscle (inotropic effect) and by increase in is relax-

ation rate (lusitropic effect), which is essential for the

proper filling of the chambers with blood during diastole.

The positive inotropic effect of PKA is achieved mainly

by phosphorylation of Ca2+-channels (dihydropyridine

and ryanodine receptors), which leads to increased flow

of Ca2+ from the endoplasmic reticulum and outside of

the cell into the cytoplasm [203]. The lusitropic effect of

PKA is achieved by the phosphorylation of cMyBP-C,

phospholamban, and TnI, which increases the rate of car-

diac relaxation. This in turn can be realized through

decrease in Ca2+-sensitivity of the muscle and by aug-

mentation of the cross-bridge formation rate. It is sup-

posed that phosphorylation of TnI by PKA can affect both

ways of cardiac muscle relaxation [205-208].

Phosphorylation of hcTnI by PKA is of particular

interest because this enzyme phosphorylates amino acid

residues S23 and S24 [60, 184, 185, 209] situated in the

N-terminal domain of hcTnI, which is lacking in skeletal

isoforms of the protein. Thus, phosphorylation by PKA is

a unique regulatory mechanism expressed only in cardiac

muscle. According to mass-spectrometric study of tro-

ponin that was affinity purified from cardiac muscle of

humans and different animals, under normal conditions

almost 50% of TnI molecules are in the dephosphorylat-

ed state, while the rest is present in monophosphorylated

or biphosphorylated (on S23 and S24) molecules. In the

work of Sancho Solis et al., it was shown that 41 ± 3% of

troponin I purified from rat hearts was dephosphorylated,

46 ± 1% was monophosphorylated, and 13 ± 3% was

biphosphorylated [210]. Similar results were obtained in

studies of human cardiac troponin I by Van der Velden et

al. (48.9 ± 10.0% dephosphorylated, 21.6 ± 9.8%

monophosphorylated, and 29.5 ± 11.3% biphosphorylat-

ed) [184] and Zhang et al. (50.5 ± 5.9% dephosphorylat-

ed, 38.6 ± 3.8% monophosphorylated, and 10.9 ± 2.2%

biphosphorylated) [185]. In studies [185, 210] it was also

noted that the monophosphorylated form of cardiac TnI

was present only with phosphorylation on residue S23.

In the work of Howarth et al. [62] using NMR, it was

shown that biphosphorylation on S23 and S24 of the pep-

tide containing residues 1-32 of cardiac TnI results in sig-

nificant conformational changes in the peptide. It is pre-

sumed that in the absence of phosphorylation the N-ter-

minal part of hcTnI remains in the unstructured state and

contacts the N-terminal domain of TnC. Phosphoryla-

tion on S23 and S24 leads to the formation of α-helical

structure by residues 21-30, dissociation of the N-termi-

nal domain of TnI from TnC, and shift of the N-terminal

domain towards the inhibitory domain of TnI (Fig. 6a).

The authors suggested that it is the interactions of the N-

terminal TnI domain with the inhibitory domain of TnI

that mediate the effects of cardiac TnI phosphorylation by

PKA [62].

The role of S23 and S24 phosphorylation by PKA in

the decrease in cardiac muscle sensitivity to Ca2+ and in

increase in the relaxation rate of cardiac myocytes has been

confirmed by many studies both in vitro and in vivo. In in

vitro experiments on fragments and whole molecules of

mouse cardiac TnI and TnC, phosphorylation of S23 and

S24 led to decrease in TnI–TnC complex sensitivity to Ca2+

and decrease in TnI affinity to TnC [211, 212]. The substi-

tution of the cardiac TnI by the slow skeletal isoform led to

decrease in the cardiac muscle relaxation rate in vivo.

Myocytes of mutant mice also demonstrated higher Ca2+-

sensitivity compared to wild-type myocytes [20, 213].

Similar effects were demonstrated on mutant mice carrying

TnI in which residues S23 and S24 were substituted by

unphosphorylatable alanines [214, 215]. And, vice versa,

substitution of S23 and S24 by aspartates, which imitates the

phosphorylation, led to enhanced relaxation of the left ven-

tricular myocytes of the mutant mice in vivo [216]. Similar

results were obtained in vitro on preparations of skinned

human cardiomyocytes in which the native troponin com-

plex was substituted by reconstructed complex including the

mutant on both serine residues of hcTnI [208]. In these

experiments, it was shown that the decrease in Ca2+-sensi-

tivity was observed only when both serine residues were

mutated, and it was not significant when mutants mutated

in one of the residues were used [208, 217].

However, the influence of cardiac TnI phosphoryla-

tion on the rate of actomyosin complex formation and the

force of cardiomyocyte contraction is controversial.

Studies conducted on skinned mouse or porcine

myocytes showed that the PKA-dependent phosphoryla-

tion of TnI increased the rate of actomyosin complex for-

mation as well as the rate and force of myocyte contrac-

tion [206, 207]. Similar results were obtained during the

study of skinned ventricular rat myocytes [201]. But in

another investigation conducted on skinned rat trabecules

and myocytes, no changes in PKA-dependent Ca2+-acti-

vated isometric actomyosin formation rate was observed

[217]. Also, no significant changes in the rate of acto-

myosin complex formation and in the force of myocyte

contraction were found in transgenic mice carrying the

S23A and S24A mutated cardiac TnI [215, 216]. In works

of Stelzer et al. [218] and Chen et al. [219], it was shown

that PKA-dependent increase in actomyosin complex

formation rate occurs mainly because of the phosphory-

lation of cMyBP-C, but not TnI.

PKA-dependent phosphorylation of TnI can play a

significant role in the development of cardiac pathologies.

It is known that hearts of patients with end-stage car-

diomyopathies have higher sensitivity to Ca2+ than nor-

mal hearts [184]. At the same time, the rate of phospho-

rylation of troponin I S23 and S24 was decreased in hearts

of patients with heart failure and cardiomyopathy [183,

185, 220]. But at present it is not known whether these

changes in TnI phosphorylation induce or appear as the

result of these pathologies.
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Protein kinase C. The term “protein kinase C”

(PKC) describes a vast family of serine/threonine protein

kinases. This family consists of three subgroups: so-called

conventional kinases (isoforms PKCα, β1, β2, and γ),

novel kinases (isoforms PKCδ, ε, η, and θ), and atypical

kinases (PKCζ and ι/λ), which differ in the structure of

their intracellular membrane localization domains [221].

In normal human adult cardiomyocytes, five isoforms of

PKC (PKCα, β1, β2, δ, and ε) are expressed [221, 222].

It was shown that these isoforms interact with many pro-

teins that regulate cardiac contraction, including cardiac

TnI [223], TnT [224], cMyBP-C [225], and titin [226].

Different in vitro studies have shown that TnI is

phosphorylated by PKC mainly on residues S23, S24

[186-188], S42, S44, and T143 [189] (numbered accord-

ing to the hcTnI sequence). However, PKC isoforms dif-

fer in their specificity. Experiments utilizing bovine car-

diac TnI showed that PKCα phosphorylated mainly

amino acid residues S42 and S44, while PKCδ phospho-

rylated S23 and S24 [186]. Phosphorylation of mouse TnI

by PKCβ and PKCε in vitro showed that these protein

kinases modify residues S23, S24, and T144 (T143 in the

hcTnI sequence), but not S42 and S44 [188]. But in the

another in vitro study it was observed that PKCβ phos-

phorylates mainly residue S44 [227]. In vitro experiments

with an “atypical” PKCζ that was expressed in rat car-

diomyocytes [228] showed that this enzyme modifies

exclusively the T143 residue of rat TnI [229].

Data of the influence of TnI phosphorylation by

PKC on the functioning of troponin complex are contro-

versial. Generally, in vitro studies show that the physio-

logical effect of PKC phosphorylation is opposite to that

of PKA [230]. Substitution of S23 and S24 (residues

modified by PKA) in murine TnI with aspartates led to

increase in the relaxation rate and muscle contraction

during overload. At the same time, simultaneous muta-

tion S23D, S24D and S43D, S45D, T144D (residues

phosphorylated by PKC, homologous, respectively, to

S42, S44, and T143 of hcTnI) leveled this effect [231].

Myocytes of transgenic mice carrying troponin I in which

S43 and S45 were substituted by alanines were more

prone to ischemia-induced contracture [232] than the

wild-type cells. Transgenic mice expressing S43E, S45E,

and T144E TnI mutant in their hearts showed decrease in

Ca2+-sensitivity, maximum tension, and maximum slid-

ing speed [233]. On the contrary, substitution of native

TnI by the same mutants in skinned murine myocytes in

vitro led to decrease in both muscle contraction rate and

Ca2+-sensitivity [234]. Similar results (decrease in maxi-

mal Ca2+-activated force of muscle contraction, ATPase

activity, and Ca2+-sensitivity) were observed in vitro in

reconstructed thin filament containing mutated hcTnI

[235].

The functioning of PKC can be important in the

development of different cardiac pathologies. Expression

of PKCα and PKCδ was increased in rats with sponta-

neous hypertension, while the level of PKA and PKCβ

remained unchanged. Animals of this model exhibited

higher level of TnI phosphorylation on residues S23, S24,

S42, and S44 (rat TnI sequence) [236]. In another study

[225], it was observed that PKCα- and PKCε-dependent

phosphorylation of TnI in cardiomyocytes of patients

with dilated cardiomyopathy led to decrease in Ca2+-sen-

sitivity with no effect on the maximal developed tension.

It is presumed that PKC-dependent decrease in contrac-

tion activity can have a compensatory effect, preventing

energy depletion of cardiomyocytes under conditions of

Ca2+-overload [237].

Other protein kinases. In in vitro experiments, it was

demonstrated that the cardiac isoform of TnI can be

phosphorylated by protein kinase D [238, 239] and

cGMP-dependent protein kinase (PKG) [240] on

residues S23 and S24, by p21-activated kinase 3 (PAK3)

(on residue S150) [190, 191], by protein kinase Mst-1

(predominately on residue T31, but also on residues T51,

T129, and T143) [192], and by AMP-dependent protein

kinase (AMPK) (on residue S150) [193, 194] (Fig. 6b).

Phosphorylation of troponin I was also studied in

vivo by mass-spectrometry of affinity-purified troponin

from heart muscle. In some of these studies eight more

putative phosphorylation sites (S4, S5, Y25, S76, T77,

S166, T180, and S198 (numeration without the first

methionine)) were determined [61, 183]. In contrast, in

other studies of troponin purified from mouse [241] and

rat [210] myocardium, it was shown that in vivo TnI is

phosphorylated only on residues S23 and S24. The same

results (phosphorylation on only two residues) were

observed in both healthy [184, 185] and diseased [185]

human hearts.

Phosphorylation by protein kinase A has an impor-

tant physiological effect, decreasing the sensitivity of tro-

ponin complex to Ca2+ and increasing the rate of cardiac

muscle relaxation. Data concerning the physiological

effects of TnI phosphorylation by other protein kinases

has been obtained mostly from in vitro experiments or

with the use of different animal models. Results described

in studies of phosphorylation of human TnI by PKC and

other protein kinases are controversial, suggesting that

more research on phosphorylation of hcTnI in vivo is

required.

Posttranslational Modification of Troponin T

Phosphorylation of hcTnT. Many in vitro experiments

have demonstrated that, like hcTnI, hcTnT can also be

phosphorylated by different protein kinases. In vitro

experiments have shown that hcTnT can be phosphory-

lated by troponin T kinase on residue S2 [242-244], by

apoptosis signal-regulating kinase 1 (ASK1) on residues

T194 and S198 [245], by Rho-A-associated protein

kinase-II (ROCK-II) on residues S275 and T284 [246],
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and by Raf-1 kinase on residue T203 [247] (Fig. 6b).

Experiments conducted on bovine heart showed that

unlike TnI, TnT is not phosphorylated by PKA [248,

249]. The best-studied protein kinases that can phospho-

rylate hcTnT are enzymes of the PKC family [248-250].

In vitro studies conducted on rat cardiomyocytes have

shown that the main isoforms that can phosphorylate

hcTnT are PKC α, β, and ζ [229]. Using the bovine car-

diac TnT isoform, it was shown that PKC phosphorylates

residues T190, S194, T199, and T280 (homologous,

respectively, to T194, S198, T203, and T284 of hcTnT)

[189, 251, 252]. Phosphorylation by PKC inhibited the

Ca2+-activation of thin filament and decreased the maxi-

mum force generated by cardiomyocytes [251, 253, 254].

According to the in vitro data, hcTnT has many puta-

tive phosphorylation sites. Very unexpectedly, recent

mass-spectroscopic analyses of affinity-purified TnT

from human [255], rat [210], or mouse [255] hearts have

shown that in vivo the protein is phosphorylated only on

one residue, namely S2. These data confirm the first

results of bovine TnT phosphorylation [256] in which S2

was also the only phosphorylated residue. This amino

acid is phosphorylated by troponin T kinase [242], and

the degree of its phosphorylation is very high [210, 255,

256]. The physiological role of this modification is not

fully understood, for it was shown that phosphorylation

on S2 does not affect the Ca2+-sensitivity and the forma-

tion of the actomyosin complex [41].

Dephosphorylation of TnI and TnT. In spite of the fact

that dephosphorylation of proteins is of the same impor-

tance for the regulation of cardiac muscle contraction as

their phosphorylation [257-259], the role of phosphatases

in the modulation of troponin complex activity has been

studied rather superficially. TnI and TnT are dephospho-

rylated by protein phosphatases 1 and 2A (PP1 and

PP2A) [260-263]. These widespread phosphatases [264]

participate in many intracellular processes including cell

division, protein synthesis, carbohydrate metabolism,

and muscle contraction [265, 266]. One can hope that

future studies will explain the role of phosphatases in the

regulation of troponin complex activity.

Restricted proteolysis of TnT. One of the recently dis-

covered mechanisms of cardiac muscle adaptation is the

restricted proteolysis of TnT. Proteolysis of the N-termi-

nal part of cardiac TnT (residues 1-71) was detected in

mouse and rat hearts that were subjected to experimental

ischemia–reperfusion and ex vivo left ventricular pressure

overload [267, 268]. A proteolytic fragment of TnT was

also detected in model experiments of Ca2+-overload

[269]. It was shown that cleavage of residues 1-71 is per-

formed by the protease calpain-1 (µ-calpain) [267].

Proteolysis of the N-terminal part of cardiac TnT

changes the conformation of the central and C-terminal

parts of the protein and reduces the affinity of TnT to TnI,

TnC, and tropomyosin [100, 267]. In ex vivo experiments

on the hearts of transgenic mice that expressed the

cleaved part of TnT (residues 72-291 of mouse TnT), it

was shown that this substitution is not lethal and does not

result either in hypertrophy of the heart muscle or in

decrease in contractile activity [100]. At the same time,

hearts expressing the mutated protein were more resistant

to overloading under pressure. The authors suggest that

proteolysis of the N-terminal part of TnT might be a

mechanism of cardiac muscle adaptation to ischemic

stress [268].

TROPONIN COMPLEX AND HEART DISEASES

Troponin complex and therapy of heart failure. Being

one of the key regulators of cardiac contraction, troponin

complex plays an important part in therapy of heart fail-

ure – a pathological state in which the heart is incapable

of pumping the required volume of blood. One of the rea-

sons for the onset of this pathology is the decrease in car-

diac muscle sensitivity to Ca2+, which leads to reduction

in the force of contraction and systolic heart function. As

stated above, the affinity of TnC to Ca2+ and interactions

between TnI and TnC play a key role in the Ca2+-sensitiv-

ity of the thin filament. Currently, a number of substances

that interact with troponin complex subunits and

enhance the sensitivity of thin filament to calcium are

known. Among these are bepridil, levosimendan, EMD

57033, and some others [270, 271]. Studies have demon-

strated that these substances enhance Ca2+-sensitivity in

different ways. Using NMR, it was shown that the thera-

peutic effect of bepridil and levosimendan is realized

through the interaction with the hydrophobic region on

the surface of the N-terminal domain of troponin C [272-

274]. This interaction stabilizes an open conformation of

TnC similar to the effect of the inhibitory domain of TnI

[274]. The presence of the drug leads to decrease in the

rate of dissociation of Ca2+ from TnC and increase in thin

filament Ca2+-sensitivity. EMD 57033 interacts with the

C-terminal domain of TnC [275, 276], disrupting its con-

tact with residues 34-71 of hcTnI [277]. It is supposed

that this action increases the interaction between the TnI

inhibitory domain and TnC [270].

One of the advantages of agents that modulate the

Ca2+-sensitivity of troponin complex is the absence of

increase in intracellular Ca2+ concentration [278] that is

observed during therapy with such drugs as cardiotonic

steroids, catecholamines, and type III cAMP phosphodi-

esterase inhibitor [279]. This property of agents interact-

ing with TnC decreases the risk of side effects related to

Ca2+ overload [270, 279]. Thus, development of pharma-

ceuticals based on an agent that modulates the sensitivity

of thin filament to Ca2+ is a promising direction for the

therapy of heart failure.

Troponin complex and cardiomyopathy. Cardio-

myopathy is a pathology induced by the alteration of

myocardial structure and/or development of systolic or
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diastolic heart dysfunction in the absence of inherited

valvular defect, arterial hypertension, or pathologies of

coronary arteries [280]. According to the modern classifi-

cation of the European Cardiac Society, five types of car-

diomyopathies are distinguished: hypertrophic cardiomyo-

pathy (HCM), dilated cardiomyopathy (DCM), restric-

tive cardiomyopathy (RCM), arrhythmogenic right ven-

tricular cardiomyopathy, and unclassified cardiomyo-

pathies [280]. These pathologies are associated with

increased risk of development of heart failure, myocardial

infarction, and sudden death [281-283].

Currently, more than 90 identified mutations in tro-

ponin subunits are associated with HCM, DCM, and

RCM [284-287]. Among these are point mutations of TnI,

TnT, or TnC associated with deletion or substitution of

one amino acid residue [288-290], mutations induced by

the shift of the reading frame in TnC [287], and by the

deletion of the C-terminal part of TnT and its substitution

with seven nonsense amino acid residues [291]. Mutations

in troponin genes associated with HCM and RCM gener-

ally lead to increase in the thin filament Ca2+-sensitivity,

while the mutations associated with DCM mainly

decrease the Ca2+-sensitivity of the filament [284].

Troponin complex and diagnostics of myocardial

infarction. As mentioned above, in the heart of healthy

adults, troponins I and T are presented exclusively in the

specific cardiac isoforms that are not expressed in other

tissues. This makes it possible to use these proteins as

highly specific markers of cardiomyocyte damage. One of

the most common reasons for necrosis of heart muscle

cells is myocardial infarction induced by prolonged

ischemia of the myocardium. Intracellular proteins of

dead cardiomyocytes move to the blood flow, where they

can be detected by different immunochemical methods.

The utilization of TnI and TnT as protein markers of

myocardial infarction was first proposed more than 20

years ago [292, 293]. Since then diagnostic systems based

on immunochemical measurement of hcTnI or hcTnT

concentrations in the patient’s blood sidelined the tradi-

tional methods of diagnostics of myocardial infarction.

High specificity and selectivity of methods based on the

detection of troponins led to the inclusion of troponin

concentration measurement into the criteria of definition

of myocardial infarction [294-296]. Modern diagnostic

systems can reliably diagnose infarction already 3-6 h after

the onset of heart attack [296]. Hopefully, the expected

introduction into practice of more sensitive next-genera-

tion systems will lead to the shortening of this time to 2-

3 h [297-299]. The limited length of this paper does not

permit more detailed review of the peculiarities of tro-

ponins utilization in diagnostics, but the interested reader

can get more information in some recent reviews [300-

303].

The troponin complex is a unique protein complex

that by different biochemical mechanisms regulates the

contractile activity of the heart. A prominent role in this

regulation is played by the posttranslational modifications

of troponin complex subunits. In spite of more than 40

years of investigation, many properties of troponin com-

plex are still not fully understood. We can hope that fur-

ther studies will elucidate yet unknown features of tro-

ponin functioning and its role in cardiac muscle contrac-

tion, thus enabling the development of more thorough

approaches for diagnostics and therapy of cardiac disor-

ders.

The author is grateful to A. E. Kogan and A. V.

Vylegzhanina for their help in preparing this review.
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Fig. 4. (I. A. Katrukha) Troponin complex structure at low (a) and high (b) Ca2+ concentrations. TnI is blue, TnC red, and TnT yellow.

Arrangement of the proteins and their interactions are shown according to the models, represented in [62, 67, 86, 87, 109]. At low Ca2+ con-

centrations, EF-hand II in the N-terminal domain of TnC (N-TnC) does not contain Ca2+, while EF-hands III and IV of the C-terminal

domain TnC (C-TnC) bind Ca2+ or Mg2+ (violet circles) [118]. The inhibitory domain (ID) of TnI interacts with actin (gray). It is presumed

that the mobile domain of TnI possesses secondary structure [85] and interacts with actin and tropomyosin (orange) [85, 87-89]. The C-ter-

minal part of TnT (C-TnT) also interacts with actin and tropomyosin, additionally stabilizing the troponin complex on the thin filament [111-

113]. Tropomyosin sterically blocks the site of interaction of actin with myosin. Increase in intracellular concentration of Ca2+ and binding of

Ca2+ to the N-terminal domain of TnC (green circles) changes the conformation of TnC and leads to the dissociation of the inhibitory and

mobile domains of TnI from actin. Detached from actin, the mobile domain of TnI loses its secondary structure and becomes disordered [86,

87, 109]. These structural changes enable the tropomyosin molecule to move into the groove of the F-actin helix, which opens the site of inter-

action of myosin with actin and leads to the development of muscle contraction.

Tropomyosin

b

a
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Fig. 5. (I. A. Katrukha) Schematic representation of the four-state model of muscle contraction. TnI is blue, TnC red, and TnT yellow. In the

blocked Mg2+-state (1), the inhibitory and mobile domains of TnI interact with actin (gray) and tropomyosin (orange) and inhibit the forma-

tion of actomyosin complex. The N-terminal EF-hand of TnC is not saturated with Ca2+, while both the C-terminal EF-hands bind Ca2+ or

Mg2+ (violet circles). Depolarization of the cardiomyocyte membrane leads to increase in intracellular concentration of Ca2+ and binding of

Ca2+ (green circles) to the EF-hand in the N-terminal domain of TnC. This interaction leads to conformational change in TnC, dissociation

of TnI from actin, and subsequent association of actin with TnC. The tropomyosin molecule moves towards the actin groove, which enables the

formation of weak interactions between S1-myosin (violet) and actin (closed Ca2+-state (2)). Interactions of myosin with actin provoke the fur-

ther movement of tropomyosin into the actin groove and formation of the strong actomyosin complex (open Ca2+-S1-state (3)). Formation of

the open Mg2+-S1-state (4) represents an alternative way of myofilament activation. This state is stimulated by the strong binding of S1-myosin

to actin in the absence of Ca2+. It is presumed that the formation of the Mg2+-S1-state can stimulate the binding of Ca2+ to the N-terminal

domain of TnC and, thus, the formation of the open Ca2+-S1-state [87, 160].

Fig. 6. (I. A. Katrukha) Troponin I and T phosphorylation sites. TnI is blue, TnC red, and TnT yellow. Phosphorylation sites of TnI are shown in

blue circles, TnT sites in yellow circles. Ca2+ ions are shown as green circles. Troponin complex is present in an open Ca2+-bound state. a)

Schematic representation of TnI N-terminal domain conformational change after the phosphorylation of residues S23 and S24 according [62].

In the dephosphorylated state, TnI residues 1-31 interact with the N-terminal domain of TnC. It is supposed that phosphorylation of residues

S23 and S24 leads to the formation of α-helical region by residues 21-30 and shifting of the acidic N-terminal part of TnI (residues 2-11) towards

the inhibitory domain (ID) of TnI (Fig. 6b). In addition, two putative phosphorylation sites (Y26 and S31) that are hidden behind the TnC N-

terminal domain on Fig. 6b are shown. b) Schematic representation of the described TnI and TnT phosphorylation sites [183-194, 242-247].

(1) Blocked Mg2+-state

(3) Open Ca2+-S1-state

(2) Closed Ca2+-state

(4) Open Mg2+-S1-state

ba


