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Abstract

Cardiac troponin (cTn) acts as a pivotal regulator of muscle contraction and relaxation and is
composed of three distinct subunits (cTnC: a highly conserved Ca?* binding subunit, cTnl: an
actomyosin ATPase inhibitory subunit, and cTnT: a tropomyosin binding subunit). In this mini-
review, we briefly summarize the structure-function relationship of ¢cTn and its subunits, its
modulation by PKA-mediated phosphorylation of cTnl, and what is known about how these
properties are altered by hypertrophic cardiomyopathy (HCM) associated mutations of cTnl. This
includes recent work using computational modeling approaches to understand the atomic-based
structural level basis of disease-associated mutations. We propose a viewpoint that it is alteration
of cTnC-cTnl interaction (rather than the Ca2* binding properties of cTn) per se that disrupt the
ability of PKA-mediated phosphorylation at cTnl Ser-23/24 to alter contraction and relaxation in
at least some HCM-associated mutations. The combination of state of the art biophysical
approaches can provide new insight on the structure-function mechanisms of contractile
dysfunction resulting cTnl mutations and exciting new avenues for the diagnosis, prevention, and
even treatment of heart diseases.
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Familial hypertrophic cardiomyopathy (HCM) is a common autosomal dominant disease,
resulting in increased ventricular wall size that can cause outflow tract obstruction and
unexpected sudden cardiac death [1, 2]. It was recently estimated that the prevalence of
HCM-associated mutations is 1 per 500 individuals [3, 4]. To date, over 900 mutations
associated with HCM have been identified in 24 genes [5, 6]. A large number of these HCM-
related mutations reside in thick filament associated proteins (cardiac p-myosin heavy chain,
cardiac myosin binding protein C (cMyBP-C), and titin) with fewer in the thin filament
proteins actin, tropomyosin (Tm), and cardiac troponin (cTn)) [7-20]. For cTn, the effect of
HCM-related mutations has been investigated using various biochemical and physiological
approaches. For instance, recombinant cTn subunits containing mutations have been
incorporated into reconstituted cTn complexes or thin filaments to study the effects on
protein-protein interaction and ATPase activity in vitro [21-23]; adenovirus containing
mutation genes have been constructed and transduced into isolated cardiomyocytes to
examine effects on intact cardiomyocyte shortening and intracellular Ca2* handling [24];
and transgenic animal models have been developed to study the disease progression [25—33].
In general, functional studies of many of the HCM-related mutations have been shown to
increase the Ca2* sensitivity of contractile (tension) and ATPase activity, with some
exceptions for mutations which produced complex and contradictory results [23, 34].

There is growing evidence that the Ca2* dependence of contractile properties may not be the
only modulatory mechanism affected, for at least some mutations. During p-adrenergic
stimulation, protein kinase A (PKA) phosphorylates multiple myofilament proteins,
including the residues Ser-23 and Ser-24 of cardiac troponin | (cTnl) [35]. This
phosphorylation reduces the Ca2* binding affinity of cTn and the strength of cTnl
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interaction with cardiac troponin C (cTnC) [36]. In this review, we specifically focus on
HCM-associated mutations of cTnl, and recent studies indicating disruption of the role of
PKA-mediated modulation of contraction and relaxation. We speculate that introduction of
particular mutations in cTnl may either directly affect the cTnC-cTnl (C-I) interaction
(mutations located at the inhibitory/switch peptide regions) or cTnl-actin interaction
(mutations located at the C-terminal domain), and thus modulate myosin binding (cross-
bridge formation), tension generation and relaxation. We further propose that for at least
some mutations, it disrupts the ability of PKA-mediated phosphorylation at Ser-23/Ser-24 of
cTnl to alter these contractile properties. Below we first review the structure-function
relationship of the cTn and its subunits, and the effects of cTnl phosphorylation by PKA. We
then focus on recent studies of how mutations in cTnl that are associated with HCM may
alter the regulation of cTnC-cTnl interaction and contractile function. We finish with a short
perspective on how a combination of state of the art biophysical approaches can provide new
insight on the structure-function mechanisms of contractile dysfunction resulting cTnl
mutations and exciting new avenues for studying familial/genetic based disease development
in the heart.

Cardiac Troponin — The Gate-Keeper of Contraction

Heart muscle cells (cardiomyocytes) contain a high density of the organelles of contraction,
myofibrils, which consist of repeating structural units-named as sarcomeres. Sarcomeres, the
smallest contractile units of muscle, are composed of thick filaments that contain the motor
protein myosin, and thin filaments composed of double helical strands of actin monomers, a
coiled-coil dimer strand of tropomyosin (Tm) and the troponin ternary complex [37]. The
cardiac troponin complex (cTn) is a critical regulator of contraction and is composed of
three distinct subunits named according to their functions: a highly conserved Ca%* binding
subunit (cTnC); an actomyosin ATPase inhibitory subunit (cTnl) and a Tm binding subunit
(cTnT) [37].

Troponin Structure

Troponin C (TnC)

Troponin C (TnC, the Ca%* binding subunit), is a dumbbell-shaped protein with N- and C-
terminal globular domains connected by a long central helix linker, and belongs to the super-
family of calmodulin [38-41]. The two globular domains each consist of two helix-loop-
helix motifs that bind divalent metal ions [39, 42]. The C-terminal domain of TnC (CTnC)
has two high-affinity Ca2*/Mg2* binding sites (site I1l and site V), which are primarily
occupied by Mg?* when muscle cells are at rest. The affinity for these sites for Ca2* is 107
M-1 [43, 44], which is higher than that for Mg2* (103 M-1) [43], but the 5 x 103-5 x 104-fold
greater intracellular Mg2* levels (0.5-5 mM) [45], compared with CaZ* (< 100 nM) in
resting cardiac muscle insures that mostly Mg?* is bound to sites |11 and IV. During the
cardiac twitch, when intracellular Ca2* levels can rise to 1-10 uM [46], there is likely some
transient exchange of Mg2* for Ca*. The CTnC domain primarily plays a structural role in
anchoring the proteins within the whole Tn complex and to the thin filament [47].
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The N-terminal domain of cTnC, found in cardiac and slow-twitch skeletal muscle, only has
one active Ca%*-binding site (site 11), compared with two active sites in fast-twitch skeletal
TnC (sTnC) [48]. These sites are lower-affinity (10°> M-1) metal ion binding sites that are
highly specific for Ca2* [43, 44]. N-terminal Ca2* binding is responsible for initiating thin
filament activation and the subsequent generation of force and contraction [48—50]. Several
loop residue substitutions in site I of cTnC are responsible for the loss of the ability to bind
Ca?*. Studies using demembranated cardiac muscle preparations have demonstrated that
replacement of native cTnC with a variant that eliminates site 11 Ca2* binding (via
mutagenesis) also eliminates the ability of Ca2* to initiate contraction [51]. Interestingly,
replacing native cTnC with an engineered cTnC that has a dysfunctional site Il, but repaired
Ca?* binding at site | does not restore the ability of Ca* to activate force generation,
suggesting site 11 (other than site 1) is critical for the regulatory function of cTnC [50].
However, when cTnC is engineered such that both site | and site Il bind Ca2", it increases
Ca?* sensitivity of contraction over that of native or wild-type cTnC, suggesting site Il is not
completely effective in activation of cardiac muscle [50].

The structure of the regulatory domain of TnC has been determined in both Ca2*-saturated
and Ca2*-free states, as well as in complex with the switch-peptide of Tnl [52-56].
Information obtained from these different structures is critical to understanding how Ca%*
binding changes the conformation within the N-terminus domain that initiates the signaling
process leading to thin filament activation. In the apo-state, the regulatory domain stays in a
closed conformation with most of the hydrophobic residues buried [52]. When Ca?* binds to
the regulatory domain of TnC it induces an opened structure of the hydrophobic patch,
facilitating increased interaction with Tnl [54]. Interestingly, structural changes in the N-
terminal domain of ¢cTnC (NcTnC) in response to Ca?* binding are much smaller than for
NsTnC, such that most of the hydrophobic patch residues remain un-exposed [52]. It has
been demonstrated that both Ca2* binding at site Il and interaction with the cTnl switch
peptide are required to maintain NcTnC in a stable open state [53, 57]. Ca2* binding to
NcTnC induces a conformational change in the A- and B- helices (“open” conformation)
that increases the affinity of this region for the switch peptide of cTnl. The cTnl switch-
peptide is adjacent to the cTnl inhibitory region, which binds to actin in the absence of Ca2*
and is release when CaZ* binds to TnC, allowing increased Tm mobility and myosin
interaction with actin to form force generating cross-bridges [37].

Troponin | (Tnl)

Troponin | (Tnl, the inhibitory subunit) is a highly flexible protein that is able to adapt
favorable conformations to interact with both TnC and TnT, as well as with actin [58]. There
are three isoforms of Tnl expressed in vertebrate striated muscles: the fast and slow skeletal
isoforms (sTnl) and the cardiac-specific isoform [59—61]. For cardiac muscle, slow sTnl
(ssTnl) is expressed during early embryonic development, but there is a progressive increase
in cTnl which completely replaces ssTnl shortly after birth [62]. cTnl is the sole isoform
present in the adult heart and it does not switch under pathological conditions [63]. Several
studies of rodents and rabbits have demonstrated that the presence of ssTnl results in a
higher Ca2* binding affinity of Tn compared with cTnl [64—67]. Reiser et al. reported that
ssTnl is expressed in neonatal myocardium and transitions into cTnl in adult myocardium,
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and it is associated with the decreased Ca?* sensitivity in adult myocardium [64]. Westfall et
al. reported that ssTnl plays an important role in the reduced pH sensitivity observed in fetal
cardiac and slow skeletal muscle with respect to the adult cardiac myocytes, and further
demonstrated that the isoform transition of Tnl during development may result in decreased
Ca?* sensitivity and increased pH responsiveness of tension development of cardiomyocytes
[65]. Using cardiomyocytes from adult transgenic mice, F'entzke et a/. found that the
overexpression of slow sTnl in the cardiac muscle impaired relaxation (diastolic function)
and suggested this was due to enhanced Ca2* binding affinity [67].

In terms of the structure-function relationship, human cTnl (NCBI protein ID:
NP_000354.4) can be divided into five functional regions [36, 59]: (1) the cardiac-specific
N-terminal extension (residues 1-33), containing two PKA-dependent phosphorylation sites
not present in either fast and slow sTnl; (2) the I-T arm region (residues 40-136), which is
composed of two a—helices that interact with the a—helices of C-terminal domain of TnT
and the C-lobe of TnC; (3) the inhibitory-peptide region (residues 137-146), that interact
with actin-Tm and perhaps C-lobe of TnC; (4) the switch-peptide region (residues 147-163),
that interact with the hydrophobic patch of NcTnC; and (5) the C-terminus mobile domain
(residues 164-210), which has a second actin-Tm binding site [68-71]. Although the solution
nuclear magnetic resonance (NMR) and/or X-ray crystal structures of each cTnl fragment is
available, the entire structure of cTnl in the whole cTn complex has still has not been solved.

The cardiac-specific N-terminal extension—There is no crystal structure available for
the cardiac-specific N-terminal extension of cTnl (cTnly_3p), however Howarth ef a/. [72]
used solution NMR to determine the structures of both non-phosphorylated and bis-
phosphorylated species. In the absence of phosphorylation, the N-terminus extension is less
structured, and interacts with the NcTnC. Upon the bis-phosphorylation on Ser-23/Ser-24,
the C-terminal a—helix (residues 21-30) is stabilized by electrostatic interactions between
the negatively charged phosphorylated serine and the neighboring basic residues. This
weakens the interaction between cTnl;_3> and NcTnC, allowing it to be more mobile and
increasing potential interaction with other regions of cTn.

The I-T arm region—The I-T arm region (cTnl4g.135), Which has been considered to play
a more structural rather than regulatory function on anchoring the troponin complex onto the
thin filament, may form a helical coiled-coil with a portion of C-terminal domain of TnT
[73]. The first half part of the I-T arm region (cTnl4g.gg) has been demonstrated to bind with
the hydrophobic cleft of the C-lobe of cTnC [74].

The inhibitory-peptide region—The inhibitory-peptide region (cTnly37.146), is
considered a key region of cTnl as it interacts strongly with actin in the absence of Ca?* and
stabilizes Tm in a position that blocks strong myosin binding to actin that is required for
contraction [75, 76]. The structure of cTnly37.14¢ iS Missing in the core crystal structure of
cTn complex solved by Takeda et al. [77], and studies on the structures of this region are not
in good agreement [78-80]. Using site-directed spin labeling electron paramagnetic
resonance (SDSL-EPR), Brown et a/. determined the structure of the inhibitory region of
cTnl in the intact cardiac troponin ternary structure, which demonstrated that cTnl129.137
forms a regular 3.6 residues/turn a—helix, and the following region cTnl,3g-145 displayed no
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secondary structure [78]. Using the cross-linking and fluorescence-detected resonance
energy transfer (FRET) approaches, Tung et a/. proposed the inhibitory region is in a (3-
hairpin structure [79]. In contrast, Lindhout ef a/. reported the NMR structure of cTnly,g.147
with cTnCgg_151, in Which cTnly34.139 forms a—helix structure, and cTnly49.147 displayed an
extended conformation that potentially interacts with the C-lobe of cTnC [80].

The switch-peptide region—The switch-peptide region (cTnlq47.163) is located just next
to the inhibitory-peptide region, and acts as another crucial region in cTnl, since it is
required to stabilize NcTnC in the “open” conformation. In contrast to the regulatory N-
domain of sTnC, binding of Ca2* to cTnC does not induce an “open” state of the regulatory
domain in order to interact with cTnl [52, 55]. Using multinuclear multidimensional NMR
spectroscopy, Li er al. determined the solution structure of the NcTnCCa2*cTnlq47.163
complex [53]. In this NMR structure, the N-terminus of cTnlq47.163 binds to the
hydrophobic patch (interface of helices A and B) of NcTnC, thus stabilizing the “open”
conformation of NcTnC, similar to that of the Ca2*-saturated NsTnC [54, 81]. Despite the
relative position of the switch-peptide region in this binary cTn complex [53] being different
than that in the ternary cTn crystal structure (PDB: 1J1E) provided by Takeda et a/. [77], the
orientation and conformation of switch-peptide with respect to the NcTnC are in a very good
agreement.

The C-terminus region—The C-terminus region (cTnlyg4-210), also known as the mobile
region, serves as the second actin-Tm binding site [68, 69]. This region is the most
conserved part in Tnl among different species and isoforms [56, 70, 71]. According to the
core domain of X-ray structure of the whole troponin complex, the C-terminus has an a—
helical structure and is free of interaction with either cTnC or cTnT.

Troponin T (TnT)

Troponin T (TnT, the Tm binding subunit), a striated-muscle specific protein with ~250-300
amino acids with a molecular weight range from 31-kDa to 36-kDa, serves as the structural
“glue” that holds the Tn-Tm-actin complex together [82]. Similar to Tnl, TnT also has three
homologous genes evolved in mammalian striated muscle: the fast and slow skeletal
isoforms and the cardiac specific isoform [71, 83]. The expression of the three isoforms in
adult striated muscle is strictly regulated by a specific manner according to muscle-fiber
types [83]. In addition to expression in cardiomyocytes [84, 85], cardiac TnT (cTnT) also
presents in the embryonic skeletal muscle, Duchenne muscular dystrophy and myopathic
skeletal muscle [86].

TnT is regarded as a highly asymmetric elongated protein, and can be divided into two
functionally distinct regions: the N-terminus T1 region that interacts with Tm [87], and the
globular C-terminus T2 region that is integrated into the Tn complex, interacting with both
TnC and Tnl and anchoring the Tn complex onto the thin filament [82, 83, 88, 89]. The
sequences of the middle and the C-terminus portions of TnT are highly conserved among
species for all three isoforms, however, the size/length of the N-terminus region is variant
among species and isoforms [83]. There is no solved crystal/NMR structure for whole TnT,
and only limited structural data are available for partial regions of TnT. The high resolution
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structure of the T2 region is present in Tn complex structures, showing that the main Tnl-
TnT interface is the coiled-coil a-helices bundle containing residues Phe-90 to Arg-136 of
cTnl and residues Leu-224 to Val-274 of cTnT in the human cTn complex [77], or residues
Gly-55 to Leu-102 of fast sTnl and residues Glu-199 to GIn-245 of fast sTnT in the chicken
fast skeletal muscle troponin complex [90]. For the T1 region, Ertz-Berger e/ al.
computationally built up an a-helix structure for residues 70-170 (part of the T1 region) of
murine ¢TnT [91]. Manning &/ al. then docked this cTnT structure onto a known Tm
structure and performed large-scaled computational modeling studies [92].

Cardiac Troponin Function

In the absence of CaZ* (diastole), cTnC exists in its “closed” conformation, and cTnl binds
actin tightly, inhibiting actin-myosin interaction (Fig. 1A) [37, 55]. During systole,
depolarization of cardiomyocyte membranes results in Ca2*-induced Ca2* release from the
sarcoplasmic reticulum (SR). In turn, the rise in intracellular Ca2* results in CaZ* binding to
cTnC and this initiates a chain of events involving dynamic and structural changes in cTn,
Tm, actin and myosin (Fig. 1B-D) [37]. Ca?* binding to site 11 of cTnC reduces the stability
of the “closed” conformation of the N-terminus half of the protein and increases interaction
with the cTnl switch-peptide [37, 52]. In turn, this results in an “open” conformation of
cTnC, exposing hydrophobic residues that increase interaction with the switch-peptide of
cTnl, while decreasing the interaction between the (adjacent) inhibitory-peptide domain of
cTnl with actin (Fig. 1B) [37]. Consequently, this allows increased Tm mobility and
exposure of myosin binding sites on actin, allowing the formation of actin-myaosin “cross-
bridges” (Fig. 1C) [37]. In cardiac muscle, strong cross-bridge binding increases Ca%*
binding to cTn, allowing additional myosin binding, resulting in strong allosteric
(cooperative) cross-bridge formation, cycling and force generation (Fig. 1D) [93—96]. When
Ca?* dissociates from cTn, it is primarily re-sequestrated into the SR, thus when myosin
dissociates from thin filaments there may be a negative feedback decrease in cTn Ca%*
affinity that accelerates relaxation. Thus, cTn acts as a gate-keeper of contraction and a
logical point for fine control of cardiac contractile performance, so investigating its structure
and function relationship can be very informative for understanding contractile dysfunction
with at least some mutations associated with cardiac disease.

Post-translational Modification of cTnl

One method of modulating contraction via cTn is phosphorylation of key amino acids. Post-
translational modification of cTnl by phosphorylation plays a key role in regulating the
function of cTnl by precipitating structural changes that alter its interaction with cTnC or
actin and thus influence cardiac muscle function. It is important to point out that the
sequence and length of cTnl varies among species, thus the discrepancy in residue humber
may actually refer to the same residue. For example, in rodent, there is one redundant
residue (Ala-25) in the N-terminus of cTnl, thus the residue number of cTnl after this
residue will change (+1) correspondingly. There are multiple sites on human cTnl (NCBI
protein ID: NP_000354.4) that can be phosphorylated by various kinases (Fig. 2B),
including Ser-5/Ser-6, Ser-23/Ser-24, Tyr-26, Thr-31, Ser-42/Ser-44, Thr-51, Ser-77/Thr-78,
Thr-143, Ser-150, Ser-166, Thr-181 and Ser-199 (the numbering includes the initial Met-1),
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in which Thr-31 can only be phosphorylated /n vitro, and phosphorylation of Ser-150 has
never been observed in the human heart. Ser-42/Ser-44, Thr-143 and Ser-199 are all
substrates of protein kinase C (PKC). Phosphorylation of Ser-42/Ser-44 has been reported to
depress maximal tension, decrease the cross-bridge cycling kinetics, and reduce thin
filament sliding velocity in the motility assay and ATPase rate [97—99]. Wang et al. reported
that phosphorylation of Thr-144 in mouse heart (NCBI protein ID: NP_033432.1) increase
the Ca?* sensitivity of contraction [100], while Burkart ef a/. and Lu et al. reported Thr-144
phosphorylation or glutamic acid substitution (T144E) in mouse heart did not change the
thin filament Ca2* sensitivity [98, 101]. It has also been reported that phosphorylation of this
site depressed the acto-myosin ATPase activity and contractility [102, 103], and depressed
the cooperative activation of the thin filament [101]. Ser-150 can be phosphorylated by
either P21-activatedkinase (Pak) or AMP-activated Protein Kinase (AMPK), which
increased the Ca?* sensitivity of force development [104], prolonged the relaxation [105],
and increased the adrenergic-induced myocardial hypertrophy [106]. Thr-31, Thr-51 and
Thr-181 of human cardiac cTnl can all be phosphorylated by mammalian sterile 20-like
kinase 1 (Mstl) /n vitro, and Thr-31 serves as the preference site [107]. Recently, Zhang et
al. identified several novel phosphorylation sites on human cTnl (Ser-5/Ser-6, Tyr-26,
Thr-51, Thr-181 and Ser-199), and found that in heart failure patient there was a decrease in
the extent of phosphorylation sites Ser-5/Ser-6/Tyr-26 that located in the N-terminus
extension, and an increase in the phosphorylation sites Ser-77/Thr-78 at the I-T arm region
and Ser-166/Thr-181/Ser-199 resided at the C-terminal domain [108]. Henze et a/. reported
that aspartic acid substitution of Ser-6 (S6D) in mouse heart significantly depressed the
maximal force, ATPase rate, kinetics of force redevelopment and did not change the Ca2*
sensitivity of force development, whereas aspartic acid substitution of Ser-5 (S5D) had no
effect on all those parameters [109]. Salhi ef a/. demonstrated that Tyr-26 phosphorylation,
glutamic acid substitution (Y26E) or aspartic acid substitution (Y26D) decreased the Ca2*
binding to thin filament, decreased the Ca2* sensitivity of force development (by exchanging
the recombinant human cTn into skinned rat myocyte), and accelerated the Ca2* dissociation
rate from cTnC [110]. Wijnker et al. found that pseudo-phosphorylation of Ser-199 (S199D)
in human cardiomyocytes increased the Ca2* sensitivity of force development, and did not
affect the maximal and passive forces, and the rate of force redevelopment [111].

Among all the phosphorylation sites, Ser-23/Ser-24 (S23/S24) in the cardiac-specific N-
terminus of cTnl have been the most studied and their modulatory function is best
understood. -adrenergic stimulation serves as a major physiological mechanism to meet the
increase in circulatory demand, acting through positive inotropic and lusitropic effects [35,
112]. It is well established that during p-adrenergic stimulation, cTnl is phosphorylated by
PKA at sites $23/S24, and that this affects Ca2*-mediated contraction of cardiac muscle
[35]. However, S23/S24 can be phosphorylated by other kinases /in vitro, including PKC
[113], protein kinase D (PKD) [114—116] and GMP-dependent protein kinase (PKG) [117].
Phosphorylation at these sites has been shown to increase the Ca2* dissociation rate from
¢TnC, weaken the interaction between c¢Tnl and the N-terminus of cTnC, reduce the Ca?*
sensitivity (pCasp) of cardiac muscle tension production, increase cross-bridge cycling
kinetics, and accelerate cardiac muscle cell relaxation [35, 36, 118-124]. Zhang et al.
demonstrated that PKA phosphorylation of a cardiac skinned muscle results in decreased
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Ca?" sensitivity of the contractile apparatus, and increased the rate of relaxation [35].
Kentish et al. also reported that PKA phosphorylation accelerated myofibrillar relaxation
rate and suggested this was due, at least in part, to faster cross-bridge cycle kinetics [119]. In
support of this, we reported that either PKA phosphorylation of isolated rat cardiac
myofibrils or exchange of ¢Tn containing cTnl with phosphor-mimetic S23D/S24D
accelerates and shortens the initial slow-phase of relaxation that is thought to reflect the rate
cross-bridge detachment, the rate limiting transition in loaded cross-bridge cycling [125].
Additionally, we have demonstrated that reduction of cTn Ca2* binding affinity and/or
cTnC-cTnl binding affinity reduces the duration of the initial slow-phase of relaxation [125].
Thus, together the data suggests that accelerating relaxation is a primary functional role of
phosphorylation at Ser-23/Ser-24.

cTn Mutations Associated with Familial Hypertrophic Cardiomyopathy

(HCM)

Since the first mutations associated with HCM were detected in 1993 [10, 20], there has
been a dramatic increase in the number of cTn mutations reported. Thus far, a total of at
least 69 mutations have been identified in cTn subunit proteins that have been reported to be
associated with HCM, including 6 in cTnC (Fig. 2A) [19, 126, 127], 30 in cTnl (Fig. 2B) [,
16, 128-1377, and 34 in ¢cTnT (Fig. 2C) [9, 15, 129, 137-143]. All of the mutations are single
nucleotide polymorphisms (SNPs or variants), and the degree of cardiac pathology
associated with them is highly variable as is verification of their causal nature. There is also
considerable variation in the extent to which these variants have been studied. Functional
studies have been performed using tissue from patients, transgenic animal models and
recombinant proteins in solution or exchanged into cardiac tissue. Measurements have
primarily been made of Ca2* binding affinity and ATPase activity in solution and the Ca2*
sensitivity of steady-state contraction in demembranated cardiac muscle, though an
increasing number of studies are reporting on the kinetics of contractile activation and
relaxation. Many (but not all) of the HCM-associated cTn mutations increase the Ca2*
binding affinity of cTn (Kc,), paralleled with enhanced Ca2* sensitivity of ATPase activity
and thin filament activation (force development). Considering the central role of ¢cTn in
muscle regulation and contraction, introduction of a mutation into cTn may potentially
influence interactions between cTnC-cTnl-cTnT, and the activation signal pathway
transmitted from cTn to the whole thin filament. In this section, we focus primarily on
HCM-associated mutations identified in cTnl. It is interesting that most of the cTnl
mutations are located at the inhibitory/switch-peptide region and the C-terminus segment of
cTnl, which suggests mutations at the inhibitory/switch-peptide regions may directly
influence the interaction of cTnl with NcTnC, while the mutations at the C-terminal domain
may directly affect the cTnl-actin interaction (thus indirectly influencing cTnC-cTnl
interaction). As mentioned above, when Ca2* binds to the regulatory domain of cTnC, it
strengthens the cTnC-cTnl interaction, and weakens the cTnl-actin interaction, thus allowing
the formation of actin-myosin cross-bridge and force generation. As such, all the mutations
in the inhibitory/switch-peptide and C-terminus regions of cTnl could directly influence the
equilibrium between cTnC-cTnl and cTnl-actin interaction, and thus modulate myosin
binding (cross-bridge formation), tension generation and relaxation.
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It is important to mention that the sequence and length of cTn subunits vary among species,
thus the discrepancy in residue number may actually refer to the same residue. For example,
in rodent, there is one redundant residue (Ala-25) in the N-terminus of cTnl, thus the residue
number of cTnl after this residue will change (+1) correspondingly. Using skinned muscle
fibers, Takahashi-Yanaga et a/. studied the function of six HCM-associated cTnl mutations
(R145G, R145Q, R162W, AK183, G203S, and K206Q) and found that, with the exception of
cTnI®203S (which showed a tendency, but without statistical significance), all the other
mutations significantly increased the Ca2* sensitivity of myofibrillar ATPase activity and
force generation [144]. Elliott er a/. reported that both cTnIR145CG and cTnIR162W muytations
reduced the inhibition of actin-Tm-activated myosin ATPase, and significantly increased the
Ca?* sensitivity of ATPase activity, suggesting both mutations may impair relaxation in
addition to enhancing contraction [145]. Using the /in-vitro motility assay with recombinant
rat cTn subunits, Kohler et al. investigated the effect of three HCM-associated cTnl
mutations (AK 183, G203S, and K206Q) on the Ca2* regulation, and found that all three
mutants enhanced the Ca2* sensitivity and maximal speed of filament sliding [146]. Among
all HCM-related cTnl mutations, the cTnIR145G (cTnIR146G in rodent), located in the
inhibitory-peptide of cTnl, has received the most prominent attention [29, 102, 144, 145,
147-156]. There are complex and sometimes contradictory results from the literatures for the
effects of cTnIR145G on the maximal force production and the Ca?* sensitivity of force
generation. For example, James et a/. reported that cTnIR146C Tg mice showed a significant
increase in the Ca2* sensitivity of force and a significant depress in maximal tension when
compared with the NTG littermate controls [156]. Takahashi-Yanaga et a/. also reported that
the cTnIR145G resulted in an increase in the Ca2* sensitivity of force generation and
myofibrillar ATPase activity in skinned muscle fibers [144]. However, incorporation of
recombinant human cTnIR145G into guinea-pig cardiac trabeculae skinned fibres had no
effect on Ca2* sensitivity [1°°]. Similarly, using recombinant human cTnIR145G exchanged
into murine myofibrils, Kruger et a/. reported no change in the Ca2* sensitivity of tension
development [151]. They also reported a slightly decreased Ca2* sensitivity of force in
myofibrils from transgenic cTnIR146G mice [151]. The reasons for different results reported
for this mutation (cTnIR145G) on the Ca?* sensitivity of tension are unclear. However, many
factors can affect the Ca?* sensitivity of tension, such as species-specific differences,
exchange efficiency (mutant to wild-type ratio), solution pH and temperature. Additionally,
using the reconstituted actin-tropomyosin activated myosin ATPase assay, Lang et al. [148],
Takahashi-Yanaga et al. [1#4], and Elliot et a/. [14°] reported that cTnIR145C decreased
maximal ATPase in the presence of Ca2*, and reduced inhibition of actomyosin ATPase
activity in the absence of Ca2*. cTnIR21C s the only identified HCM-associated mutation
located at the cardiac-specific N-terminus of cTnl [30, 157-159]. Using transgenic mice,
Wang e/ al. reported that the cTnIR21C mutation prevented PKA-mediated phosphorylation
in vivo [30]. By replacing the recombinant human cTnl into porcine muscle, Gomes et al.
reported that cTnIR?1C significantly increased the Ca2* sensitivity of force development with
respect to the cTnIWT [157]. He also reported that compared to cTnIWT, PKA
phosphorylation of fibers containing cTnIR?1C resulted in a significantly smaller decrease in
the Ca?* sensitivity of force generation, which is attribute to the decreased ability of PKA to
phosphorylated cTnIR21C at $23/S24 [157]. Dweck et al. found that the isolated cardiac
myocytes from R21C transgenic mice (with ages older than 12 months) significantly delayed
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Ca* transient decay and relaxation [198]. The phenotype of cTnIR?LC mutation supports the
regulatory role of cTnl N-terminus in diastolic function of the heart. Very recently, Ramirez-
Correa et al. studied the cTnl1P82S mutation, which was initially considered as a disease-
causing mutation, however, later studies suggested the contrary [28]. Using transgenic mice,
they found that cTn1P83S prolonged the isovolumetric relaxation time, impaired ejection and
relaxation time, as well as blunted the f—adrenergic response and impaired myofilament
cooperativity [28]. Similar to these cTnl mutations, several (but not all) HCM-associated
mutations in cTnC (A8V, L29Q, A31S, C84Y and D145E) and cTnT (F1101, R92L/W/Q,
R94L, A104V, R130C, A160E, E163R, S179F and E244D) have been demonstrated to
increase Ca2* sensitivity of ATPase activity and/or force development [31—33, 126,
160-1841. Pinto et al. reported that cTnCA8Y and cTnCP45E significantly slowed Ca2*
dissociation kinetics (k) in solution, suggesting both mutations may alter muscle
relaxation properties [178]. Considering that most of the findings of these HCM mutations
were focused on the Ca2* sensitivity of ATPase activity and/or force development, it is of
importance to also investigate how they influence the muscle relaxation.

Recently, we reported that both cTnIR146G and cTnIR21C mutations (based on rat sequence)
alter not only normal contractile properties, but also blunted the modulatory capacity of
S23/S24 PKA-mediated phosphorylation during p-adrenergic stimulation [185]. We [185]
and others [30, 158] have demonstrated that cTnIR21C disrupts the PKA phosphorylation on
S23/S24 of ¢Tnl, and thus results in a “blunted” p-adrenergic stimulation effects, which may
be the actual physiologic/pathogenic mechanism of cTnIR21C, So, to understand whether it is
the cTnIR21C per sethat is altering function or just the inability to get $23/S24
phosphorylated, we constructed the bis-phosphomimic substitutions S23D/S24D into
cTnIR21C (cTnIR21C/S23D/S24D) 19 mimic effect of PKA phosphorylation. Using steady-state
fluorescence measurements, we found that both mutations significantly increased Ca2*
binding affinity to cTn (Kcg) and the affinity of cTnC for cTnl (K¢.|). PKA phosphorylation
of cTnl (or introduction of Ais-phosphomimic substitutions on cTnl, cTnIS23D/524D) regy|ted
in a similar reduction of K, for all complexes, but the reduction in Kc_j seen with cTnIWT
did not occur for either mutation in cTnl. When recombinant cTn containing either mutation
was exchanged into isolated adult rat cardiac myofibrils they caused an increased Ca2*
sensitivity of tension (pCasg) as reported by others [29, 144, 145] and prolonged the
duration of the early, slow-phase of relaxation. Interestingly, PKA phosphorylation of cTnl
resulted in decreased pCasg for cTnIWT exchanged myofibrils, but not for either mutation.
PKA phosphorylation also accelerated the early, slow-phase relaxation for myofibrils with
cTnIWT especially at Ca2*-levels that the heart operates in-vivo. Importantly, this effect was
blunted for cTnIR146G and cTnIR21C exchanged myofibrils. Interestingly, this blunting of
PKA-mediated effects has also been reported for another HCM-associated mutation,
cTnCL29Q, Dong er al. found that cTnC-29Q abolished the enhancement of closing rate of
NcTnC (that is triggered by Ca2* dissociation) upon PKA phosphorylation of cTnl [186]. In
addition, Schmidtmann et a/. [181] and Li et a/. [179] reported that cTnC-2%Q hindered the
effect of PKA phosphorylation of cTnl on transduction the signal from c¢TnC to cTnl.
Together these findings suggest that, for at least some HCM-related mutations, an additional
contractile abnormality may be blunting (or uncoupling) of myofilament response to the
PKA-mediated phosphorylation of cTnl during p-adrenergic stimulation. The solution
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measurements of cTnl affinity for cTnC suggest this may be due to an inability of S23/S24
phosphorylation to weaken this interaction, an idea that is supported by molecular dynamics
modeling studies of cTn discussed in the next section.

Computational Studies on the cTn Structure and HCM-associated cTn
Mutations

Understanding the structural changes in proteins that result in changing function is beneficial
in gaining a firm understanding of the molecular mechanisms involved in modulating
contraction and its dysfunction with disease. The correlation between specific alterations in
the cTn structure by introduction of a single amino-acid mutation that results in complex
functional phenotypes remains poorly understood. NMR and X-ray crystallography have
shed light on the atomic level structures of the cTnC regulatory domain and the cTn complex
[52—56, 77]. Li et al. solved the NMR structures of the regulatory domain of cTnC (NcTnC,
residues 1-89) in both Ca2*-saturated and Ca?*-free states, and the regulatory domain of
cTnC in complex with the switch-peptide of cTnl [53]. Based on these NMR structures,
Wang et al. applied integrated experimental-computational approaches to study the
interactions of cTnC variants with altered Ca?* binding affinities with the switch peptide of
cTnl [187, 188]. Lindert and Kekenes-Huskey er a/. studied the dynamics and Ca2*
association to NcTnC via both conventional and accelerated molecular dynamics (MD)
simulations [189, 190], as well as the exposure dynamics and kinetics of cTnC hydrophobic
residues via micro-second MD simulations [191]. In 2003, Takeda et a/. determined the first
crystal structure of the human cTn complex (with residues cTnC 1-161, cTnl 40-191, cTnT
202-276) in the Ca2*-saturated form [77], making it possible for the first time to study
detailed interactions between cTn subunit proteins. Using FRET techniques in combination
with MD simulations, Jayasundar et a/. studied the molecular details of how a Ca* signal,
received at cTnC, is transmitted to cTnl [192]. Varughese et a/. also applied this structure to
study the binding of the drug Bepridil to cTnC [193], designed a set of potential cTnC-
binding ligands [194], and studied the interactions and correlated motions among the three
components of ¢Tn [195].

Al of the above studies used either partial models of cTnC in the presence/absence of Ca%*
and/or the cTnl switch-peptide, or the cTn model without the N-terminus of cTnl. Recently,
using solution NMR, Howarth et al. [72] solved the structure of the N-terminus of cTnl, for
both the non-phosphorylated and b/sphosphorylated (at position Ser-23/Ser-24) species,
thus making it feasible to study PKA-mediated phosphorylation of cTnl employing
computational models. We recently built up the structure of the cTn complex (including
residues ¢cTnC 1-161, cTnl 1-210, and cTnT 236-285) containing the cardiac-specific, N-
terminus of cTnl (Fig. 3) [196]. This structure also included the inhibitory-peptide (residues
138-148) and the C-terminus (residues 192-210) of cTnl, and the C-terminal residues
(residues 282-285) of cTnT that were not present in Takeda's crystal structure 1J1E or
Howarth's NMR structure. Using this constructed model, we performed triplicate MD
simulations of cTnI-WT and cTnl-S23D/S24D containing cTn models to elucidate the effect
of PKA phosphorylation on c¢Tn structure and Ca2* binding. The most significant finding
was that introduction of the b/s-phosphomimic substitutions onto Ser-23/Ser-24 (S23D/
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S24D) led to formation of an intra-subunit interaction between the N-terminus and the
inhibitory-peptide of cTnl that may destabilize the interaction of NcTnC hydrophobic
residues with the switch-peptide residues of cTnl [196].

This intra-subunit interaction of cTnl has previously been suggested by Solaro and
colleagues based on solution biochemical and spectroscopic studies [36, 72, 197]. Howarth
et al. applied the comparative docking to determine the low energy structure between the
NMR structure of cTnly_3, in the b/s-phosphorylated state and the Takeda's crystal structure
of ¢cTn [72]. They proposed that in the low energy structure, cTnly_3» resulted in weakening
interaction with NcTnC and re-positioning the cTnly.3, for favorable interactions with basic
regions of cTnl, and most likely the inhibitory-peptide region of cTnl [72]. Specifically, the
acidic amino acids (Asp-3, Glu-4, Asp-7 and Glu-11) of N-terminus interacted with residues
Arg-142 and Arg-146 of the inhibitory-peptide region [72]. Sadayappan et a/. generated a
cardiac-specific transgenic mice in which residues 2-11 of cTnl (cTnl (A2-11)) were deleted,
and tested the hypothesis that the acidic N' region of cTnl help regulate myocardial function
[197]. Compared to the non-transgenic heart, the cTnl (A2-11) transgenic mice had
significantly decreased contraction and relaxation under basal and p-adrenergic stress,
accompanied by a reduction in the maximal Ca2*-dependent tension and Ca?*-activated
Mg?2*-ATPase activity. However, the Ca2*-sensitivity of force development and PKA
phosphorylation of cTnl-S23/S24 were not affected, suggesting that the acidic N' region of
cTnl does not play a direct role in the Ca2*-induced transition in NcTnC. The cTnl (A2-11)
transgenic mice also had decrease in myocardial contractility, demonstrating the importance
of acidic N' region in modulating contractility and mediating the response of the heart to the
[3-adrenergic stimulation. These results provide further support for a role of the acidic N-
terminus in regulating cardiac contractility and mediating the response of the heart to -
adrenergic stimulation by interacting directly with the inhibitory-peptide region of cTnl.
Based on these finding and the NMR structural data, Solaro ef a/. predicted that the
phosphorylated N-terminal extension of cTnl can interact with the inhibitory-peptide region
of cTnl [36].

Our MD simulations also suggest a bending at the N-terminal extension of cTnl and a more
compact cTn structure upon introducing the &/s-phosphomimic substitutions that is
consistent with previous biochemical studies studying 6/s-phosphorylation of cTnl S23/S24
(CTnIPS23/PS24y on overall cTn structure [198-200]. Using fluorescence studies, Dong er al.
demonstrated that bis-phosphorylation resulted in a reduction of the axial ratio of cTnl and
the formation of a more compact structure [198]. Using small-angle neutron scattering,
Heller et a/. found that cTnIPS23/PS24 induced a dramatic bending of the rod-like cTnl at its
N-terminus that binds with cTnC, resulting in a dramatic decrease in the axial ratio of cTnl
and the cTn complex overall [199]. In addition, using surface plasmon resonance (SPR),
Reiffert et al. determined that upon PKA phosphorylation, the shape of cTnl changed from
an asymmetrical structure to a more symmetrical one, which is consistent with the bending
that results in a shorter and broader structure [200]. All of the above experimental findings
suggest the formation of an alternative binding pattern for the bis-phosphorylated cardiac-
specific N-terminal extension.
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The relationship between cTnC-cTnl interaction and the blunted PKA
effects for some HCM-related cTnl mutations

As mentioned above, cTnC-cTnl (C-I) interaction plays a “‘gatekeeper’ role in transmitting
the Ca?* signal to other myofilament proteins to initiate cardiac muscle contraction.
Structural changes of the N-domain in cTnC in response to Ca2* binding are different from
those found for sTnC [52-54, 57]. For the sTnC, Ca2* binding to its regulatory domain
induces a transition from “closed” to “open” structure of the hydrophobic patch, facilitating
sTnl binding and muscle activation [54]. However, CaZ* binding to cTnC does not result in a
similar structural alteration (hydrophobic patch exposure is minimal), and interaction with
the cTnl switch-peptide is also required to expose and stabilize the hydrophobic patch [52,
53, 57]. Studies of C-I interaction also offer insight into how mutations in troponin may
result in cardiac contractile dysfunction, and provides insight into potential targets for
therapeutic agents that could mediate the Ca2* sensitivity of the myofilaments in diseased
hearts.

Using steady-state fluorescence measurements, we determined the effects of PKA
phosphorylation (or bis-phosphomimic substitutions) on cTn-Ca2* binding affinity (Kc,)
and cTnC-cTnl affinity (Kc_j) in the absence of confounding influences of other
myofilament proteins [125]. We found that both K¢, and K| were decreased upon PKA
phosphorylation of cTnl or introduction of the bis-phosphomimic substitutions on cTnl
(cTnIS23D/524Dy 11251 By exchanging the recombinant cTn complex into demembranated
trabeculae and isolated myofibrils, we studied the effects on myofibril activation/relaxation
Kinetics [125, 201]. We demonstrated that PKA phosphorylation of cTnI-S23/S24 (or bis-
phosphomimic substitutions) decreased the Ca2* sensitivity of force production and, most
importantly, accelerated the initial slow-phase relaxation for rat left ventricular myofibrils,
especially at the sub-maximal Ca?* levels that heart operates /7 vivo [125, 201]. These
findings suggest the strength of cTnC-cTnl interaction modulates the kinetics of thin
filament activation, the magnitude of tension development and the initial phase of myofibril
relaxation. Our computational results suggested that this may be the result of formation of an
intra-subunit interaction between the N-terminus and the inhibitory-peptide of cTnl [196].
We hypothesized that this intra-subunit interaction may weaken interactions between the
switch-peptide of cTnl and NcTnC, allowing stronger interaction between the cTnl
inhibitory-peptide and actin (move the equilibrium towards thin filament deactivation), and
this may provide the structural basis for how PKA phosphorylation of cTnl modulates cross-
bridge activity and relaxation.

Based on our findings, we further hypothesized that introduction of a mutation located in
either the inhibitory-peptide or the N-terminus of cTnl may disrupt the formation of this
intra-subunit interaction and blunt the effects of PKA-mediated phosphorylation during p-
adrenergic stimulation. Recently, we tested this hypothesis by studying two HCM-associated
mutations, cTnIR146G and cTnIR21C that are located in the inhibitory-peptide and the N-
terminus of cTnl (respectively) using combined steady-state fluorescence measurements,
myofibril kinetics/mechanics measurements and computational modeling [185, 202]. We
found that both mutants increased K¢, and K. in solution, increased the Ca2* sensitivity of
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myofibril tension development (pCasgg), and also prolonged the early, slow-phase of
relaxation. Importantly, both mutants blunted the ability of PKA to reduce K. and pCasg
and speed relaxation of myofibrils [12°]. It is worth mentioning that cTnIR21C disrupts the
PKA phosphorylation on S23/S24 of cTnl [30, 158, 185], and thus results in a “blunted” -
adrenergic stimulation response, which may be the actual physiologic/pathogenic
mechanism of cTnIR21C, Therefore, to further understand whether it is the cTnIRZ1C per se
that is altering function or just the inability to get S23/S24 phosphorylated, we introduced
the bis-phosphomimic substitutions $23D/S24D into cTnIR21C (cTn|R21C/S23D/S24D) 1
mimic effect of PKA phosphorylation. Our results indicated that even with b/s-
phosphomimic substitutions (‘forced phosphorylation”), the phosphorylation mediated
effects on K¢.; and myofibril relaxation were still blunted, suggesting that the cTnIR21C
mutation per se results in the cardiac dysfunction of modulation by phosphorylation, similar
to our results for the cTnIR146G mutation. Our computational results of cTn suggested that
introduction of either mutation inhibited the formation of the intra-subunit interaction
between the N-terminus and the inhibitory-peptide of cTnl that normally seen for cTn with
the b7s-phosphomimic substitutions of S23/S24 [196]. Additionally, both mutations
abrogated the destabilization of contacts between the cTnl switch-peptide and hydrophobic
residues in the N-terminal lobe of cTnC. This suggests a potential structure-based
mechanism of how both mutations can impair PKA regulation of contraction and relaxation.
Furthermore, it suggests that the degree of cTnC-cTnl interaction may act as a regulator that
is modulated by changes in either Ca2* or cTnl phosphorylation during f-adrenergic
stimulation of the heart.

Summary and Future Directions

The cTn ternary complex is the key regulatory protein complex of myofilament contraction
and tension generation. Studying how disease-related mutations affect conformational
changes in ¢Tn provides insight as to how Ca2*-mediated signal transduction may be altered
and result in contractile dysfunction associated with cardiac disease (the correlations
between genotype and phenotype). Mounting evidence obtained from the biochemical/
biophysical, physiological and computational studies have shed light on understanding the
structure-function relationships, regulation, post-translational modification and
pathogenicity of mutations from cTn subunits.

Our recent findings suggest that for at least two HCM-associated cTnl mutations (cTnIR146G
and cTnIR21C) there is a blunting of the ability of PKA-mediated phosphorylation to
modulate both contraction and relaxation [185]. Considering the specific locations of both
mutations (cTnIR146G in the inhibitory-peptide and cTnIR21C in the N-terminus), it was not
surprising that both mutations inhibited formation of the intra-subunit interaction between
the N-terminus and the inhibitory-peptide of cTnl that normally seen with phosphorylation.
Whether this is the case for other mutations in cTnl or the other cTn subunits remains to be
determined. We are currently studying three additional HCM-associated mutations (cTnIP825
in the I-T arm region, cTnIA157V in the switch-peptide region and cTnIK206Q jn the C-
terminus region) using the combined protein biochemistry, myofibril kinetics/mechanics
measurements, and computational modelling approach.
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Computational models with detailed structural and temporal information can provide
invaluable mechanistic interpretations of experimental data, enabling extended
understanding of how disease-associated mutations result in functional changes of the thin
filament or whole sarcomere at an atomic-based structural level. Even more complete
models, such as the models of Schwartz and colleagues [92] that computationally study the
whole thin filament (with cTn, Tm, and actin) and potential future models with atomistic
details and dynamics of multiple thin and thick filaments in a sarcomere can be even more
enlightening. This more complete overall picture, based on the view from the structural
basis, will assist in the interpretation of the physiological findings.

Computationally studies can also act as a powerful strategy to assist and guide the design of
engineered troponin variants as a strategy to treat muscle disease. Based on the current
computational models, we and others have designed engineered cTnC variants with altered
Ca?* binding affinities (to ¢Tn) and demonstrated that those variants alter the contractile
function in cardiomyocytes and correct or prevent disease-related aberrant Ca2* binding and
contractile function [163, 187, 188, 203—209]. These studies also provide important
implications with respect to the design of Ca2* sensitizing or desensitizing small molecules
or drugs. Altering cTnC-cTnl interaction may be a promising target to reduce or reverse the
hypertrophic signaling that results from the pathological myofilament protein mutations, or
strengthen contraction to counter reduced systolic function in hearts with dilated
cardiomyopathy. Taken together, considering the central role of troponin in muscle
contraction and regulation, further elucidation the structure-function relationship can provide
powerful strategies for the diagnosis, prevention, and even treatment of heart diseases.
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Highlights

cTn, one component of the thin filament, plays a central role of muscle
regulation and contraction.

During p-adrenergic stimulation, cTnl is phosphorylated by PKA at sites
S23/S24 located in the cardiac-specific N-terminus.

This phosphorylation weakens the interaction between cTnl and the N-terminus
of cTnC, reduces the Ca?* sensitivity (pCasp) of tension production, increases
crossbridge cycling kinetics and accelerates cardiac muscle cell relaxation.

Mutations in cTnl that have been identified as associated with hypertrophic
cardiomyopathy may disrupt some or all of these PKA mediated modulatory
effects.

For at least some HCM mutations, the “blunting” of effects that PK A-mediated
phosphorylation on contraction and relaxation is associated with a loss of the
ability of cTnl Ser-23/24 phosphorylation to reduce the affinity of cTnl for
cTnC.
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Figure 1.
Cartoon model of the signaling pathway for thin filament activation. From /eftto right are:

(A) In diastole (in the absence of Ca2*), cTnC exists in its “closed” conformation, and the
inhibitory-peptide of cTnl binds actin tightly, inhibiting actin-myosin interaction. (B) In
systole, Ca2* binding to site Il of cTnC induces an “open” conformation and increases
interaction between NcTnC and cTnl switch-peptide, which pulls the adjacent inhibitory-
peptide of cTnl from binding with actin. (C) Consequently, this leads to increased Tm
mobility, exposes the myosin binding site on actin and myosin weakly interaction with actin
(pre-power stroke), and (D) This weakly interaction further pushes Tm, and myosin strongly
binds with actin, allowing the formation of cross-bridges and thus force generation (power
stroke). The /eft-bottom is the close-up of cTn complex with the labeling of specific region
of cTnC and cTnl.
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The structural/functional domain and HCM-associated mutations in human (A) cTnC, (B)
cTnl and (C) cTnT subunits. Here, the residue number of cTnl corresponds to that human

sequence including Met-1.
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Figure 3.

Human cTnl (A) sequence and (B) ternary structure with the some HCM-related mutation
sites located at different regions of cTnl (R21C, P82S, R145G, A157V and K206Q) and
PKA phosphorylation sites (S23/S24). In the ternary structure, the cTnC (1-161) is shown in
blue, the cTnl (1-210) is in red, and the cTnT (236-285) is in yellow. The asterisks indicate
three key positions in human cTnl, for which residues 137-146 is the inhibitory-peptide
region of cTnl, residues 147-163 is the switch-peptide region of cTnl, and residues 164-210
belong to the C-terminus of cTnl.
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