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Abstract: Troponin C (TnC) is the Ca2+-sensing subunit of troponin that is responsible for activating 
thin filaments in striated muscle, and in turn for regulating systolic and diastolic contractile function 
of cardiac muscle. Secondary structure of vertebrate TnC is mainly α-helices, with 9 helices named 
sequentially, starting from the amino terminus, from N then A-H. The N-helix is a 12-residue-long α-
helix located at the extreme amino terminus of the protein and is the only helical structure that does 
not participate in forming Ca2+-binding EF-hands. Evolutionarily, the N-helix is found only in TnC 
from mammalian species and most other vertebrates and is not present in other Ca2+-binding protein 
members of the calmodulin (CaM) family. Furthermore, the primary sequence of the N-helix differs 
between the genetic isoforms of fast skeletal TnC (sTnC) and cardiac/slow skeletal TnC (cTnC). The 
3D location of N-helix within troponin complex is also distinct between skeletal and cardiac troponin. 
Physical chemistry and biophysical studies centered on the sTnC N-helix demonstrate that it is crucial 
to thermal stability and Ca2+-sensitivity of thin filament regulated MgATPase activity in solution and 
isometric force generation in the sarcomere. Comparable studies on cTnC N-helix have not yet been 
performed despite identification of cardiomyopathy-associated genetic variants that affect residues 
of cTnC’s N-helix. Here we review the current status of research on TnC’s N-helix and establish future 
directions to elucidate its functional significance. 

Keywords: troponin C (TnC); N-terminal α-helix; thin filament activation; cryo-electron microscopy 
(cryo-EM); cardiomyopathy 
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1. Introduction 

1.1. Troponin C Is Essential for Ca2+-Regulation of Striated Muscle Contraction 

Calcium ions (Ca2+) play an essential role in muscle contraction [1–4]. The Ca2+-sensor and final 
mediator of excitation-contraction coupling of striated muscles is troponin C (TnC), one of three 
distinct polypeptide subunits that comprise the troponin complex (Tn) component of the thin 
filaments in striated muscles [5–13]. TnC, in concert with the other components of the troponin 
ternary complex and tropomyosin, controls the ‘on’ and ‘off’ states of the thin filament, and thus 
actomyosin interactions and force generation, by sensing and responding to cytoplasmic Ca2+ 
concentration [14–26]. Associated with its role as a Ca2+-binding protein, the abundance of TnC in 
striated muscles is sufficiently high, therefore TnC also functions as a major cytoplasmic Ca2+ buffer 
[27–30]. Troponin subunits may also have non-canonical roles in other cellular compartments such 
as the nucleus as well as in other tissues such as the brain. Therefore, elucidation of novel non-
canonical roles for thin filament proteins is an emerging topic and has been described elsewhere [31–
44]. 

1.2. TnC Function as a Ca2+-Sensor Is Intimately Related to Its Structure 

In vertebrates, there are two genetic isoforms of TnC [45,46] that have important similarities and 
differences in their structure and function. One TnC isoform is the gene product of TNNC2 that is 
expressed in fast skeletal muscle (skeletal TnC, sTnC) [47,48]. The other TnC isoform is the gene 
product of TNNC1 that is expressed in both cardiac and slow skeletal muscles [47,49,50]; here we will 
focus on its role in cardiac muscle (cardiac TnC, cTnC) (Figure 1). Physical chemistry techniques show 
that both isoforms of TnC contain significant amounts of α-helical structure and this structure is quite 
stable at supraphysiological temperatures when divalent cations, especially Ca2+, are present [51–54]. 
Bioinformatics and structural analyses show in greater detail that there are nine distinct α-helices 
organized into a tertiary structure that resembles a dumbbell in shape with an amino terminal lobe 
(N-lobe) and a carboxyl terminal lobe (C-lobe) that are connected by a linker sequence that is more 
structured in sTnC than in cTnC [9,55–62] (Figure 1). The first α-helix of TnC, located at the extreme 
amino terminus, is referred to as the N-helix (Figure 1). When progressing through the primary 
sequence from the N-helix toward the C-terminus, the other eight α-helices are paired sequentially 
(helix pairs A-B, C-D, E-F, G-H) to form four EF-hand structures, two in the N-lobe (sites I and II) and 
two in the C-lobe (sites III and IV) (Figure 2a, b). 

1.3. TnC EF-Hand Affinity and Selectivity Determines Function 

The physiological relevance of the TnC N-lobe and C-lobe EF-hands has been assessed by 
examining their affinities and selectivities relative to cytoplasmic Ca2+ and Mg2+ levels. Comparison 
of TnC EF-hand affinities with physiologically relevant levels of divalent cations indicates that TnC 
N-lobe regulates striated muscle contraction in a Ca2+-dependent manner while the C-lobe should 
always be occupied by Ca2+ or Mg2+. Cytoplasmic Ca2+ at rest is on the order of 10-7 M and can rise by 
an order of magnitude in a cardiomyocyte during systole, and by two orders of magnitude or more 
during excitation of a vertebrate skeletal muscle fiber. While the peak of the Ca2+ transient is greater 
in vertebrate skeletal muscle than in cardiac muscle, the duration of skeletal muscle Ca2+ transients is 
typically much shorter [10,27,63–65]. Cytoplasmic Mg2+ is generally in the range of 0.3 – 3 mM; 
additional Mg2+ is present in the cytoplasm complexed with ATP (MgATP) and also with the EF-hand 
protein parvalbumin, if present [66–69]. 

In both sTnC and cTnC, C-lobe sites III and IV can bind either Mg2+ or Ca2+ with relatively high 
affinity (order of 10-8 – 10-6 M for Ca2+ binding, depending on Mg2+ concentration due to binding 
competition, and order of 10-4 for Mg2+ binding). At these affinities both sites III and IV should always 
be occupied with one of these two divalent cations, including when the muscle is relaxed (diastole in 
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the heart) [70–72]. This is essential for the C-lobe to remain bound to TnI under physiological 
conditions, a critical structural role. 

There is general consensus that the N-lobes of sTnC and cTnC, in comparison with the C-lobes, 
are more selective for Ca2+ over Mg2+ under physiological conditions [1,9,53,58,70–74], although there 
is one report that suggests Mg2+ may bind weakly to the N-lobe of cTnC [75]. The two EF-hands in 
the N-lobe of sTnC can each bind one Ca2+ at activating Ca2+ levels. In contrast, the N-lobe of cTnC 
can only bind Ca2+ at site II because under physiological conditions the sequence of cTnC site I is 
incompetent for Ca2+ binding [1,58,70,72,76,77] (Figure 1). Thus, the primary function of Ca2+-binding 
to the N-lobe during a Ca2+-transient is to activate the thin filament, permitting crossbridge cycling 
and muscle contraction. Interestingly, the N- and C-lobes of TnC can each modulate the function of 
the other lobe. For example, a cardiomyopathy mutation at site IV in the C-lobe of cTnC not only 
abolishes divalent cation binding to the C-lobe but has also been reported to alter Ca2+-affinity of the 
N-lobe [78]. 

 
Figure 1. Cardiac troponin C (cTnC, bottom left) is the myofilament Ca2+ sensor for excitation-contraction 
coupling in the heart (top left). Clockwise from top left: contractile cells that comprise much of the walls of the 
heart are cardiomyocytes. Working together in a coordinated manner, cardiomyocytes pump blood from the 
chambers of the heart into the circulation. Within cardiomyocytes, contractile myofibrils consist of sarcomeres 
arranged in series. Alignment of sarcomeres results in striations that are perpendicular to the axis of contraction 
of myofibrils and cardiomyocytes (note that the orientation of structures on the right half of the figure is 
perpendicular the axis of contraction for cardiomyocytes). Sarcomeres are comprised of highly organized arrays of 
myosin-containing thick filaments (pink structures in the sarcomere center) interdigitated with actin-
tropomyosin-troponin containing thin filaments (linear purple structures on both halves of the sarcomere); giant 
elastic protein titin (spring-like structure in the sarcomere) is the largest protein expressed from the human 
genome and each titin molecule extends from one end to the middle of the sarcomere. The detailed structure of 
the repeating structural unit of the cardiac thin filament determined by cryo-EM is shown below the sarcomere: 
actin is gray, tropomyosin is green, troponin T is yellow, troponin I is blue, and cTnC is red (PDB: 7K05) [20]. 
Note that the two strands of tropomyosin-troponin are offset relative to each other due to the helical structure 
of the actin filament; detailed structural analysis shows that the two strands are not equivalent and are referred 
to as the upper and lower strand [20,22]. cTnC has a tertiary structure that resembles a dumbbell, with an amino 
terminal lobe (N-lobe, top) and a carboxyl terminal lobe (C-lobe, bottom) connected by a linker sequence (center 
red). The N-helix of cTnC (the focus of this review) is highlighted in violet. cTnC structure adapted from the 
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Ca2+-bound state of the upper strand of the native porcine cardiac thin filament determined by cryo-EM (PDB: 
8UZX chain C) [22]. Three Ca2+ ions are shown as green spheres with one bound at cTnC regulatory site II in the 
N-lobe and one bound at each of sites III and IV in the C-lobe. 

Comparable to the EF-hands, the N-helix of TnC is also an important structure involved in thin 
filament regulation although its distinct function(s) are not quite clear yet. Hence, in this review, we 
are going to combine currently available evidence from multiple studies to discuss how this helical 
structure participates in normal function of the thin filament. 

 
Figure 2. The arrangement of α-helices in (A) skeletal troponin C (sTnC), (B) cardiac troponin C (cTnC), and (C) 
calmodulin (CaM). Starting from the amino terminus, sTnC and cTnC have an N-helix (highlighted in violet) 
that is absent in CaM and other calmodulin family Ca2+-binding proteins. Continuing toward the carboxyl 
terminus in all three proteins, the sequentially labeled α-helices occur in pairs that form EF-hand motifs: helices 
A-B (dark red and red, respectively) and C-D (orange and yellow, respectively) are in the N-lobe, and helices E-
F (lime green and dark green, respectively) and G-H (cyan and blue, respectively) are in the C-lobe. Structure of 
sTnC was adapted from the Ca2+-bound state of the core domain of recombinant chicken skeletal troponin 
determined by X-ray crystallography (PDB: 1YTZ chain C) according to Vinogradova et al. [79]. Structure of 
cTnC was adapted from the Ca2+-bound state of the upper strand of the native porcine cardiac thin filament 
determined by cryo-EM (PDB: 7KO5 chain V) according to Risi et al. [20]. Structure of CaM was adapted from 
the Ca2+-bound state of recombinant Drosophila melanogaster CaM (complexed with a synthetic peptide 
corresponding to the CaM-binding domain of rabbit skeletal muscle myosin light chain kinase) determined by 
solution NMR spectroscopy (PDB: 2BBM chain A) according to Ikura et al. [80]. 

2. Structural and Functional Studies Suggest a Critical Role for the N-Helix of 
Cardiac Troponin C in Ca2+-Regulation of Cardiac Muscle 

2.1. Evolutionary Significance of TnC N-Helix 

TnCs, along with myosin light chains, parvalbumins and calmodulin (CaM) itself, are part of the 
calmodulin family of EF-hand, Ca2+-binding proteins [81]. Interestingly, of the large number of 
proteins in the calmodulin family, only vertebrate TnCs have sequences that correspond to an N-
helix, the one α-helix of TnC that is not directly involved in the formation of an EF-hand [81–83]. This 
can be seen in Figure 2, which illustrates the presence of an N-helix (violet)—adjacent to the A-helix 
(dark red) and B-helix (red) that surround EF-hand site I—in sTnC (Figure 2a) and cTnC (Figure 2b), 
while there is no sequence or structure comparable to the N-helix preceding the first helix-loop-helix 
domain in CaM (Figure 2c). 

While the evolutionary origin of the N-helix of TnC is not known, it is unique to vertebrate 
striated muscles [81,83]. There is diversity among invertebrate TnC’s in regard to which of the four 
EF-hands is functionally capable of binding divalent cations or presumed to be functional based upon 
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sequence analysis [84–87]. In stark contrast to vertebrate TnC discussed above, the C-lobe of TnC 
appears to be more significant than the N-lobe for Ca2+-activation of most invertebrate striated 
muscles [11,84,85,87]. Thus, it seems likely that the N-helix could have a significant role in Ca2+-
activation of vertebrate striated muscle, although the exact nature of that role could differ between 
cardiac and skeletal TnC. The α-helical structures at the N-termini of sTnC and cTnC appear similar 
(Figure 2a,b), but the sequences differ among species, particularly for sTnC, and isoforms within a 
species [47–49,81,83]. The latter point is illustrated in Figure 3 for the human genetic isoforms. Among 
the first 12 amino acids, only four are identical (Figure 3) and one of those four is the N-terminal Met 
that is typically removed post-translationally from sTnC but not cTnC of vertebrate species 
[48,49,76,81,88–92]. Protein sequencing indicates that the N-terminus of both cTnC and sTnC is 
further modified post-translationally by acetylation of the remaining N-terminal amino group 
[48,49,76,88–91] which neutralizes what would otherwise be the positive charge of the N-terminus of 
the mature polypeptide. These differences in primary sequence between the N-helices of sTnC and 
cTnC are substantial enough to suggest that they may not be functionally identical. Thus, the exact 
nature of the role of the N-helix in Ca2+-activation of vertebrate striated muscle could differ between 
cardiac and skeletal TnC. 

 

Figure 3. Partial polypeptide sequence alignment of sTnC (upper) and cTnC (lower) of Homo sapiens. The first 12 
amino acids are highlighted in yellow. Note that the N-terminal Met is typically removed post-translationally 
from sTnC but not cTnC, followed by acetylation of the remaining N-terminal amino group. Identical amino 
acids are indicated below the two sequences by an asterisk (*), conserved substitutions by a colon (:), and semi-
conserved substitutions by a period (.). The alignment was obtained using UniProt Clustal Omega. 

2.2. Structural Evidence for the Functional Significance of the TnC N-Helix 

High resolution structural studies have provided important insights into Ca2+-activation of the 
thin filament by applying an evolving variety of structural determination methods to elucidate the 
structure of TnC. The structures include isolated TnC, TnC associated with portions of or all of the 
troponin complex, and TnC within the thin filament, in the absence and presence of divalent cations 
in the N-lobe site (cTnC) or sites (sTnC). 

X-ray crystallography provided the earliest structures of native sTnC purified from chicken or 
turkey skeletal muscles [55–57]. These studies supplied structural details not available in an earlier 
report of diffraction from crystals of rabbit and chicken sTnC [93]. All of the earliest crystal structures 
had two metal ions bound to the C-lobe, with 2 Ca2+ in the turkey sTnC structures [55,56] and either 
2 Mn2+, 2 Nd3+ or 2 Au3+ in the chicken sTnC structures [57,93]. In these structures, the apo N-lobe and 
metal ion-bound C-lobe take on similar but distinct conformations that allowed for predictions about 
the structural changes that occur upon regulatory Ca2+ binding in the N-lobe. Almost a decade later, 
Houdusse et al. [60] filled in the gap by obtaining crystal structures of recombinantly expressed 
chicken sTnC with 4 Ca2+ bound, thereby demonstrating experimentally what could only be 
speculated upon in earlier studies. None of these studies provided a structure with physiological 
Mg2+ bound at the C-lobe. 

The D/E-linker is of particular note among all of these sTnC structures because it forms a single, 
extended α-helix separating the N- and C-lobes. When analogizing sTnC structure to a dumbbell, the 
central D/E-linker forms the handlebar between the N- and C-lobe masses at either end (Figure 2a) 
[55–57,60]. The linear D/E-linker separating the N- and C-lobes in all of these sTnC structures could 
have resulted from the conditions of crystallization (e.g., acidic pH ~ 5) and structural constraints 
within the crystal lattices formed. In addition, the structures may have been affected by the absence 
of the other troponin complex proteins, especially the portions of TnI that bind the N- and C-lobes 
when divalent cations are present [9,94–98]. An X-ray crystallography study by Saijo et al. [99] 
demonstrated flexibility of the D/E-linker of recombinant rabbit sTnC in the 2 Ca2+ state (i.e., apo N-

(sTnC) 
(cTnC) 
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lobe) crystallized at basic pH (pH ~ 8) in the presence of sTnI1-47 that binds the C-lobe. Solution NMR 
spectroscopy further demonstrated flexibility of the D/E-linker of Ca2+-saturated recombinant chicken 
sTnC (4 Ca2+) [59] and recombinant Cys-less chicken cTnC (3 Ca2+) [61]. In solution, i.e., without the 
constraints of a crystal lattice, the N- and C-lobe motions are essentially independent—recognizing 
that they are not completely independent because they are covalently linked to each other—and thus 
for many purposes the N- and C-lobes can be studied as separate constructs [94–96,100–102]. While 
the structures discussed above included the N-helix, a major focus was on divalent cation-induced 
structural changes within the N- and C-lobes, and little attention was paid to the N-helix. It was even 
concluded from solution NMR studies that the absence of the N-helix had little or no effect on the 
proteolytically isolated, apo N-lobe of native turkey sTnC [100,103]. A similar conclusion was 
obtained from lower resolution circular dichroism studies on recombinant chicken sTnC [54], 
although the thermal stability of chicken and rabbit sTnC structure was reduced in the absence of the 
N-helix regardless of divalent cation binding [51,54]. 

Building upon the work of Saijo et al. [99], Takeda et al. [62] determined the X-ray crystal 
structure of Ca2+-saturated (3 Ca2+) cardiac troponin core domain. They showed a collapsed—albeit 
not fully resolved—DE-linker. In the Takeda et al. [62] structure, the N-helix of cTnC’s N-lobe is in 
close proximity to the C-lobe and, more specifically, the portion of cTnI that is bound to the C-lobe. 
Within two years of the Takeda et al. publication [62], structures became available for the skeletal 
troponin core domain in both the Ca2+-free, Mg2+-saturated state (apo N-lobe and 2 Mg2+ C-lobe) as 
well as the Ca2+-saturated (4 Ca2+) state [79]. In contrast to the Ca2+-saturated cardiac troponin core 
domain of Takeda et al. [62], the Ca2+-saturated (4 Ca2+) skeletal troponin core domain exhibited an 
elongated, α-helical D/E-linker [79] comparable to that observed in the crystal structures of sTnC with 
only 2 Ca2+ bound to the C-lobe [55–57,60]. However, the D/E-linker of the skeletal troponin core 
domain becomes disordered in the Ca2+-free (2 Mg2+) state. Ca2+-saturated TnC from these crystal 
structures of the skeletal and cardiac troponin complexes are shown in Figures 2a and 2b, 
respectively, illustrating what was inferred from sequence differences between the N-helices of sTnC 
and cTnC—that the role of the N-helix in Ca2+-activation of vertebrate striated muscle could differ 
between cTnC and sTnC. 

With the advancement of cryo-EM—now the ‘gold-standard’ technology of macromolecular 
structure analysis—we have been able to visualize structural changes within the thin filament upon 
Ca2+ binding to cTnC, and to more deeply analyze its regulatory mechanism [19,20,22,104,105]. While 
an individual structural model determined by cryo-EM represents a single structural state, capture 
of multiple structural states allows cryo-EM to be an excellent technique for the study of thin filament 
structural dynamics. 

Current cryo-EM-based models of the thin filament place the N-helix of cTnC close to three 
structural components of cTn: cTnC D-helix associated with regulatory Ca2+-binding at EF-hand site 
II; the D/E-linker connecting the N- and C-lobes of cTnC; and cTnI helix H1 (residues 42-80), located 
in the N-terminal portion of cTnI that binds to the C-lobe of cTnC, which anchors cTnC within cTn 
(Figure 1, Figure 4 & Supplemental videos) [19,20,22]. This central location and the altered 
interactions with other portions of the troponin complex upon Ca2+ binding strongly imply that cTnC 
N-helix could play a critical role in Ca2+-regulation of cardiac contraction by widely transmitting 
information about regulatory Ca2+-binding at the cTnC N-lobe to other parts of the cardiac thin 
filament. 

2.3. Biophysical Studies Demonstrate a Critical Role for the N-Helix of sTnC in Normal Ca2+-Regulation of 
Skeletal Muscle, But Evidence for That of cTnC Is Lacking 

Functional assays have been employed to address the question of the functional role(s) of TnC’s 
N-helix in light of the evidence presented above that (i) evolution has uniquely favored this structural 
element in vertebrate TnC’s among calmodulin family proteins [60,76,81–83,88] and (ii) that the N-
helix is situated between TnC’s N-lobe and other parts of troponin on the thin filament [19,20,22,104], 
while in contrast (iii) that removal of the N-helix has little effect on the secondary structure of TnC 
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[54,100,103]. This research involving sTnC from multiple species has shown that the N-helix does 
play an essential role in both structure and function of sTnC [51–54,106,107]. 

 

Figure 4. The N-helix of cTnC (magenta) is centrally located among the cTnC D-helix, D/E-linker and cTnI helix 
H1 in all Ca2+-free (CF; pCa 8) and Ca2+-bound (CB; pCa 4) structural models of portions of the cardiac thin 
filament [22]. One major distinction between CF and CB states is the location of the carboxyl terminus of cTnI 
(blue structure at top of each panel): in CF states, it extends away (upward in the panels) from the core domain 
of troponin along tropomyosin (green) and actin (gray), while in CB states, part of the cTnI sequence is bound 
to the N-lobe of cTnC. Another major distinction between CF and CB states is the location of tropomyosin (green) 
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relative to actin (gray); displacement of tropomyosin (green) exposes myosin-binding sites on actin (gray) in CB 
states, permitting actomyosin crossbridge cycling (not shown) and contraction. Panels A, B and C are CF (PDB: 
8UWW), CF-tilted (CF-T) (PDB: 8UWX) and CF-rotated (CF-R) (PDB: 8UWY) models of the upper strand, 
respectively, while panels D, E and F refer to the corresponding models of the lower strand. The -tilted and -
rotated designations refer to the orientation of the IT-arm (blue-yellow α-helical coiled-coil that is central to each 
panel) relative to that in the CF state. The upper strand has two CB states: CB-partially-activated (CB-PA) (G; 
PDB: 8UZY) and CB-fully-activated (CB-FA) (H; PDB: 8UZX). The lower strand also has CB-PA state (I; PDB: 
8V0K), but two different CB-FA states (J & K; PDB: 8V01 & 8V0I) are captured. In this figure, actin is gray; 
tropomyosin is green; cTnI is blue; cTnT is yellow; and the cTnC subunit is red with the N-helix sequence 
highlighted in magenta. Note the marked change in orientation of the N-helix between Ca2+-free (A-F) and Ca2+-
bound (G-K) states. 

Functionally, the absence of sTnC’s N-helix markedly decreases the Ca2+-affinity of TnC’s 
regulatory N-lobe. Solution studies have shown that the absence of the N-helix caused a 3-fold change 
in Kd for Ca2+-binding at chicken sTnC N-lobe—with or without an F29W substitution that provides 
a fluorescence readout of Ca2+-specific changes in structure [108]—with little or no change in higher-
affinity binding of Ca2+ or Mg2+ at the C-lobe [53,54]. The absence of sTnC’s N-helix in reconstituted 
thin filaments not only reduced the apparent Ca2+-sensitivity by more than 2-fold for actomyosin 
solution MgATPase activity, but also caused a marked reduction in the maximum activity [53,54]. 
Interestingly, removal of only part (~½) of the N-helix had little effect on Ca2+-binding to sTnC in 
solution, but was still associated with a reduction in Ca2+-sensitivity of actomyosin MgATPase 
activity [52]. Reversing the scenario to examine a non-muscle system that normally relies on CaM, 
either sTnC or sTnC that is missing the N-helix can replace CaM to activate erythrocyte Ca2+-ATPase, 
albeit with a requirement for substantially higher Ca2+ levels [109]; in this non-muscle system, less 
Ca2+ is required with sTnC that is missing the N-helix compared to sTnC—the opposite of what is 
observed in muscle—and markedly higher concentrations of protein are required for either TnC 
relative to CaM. 

A study followed up on the observation that CaM can functionally replace sTnC to regulate 
isometric force generation by skeletal muscle [110] even though it does not integrate fully into the 
troponin complex. The fact that CaM does not serve well as a structural replacement of TnC in the 
troponin complex suggests that one possible role of the N-helix of TnC is to maintain TnC bound to 
the thin filament. The same group also utilized a recombinant rabbit sTnC construct with the N-helix 
missing [51,107] to test its impact on skeletal muscle force and found that the highest Ca2+-activated 
force of skeletal muscle was reduced when the N-helix was missing [51,107]. This effect was similar 
to CaM, which also reduced Ca2+-sensitivity of steady-state isometric force [110]. However, the 
authors did not attribute these CaM-associated differences exclusively to the missing N-helix (Figure 
2), but instead to incomplete occupancy of thin filament regulatory units by CaM. Interestingly, 
invertebrate striated muscle where the N-helix of TnC is absent also has reduced Ca2+-sensitivity 
compared to vertebrate muscle [84]. 

Removal of chicken sTnC N-helix was associated with a marked reduction in Ca2+-sensitivity of 
steady-state isometric force generation using recombinantly expressed proteins reconstituted into 
rabbit skeletal fibers [53,106]. The deletion of the N-helix in these studies was associated with a small 
reduction in maximum Ca2+-activated force; the difference with studies described above may be due 
to higher Ca2+ concentrations when studying the N-helix deletion [53,106]. N-helix removal had little 
or no effect on cooperativity of steady-state Ca2+-binding, MgATPase activity, or isometric force 
generation, as assessed by the Hill coefficient [53,54,106,111]. Beyond steady-state phenomena, the 
Ca2+-dependence of the kinetics of isometric tension redevelopment (kTR) were shifted rightward to a 
similar extent as steady-state isometric force such that there was little effect on the relationship 
between force and kTR [106]. 

Based on the discussion above, the N-helix plays a significant role in maintaining the structural 
stability of TnC and the Ca2+-regulated contraction in skeletal muscle. However, comparable studies 
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have not yet been performed with cTnC. Although the N-helix is evolutionarily favored by vertebrate 
striated muscle, it is notable (per sequence analysis described in Sec. 2.1 above) that the sequence of 
cTnC N-helix is not the same as that for sTnC; and also (per structure analysis described in Sec. 2.2 
above, esp. Figure 4) that the sTnC N-helix is not tucked into a central location like that of cTnC. 
Additionally, evidence also supports the structural studies indicating that the N-helix is close to the 
C-lobe at Ca2+-saturated state in the tertiary structure of cTnC (Supplemental movies) [19,20,61,62], 
which is not true for sTnC [79]. 

Secondly, previous research also shows that the second half of N-helix is sufficient to maintain 
normal sTnC function [52], but this is not true for the cardiac isoform. Multiple amino acid variants 
spanning the whole helix region are reported to be related to all three major types of cardiomyopathy 
[112–115], which will be further discussed in the following section. Thus, it is unreasonable to directly 
presume that the N-helix of the two TnC isoforms are functionally identical. 

2.4. Pathophysiological Evidence for the Significance of the TnC N-Helix: Variants in the N-Helix of 
Troponin C Are Associated with Human Cardiomyopathies 

Although the cTnC N-helix only accounts for 12 amino acids out of 161 residues in total, multiple 
mutations in this region have been linked to three major types of human cardiomyopathy: dilated 
cardiomyopathy (DCM), hypertrophic cardiomyopathy (HCM) and restrictive cardiomyopathy 
(RCM) (Figure 5), indicating the importance of the N-helix in regulation of cardiac contraction 
[112,116–138]. For these reasons, attention should be directed towards understanding how the cTnC 
N-helix participates in the physiological function of the cardiac thin filament and the genesis of 
cardiomyopathy. 

Among the seven mutations identified in the N-helix of cTnC shown in Figure 5, four are 
published in peer-reviewed journals, and the A8V variant is the most studied. Clinical evidence has 
shown that the variant relates to both HCM and RCM in human, with different inheritance patterns: 
autosomal dominant for HCM, while autosomal recessive for RCM [116,117,139,140]. The two-copy 
variant usually results in an earlier disease onset and poorer prognosis compared with the single-
copy variant [140], which is consistent with the data obtained from the murine model [121]. 
Mechanistic studies examining the A8V variant of cTnC N-helix reveal that this mutation may 
strengthen the binding of the cTnI switch helix to cTnC, which enhances the Ca2+ affinity of myofibrils 
without affecting that of isolated cTnC [121,123]. A subsequent study that focused on the same 
variant showed that the N-helix also appears to communicate with the D-helix of cTnC (part of 
activating site II), increasing the Ca2+ sensitivity of isometric force generation and modulating both 
the number of and rate of cycling crossbridges [128]. These mechanical effects are consistent with the 
A8V variant’s association with HCM, and the structural interpretation is supported by cryo-EM 
structures shown in Figure 1. Interestingly, another study reported the presence of a sexually 
dimorphic transcriptome of the A8V variant suggesting a possible novel role of the N-helix in 
promoting the disease phenotype [130]. 

Additional evidence suggests that the N-terminal helix of cTnC is close in tertiary structure to 
the intrinsically disordered C-terminus of cTnT—a structural element that remains unresolved in 
existing Ca2+-bound cryo-EM structures. This interaction is strengthened in the presence of the I4M 
pathogenic variant of the cTnC N helix, a variant that is associated with pediatric DCM, probably by 
negatively influencing the allosteric regulation of Ca2+ activation through the cTnC-cTnI switching 
mechanism [129]. 
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Figure 5. Location of cardiomyopathy-related residues in N-helix of cTnC. Top: Tertiary structure model of cTnC 
of upper strand in the CB-FA state (Source: PDB 8UZX) [22]. Bottom: The primary and secondary structure 
representation of cTnC N-helix (amino acids 2-12). The six affected residues have seven possible 
cardiomyopathy-related variants, with the ones published in peer-reviewed journals marked with asterisks 
[112]. The residues relevant to different types of cardiomyopathies are indicated by distinct colors: lime 
(DCM/HCM), cyan (DCM), yellow (HCM/RCM) and blue (DCM/HCM/RCM). 

2.5. Cardiomyopathy Variants May Alter Communication Between the cTnC N-Helix and Other Parts of 
Troponin 

In the cardiac isoform of vertebrate TnC, there are only three divalent cation binding sites, with 
two sites (site III and site IV) in the C-lobe always occupied and participating in the critical structural 
role of the C-lobe—binding TnC to TnI—under physiological conditions. In contrast, the remaining 
site (site II) in the N-lobe responsive to variations in cytoplasmic Ca2+ concentration (Figure 1). The 
D/E linker is an obvious pathway for communication between the N- and C-lobes of cTnC. 
Measurements of protein dynamics in solution have shown that the HCM-related cTnC variant 
(D145E) could enhance the Ca2+ affinity of site II in N-lobe, probably by abnormal hydrophobic 
surface exposure, although the Ca2+-binding sites in the C-lobe are destabilized [78,141,142]. 

The cryo-EM structural evidence described above points to the N-helix as an additional 
pathway. As shown in Figure 4 and Supplemental movies, the N-helix is located at the center of the 
cTnC D-helix, D/E-linker and cTnI helix H1 in both Ca2+-free and Ca2+-bound states, indicating the 
possibility of the N-helix as a ‘communicator’ not only between lobes of cTnC, but also subunits of 
troponin. Thus, this location of the N-helix is likely important for the mechanism by which Ca2+-
initiated activation is transmitted from site II in the N-lobe of cTnC to other parts of the thin filament. 
This presumption is further supported by the pathophysiological research on the A8V variant, which 
is associated with both HCM and RCM (see Sec. 2.4). Furthermore, the N-helix of cTnC is also 
presumed to be close to the intrinsically disordered C-terminus of cTnT [129]. 
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3. Conclusions 

In summary, we discussed the role of TnC N-helix from evolutionary, structural, physical 
chemistry, biophysical and pathophysiological perspectives. The N-helix is uniquely found in TnC’s 
from mammals and most other vertebrates, but not in other members of the calmodulin family of 
Ca2+-binding proteins, although the N-helix sequence is different in the two isoforms of TnC, fast 
skeletal TnC (sTnC) and cardiac/slow skeletal TnC (cTnC). Structural comparison of N-helix between 
the two isoforms also shows two major points: (i) the N-helix of cTnC is located between D-helix, 
D/E-linker and cTnI helix H1, which is not true for that of sTnC; and (ii) the N-helix of sTnC is closer 
to the N-lobe at Ca2+-saturated state, while that of the cardiac isoform turned towards C-lobe when 
Ca2+ binds. Physical chemistry and biophysical studies have shown that N-helix of sTnC is an 
essential component for determining Ca2+ sensitivity, MgATPase activity and thermal stability, but 
comparable evidence about cTnC N-helix is not available yet. Nevertheless, studies on 
pathophysiological cardiomyopathy-relevant variants within the N-helix of cTnC provide evidence 
that it must have functional significance that parallels or exceeds that of the N-helix in sTnC. Taken 
together, N-helix of TnC is a vital element of regulation of thin filament activation by Ca2+ in striated 
muscles, although the N-helix may have distinct functions in the two isoforms of TnC. 

4. Future Directions 

Until now, functional studies of TnC N-helix have mainly focused on in vitro studies with the 
sTnC, and thus the cardiac isoform deserves attention to better understand its role in promoting 
normal cardiac function and in development of cardiomyopathic disease. For this purpose, one 
remaining issue that needs to be addressed is understanding how the cTnC N-helix dynamically 
interacts with other parts of troponin and the thin filament during contraction (systolic ejection phase 
of the cardiac cycle) and relaxation (diastolic filling of the heart). Given the significance of the cTnC 
N-helix, we hypothesize that a similarly sized polypeptide at the C-terminus of cTnT might also have 
structural and functional significance even though it has not yet been visualized by cryo-EM. The 
current, high-resolution structures that have been obtained by cryo-EM are suitable for molecular 
dynamics (MD) simulations that could help resolve disparities between cryo-EM structures of the 
cardiac thin filament [142–146]. To this end, fluorescence polarization measurements, some of which 
were obtained using bifunctional fluorescence probes covalently bonded to residues in the cTnC N-
helix may help elucidate this question [147,148]. In addition to in silico simulations, in vitro 
experiments with cTnC and cardiac muscle proteins are also necessary. Furthermore, it would be 
beneficial to have one or more animal models that can provide insight into the role of the cTnC N-
helix within a physiological context. 

Supplementary Materials: The following supporting information can be downloaded at: 
www.mdpi.com/xxx/s1, Video S1: Movement of cTnC N-helix (magenta) upon Ca2+-binding to cTnC within the 
troponin complex on the cardiac thin filament; Video S2: Rotated view of movement of cTnC N-helix (magenta) 
upon Ca2+-binding to cTnC within the troponin complex on the cardiac thin filament. The videos show the 
dynamic rotation of the cTnC N-helix from Ca2+-free state (PDB 8UWW) to the fully activated state (PDB 8UZX); 
the two videos show the same Ca2+-dependent movements viewed from perspectives that are related by 90-
degree rotation around the F-actin helical axis. The color scheme in the videos is the same as in Figure 4: actin is 
gray; tropomyosin is green; cTnI is blue; cTnT is yellow; and the cTnC subunit is red with the N-helix sequence 
highlighted in magenta. 
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