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Abstract

Cardiac contraction depends on molecular interactions among sarcomeric proteins coordinated by the rising and falling intracellular
Ca2+ levels. Cardiac thin filament (cTF) consists of two strands composed of actin, tropomyosin (Tm), and equally spaced troponin (Tn)
complexes forming regulatory units. Tn binds Ca2+ to move Tm strand away from myosin-binding sites on actin to enable actomyosin
cross-bridges required for force generation. The Tn complex has three subunits—Ca2+-binding TnC, inhibitory TnI, and Tm-binding
TnT. Tm strand is comprised of adjacent Tm molecules that overlap “head-to-tail” along the actin filament. The N-terminus of TnT
(e.g., TnT1) binds to the Tm overlap region to form the cTF junction region—the region that connects adjacent regulatory units and
confers to cTF internal cooperativity. Numerous studies have predicted interactions among actin, Tm, and TnT1 within the junction
region, although a direct structural description of the cTF junction region awaited completion. Here, we report a 3.8 Å resolution cryo-
EM structure of the native cTF junction region at relaxing (pCa 8) Ca2+ conditions. We provide novel insights into the “head-to-tail”
interactions between adjacent Tm molecules and interactions between the Tm junction with F-actin. We demonstrate how TnT1
stabilizes the Tm overlap region via its interactions with the Tm C- and N-termini and actin. Our data show that TnT1 works as a
joint that anchors the Tm overlap region to actin, which stabilizes the relaxed state of the cTF. Our structure provides insight into the
molecular basis of cardiac diseases caused by missense mutations in TnT1.

Significance Statement:

Cardiac contraction depends on interactions between thin and thick filaments. Thin filament (TF) is comprised of actin,
tropomyosin (Tm), and troponin (Tn) complex. The Tn complex, consisting of Ca2+-binding TnC, inhibitory TnI, and Tm-binding
TnT subunits, regulates thin and thick filaments interactions in a Ca2+-dependent manner by moving Tm cable away from myosin
binding sites on actin. TnT stabilizes the interaction between adjacent Tm molecules to form TF junction region. We report a 3.8 Å
resolution cryo-EM structure of the native TF junction region that provides novel insights into normal diastolic function of the TF
and elucidates the molecular basis of cardiac diseases caused by missense mutations in TnT.

Introduction
Cardiac contraction and subsequent relaxation is precisely regu-
lated by cyclic fluctuations in Ca2+ levels that control force gen-
eration via actomyosin interactions between thin (actin-based)
and thick (myosin-based) filaments (1–3). The backbone of the
cardiac thin filament (cTF) is formed by filamentous actin (F-
actin) that accommodates TF regulatory proteins—tropomyosin
(Tm) that blocks actomyosin interactions at low Ca2+, and the tro-
ponin (Tn) complex that governs the position of Tm on F-actin
in a Ca2+-dependent manner (3–6). Striated muscle Tm (α-Tm)
is an α-helical protein that forms a parallel two-stranded coiled-
coil dimeric molecule (7, 8). Tm molecules polymerize along the
actin helix (9, 10) in a head-to-tail manner (11). Sequences of
coiled-coil proteins, such as Tm, contain a seven-residue hep-
tad repeat designated as a, b, c, d, e, f, and g with hydrophobic

residues within the interface of the two α-helices located at po-
sitions a and d and charged residues at positions e and g that
form interhelical salt bridges [reviewed in ref. (12)]. Each α-Tm
molecule spans the length of seven actin subunits in the actin
filament and has been assigned a seven-quasi-equivalent-period
repeat (periods 1 to 7 or P1 to P7) (13) containing a pattern of
amino acid residues predicted to be conserved actin-binding sites
(14–16). Solution nuclear magnetic resonance (NMR) structure
of the junction between two Tm model peptides showed that
the C-terminal coiled-coil spreads apart to form a binding cleft
for the 11 amino acids of the N-terminal coiled-coil, allowing
Tm to form a continuous cable, with two such cables twisting
around opposing sides of F-actin (17). Nevertheless, the existence
of these interactions within the native TF has not yet been demon-
strated.
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Fig. 1. The structural details of the cardiac TF and 3D reconstruction of its junction region at low Ca2+ (pCa 8). (A) The model of the cTF. The backbone
of the cTF is comprised of actin (tan ribbons). Components of the Tn complex, which include TnC, TnI, and TnT are shown as blue, red, and cyan
ribbons, respectively. Two consecutive Tm molecules are shown as green and gold ribbons. TnT is a part of both Tn core (black square bracket) and
junction region (magenta square bracket). The two unequal Tn complexes are marked as upper (U-Tn) and lower (L-Tn). (B) The 3D reconstruction of
the junction region is shown at 3.8 Å resolution using colored codes from (A). The barbed end of actin is at the bottom.

Regulation of actomyosin interactions by Ca2+-dependent
movement of the Tm cable on the surface of F-actin by the Tn
complex is described by the steric blocking model, which holds
that Tm blocks myosin binding sites on the surface of actin at
relaxing conditions (low Ca2+), whereas Tm moves away from the
myosin binding sites at activating (elevated Ca2+) conditions (4, 18).
Therefore, the inhibited state of the cTF is called off state, while
the activated state is referred to as on state. The multidomain Tn
complex is comprised of three subunits—troponin I (TnI; the in-
hibitory subunit), troponin C (TnC; the Ca2+-binding subunit), and
troponin T (TnT; the Tm-binding subunit) [reviewed in refs. (19)
and (20)]. Recent advances in cryo-EM enabled determination of
the structures of reconstituted (5) and native (6) cardiac TFs in the
Ca2+-free and Ca2+-bound structural states depicted the overall
organization of the cTF and the transition between the inhibited
and activated states. Nevertheless, due to insufficient resolution
within the experimental density maps ( >7 Å in the Tm and Tn re-
gions), both papers lacked details of specific interactions among
the cTF components.

Based on the cryo-EM model, Tn core domain (Fig. 1A, Tn core)
consists of TnC (Fig. 1A, blue ribbons), and an IT-arm (Fig. 1A, IT
arm) composed of the central part of TnI (Fig. 1A, red ribbons)
and C-terminal part of TnT (e.g., TnT2) (Fig. 1A, cyan ribbons).
The C-terminal part of TnI (Fig. 1A, red arrows) stabilizes the in-
hibited state of the cTF via interactions with actin and Tm. The
detailed diagram of TnT is shown in Supplementary Informa-
tion Appendix, Fig. S1A. The N-terminal part of TnT (e.g., TnT1)
can be defined as having three main structural regions (5, 6): the

N-terminal hypervariable region (human residues h1–75), which
is not resolved in the cryo-EM maps; Tm binding site (residues
h87–150 that form an α-helix visible in a cryo-EM map) (Fig. 1A,
TnT1 cyan); and the disordered TnT1 linker (residues h151–200,
not resolved in a cryo-EM map) that connects the TnT1 and TnT2
regions (Supplementary Information Appendix, Fig. S1A, linker).
TnT1 is of particular importance for cTF functionality because
it spans across the Tm overlap region and stabilizes the Tm
head-to-tail interaction (5, 6, 21, 22). Biochemical experiments
showed that TnT1 interaction with the junction region promotes
Tm binding to F-actin (23, 24) and enhances cooperative binding
of rigor myosin to Tm-decorated F-actin (24, 25). The importance
of TnT1 extends into pathophysiology because it harbors several
pathogenic variants, which cause cardiomyopathies in humans
(Table 1).

Early structural (26) and biochemical (27, 28) studies predicted
the coil-coiled overlap between TnT1 and Tm molecules that were
later confirmed by crystallographic (29) and in-silico (30) studies.
Nevertheless, a complete high-resolution picture of the molecu-
lar interactions of TnT1 in the context of the cTF is lacking due
to insufficient resolution of the recently obtained cryo-EM struc-
tures of the reconstituted and native cTFs (5, 6). Here, we used
frozen, hydrated native cardiac TFs to generate a 3.8-Å resolution
cryo-EM map of the cTF junction region at relaxing Ca2+ levels
(pCa = 8). We reveal novel interactions among Tm, TnT1, and actin
that stabilize the off state of the cTF. Importantly, our data pro-
vide direct insights into mechanisms of pathogenic mutations in
the TnT linked to cardiomyopathies in humans.
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Table 1. Cardiomyopathy-linked pathogenic variants in TNNT2 gene and their predicted by cryo-EM structural effects on the junction
region.

Mutation Disease Primary citation Ca2+ sensitivity Proposed by cryo-EM effect of mutation

P77L HCM (53) ↑ Weakens TnT1 loop region interaction with actin
I79N HCM (68) ↑ Weakens TnT1 loop region interaction with actin
P80S HCM (69) ↑ Weakens TnT1 loop region interaction with actin
E83K HCM (70) ↑ May redirect TnT1 loop region from actin
D86A HCM (71) ↑ May redirect TnT1 loop region from actin
R92L HCM (72) ↑ May redirect TnT1 loop region from actin
R92Q HCM (68) ↑ May redirect TnT1 loop region from actin
R92W HCM (73, 74) ↑ May redirect TnT1 loop region from actin
R94C HCM (74) ↑ Weakens TnT1 helix region interaction with Tm
R94L HCM (75) ↑ Weakens TnT1 helix region interaction with Tm
R94H HCM (76) ↑ Weakens TnT1 helix region interaction with Tm
K97N HCM (77) ↑ Weakens TnT1 helix region interaction with actin
R113S HCM (∗) ↑ Weakens TnT1 helix region interaction with Tm
K124N HCM (78) ↑ Weakens TnT1 helix region interaction with Tm
R130C HCM (73) ↑ Weakens TnT1 helix region interaction with Tm
R134G DCM (79) ↓ Enhances TnT1 helix region interaction with Tm
R144W DCM (80) ↓ Enhances TnT1 helix region interaction with Tm

∗ National Center for Biotechnology Information. ClinVar; [VCV001005011.2], https://www.ncbi.nlm.nih.gov/clinvar/variation/VCV001005011.2
bottom

Results
Previously, we determined the structure of the native cardiac TF
at moderate resolution ranging between ∼8 and 11 Å (6). At that
resolution, it was not possible to predict the interactions between
cTF components at the molecular level. The resolution was low
presumably due to the intrinsic mobility of the internal compo-
nents of the cTF. To overcome this obstacle, we aimed for a dif-
ferent approach—a targeted reconstruction of individual parts of
the complex. Owing to the crucial role of the junction region for
the cTF regulation, we aimed to obtain its high resolution struc-
ture. It has been shown (5, 6) that TnT1 is better resolved in the
structure of the cTF in the off state (low Ca2+) due to the inter-
action of TnT1 with actin, which was absent in the structure of
the activated cTF (high Ca2+). We imaged cTF at low Ca2+ level
(pCa 8). To achieve high resolution, we used 24,133 micrographs
of frozen hydrated cTF to manually select the best filaments for
a focused refinement of the junction region (Supplementary In-
formation Appendix, Fig. S2). The overall resolution of the resul-
tant density map (using FSC = 0.143 criterion) was 3.5 Å (Sup-
plementary Information Appendix, Fig. S3A). The local resolution
varied significantly from 9.7 Å resolution in the N-terminal lobe
of TnC (Supplementary Information Appendix, Fig. S3B, blue ar-
row) to near atomic 3.8 Å resolution in the junction region (Sup-
plementary Information Appendix, Fig. S3B) and 3.2 Å resolution
in F-actin part (Supplementary Information Appendix, Fig. S3C)
showing that core of the Tn complex (Supplementary Informa-
tion Appendix, Fig. S3B, blue arrow) is the most flexible part of the
cTF presented in the density map. For that reason, the junction re-
gion part of the density map was segmented out from the overall
3D reconstruction, filtered to 3.8 Å resolution (Fig. 1B) and used for
modeling. The quality of the map is illustrated in Supplementary
Information Appendix, Fig. S4.

Since the two strands of the cTF are not equivalent (5, 6) (Sup-
plementary Information Appendix, Fig. S1B), we compared the
junction region structures from the lower and upper strands.
Alignment of the two structures revealed that positions of both
actin and Tm were indistinguishable, while there was a small
∼2◦ clockwise azimuthal movement in the upper part of the
TnT1 helix (residues 129 to 158) between the lower and upper

junction structures (Supplementary Information Appendix, Movie
S1). Therefore, all the intermolecular interactions between the Tm
strands, and Tm cable with actin discussed below are equivalent
for the two cTF strands. The TnT1 interactions with the Tm cable
that differ between the two strands will be outlined in the corre-
sponding section.

Structure and interstrand interactions of Tm
The interactions between the Tm strands in the TF were proposed
based on X-ray crystallography of Tm fragments (31, 32). Our
density map and corresponding atomic model are in agreement
with those observed by X-ray crystallography. The C-terminal Tm
coiled-coil is stabilized by a set of hydrophobic and polar interac-
tions. The core component is comprised of apolar residues (Fig. 2B,
blue atoms) that contribute to the stability of the coiled-coil by the
hydrophobic interactions between residues at positions a and d
(Fig. 2A, blue arrows) within the seven-residue heptad of Tm. This
architecture is broken after residue A262 where the two helices
begin to splay due to the larger side chains of Q263 and the bulky
aromatic rings of Y267 located in the interior of the coiled-coil
(Fig. 2B, red atoms). The splay of the C-terminal helix is important
for formation of the junction (31, 32). In addition to the apolar core,
canonical salt bridges between side chains K231/E236, R238/E243,
and E259/K264 (Fig. 2B, magenta atoms) located in the e and g po-
sitions (Fig. 2A, magenta arrows) hold the strands together. The
formation of interstrand salt bridges taper off near the end of
the C-terminus to facilitate the C-terminal splaying. The last four
amino acids within the Tm C-terminus do not follow the α-helical
pattern and thus provide flexibility required to form the junction
with the adjacent Tm’s N-terminus. Similar to the C-terminus, the
porcine α-Tm N-terminal strands are held by hydrophobic inter-
actions between the two helices at positions a and d (Fig. 2A, blue
arrows), which are marked in blue in Fig. 2C. Canonical salt bridges
between the side chains of R21/E26, R35/E40, and K49/E54 (Fig. 2C,
magenta atoms) in the e and g positions (Fig. 2A, magenta arrows)
further stabilize the N-terminus of Tm. In addition, noncanonical
ionic interactions at the a and g positions (Fig. 2A, cyan arrow),
reported by Brown et al. (31), are observed between D14/K15 and
D28/K29 (Fig. 2C, cyan atoms).

https://www.ncbi.nlm.nih.gov/clinvar/variation/VCV001005011.2
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Fig. 2. The interstrand interactions of the α-Tm N’ and C’ termini of the cardiac native TF. (A) Diagram of the Tm seven-residue heptad. Residues in
a/a’ (blue double-headed arrow) and d/d’ (blue double-headed arrow) heptad positions form hydrophobic core interactions (B and C, blue residues).
Canonical salt bridges are formed by residues in e/g’ (magenta double-headed arrow) and e’/g (magenta double-headed arrow), while noncanonical
salt bridges have been observed between a and g’ (cyan double-headed arrow). (B) Interactions between the Tm strands in the C-terminus (green
ribbons) are comprised of hydrophobic interactions (blue atoms) and salt bridges (magenta atoms). The C-terminus begins to splay at Q263 (red atoms)
and is separated further by the large side chains of Y267 (red atoms). (C) Interactions between the Tm stands in the N-terminus (gold ribbons) involve
hydrophobic interactions (blue atoms) and salt bridges (magenta atoms). Two noncanonical salts bridges are shown in cyan.

Structure of the Tm junction region
The first structural data on the “head-to-tail” interactions be-
tween the two Tm molecules were obtained by NMR using Tm
fragments in the absence of actin and TnT1 (17). Our atomic
model overall confirms the main NMR findings regarding the
structure of the Tm overlap region. A cluster of aliphatic amino
acids is comprised of Tm N-terminal residues M1, A3, I4, M8, and
L11 (Fig. 3, blue atoms) and Tm C-terminal residues L274, A277,
L278, and M281 (Fig. 3, magenta residues) hold the N- and C- ter-
mini of the two adjacent Tm molecules together. K7 (Fig. 3, cyan
atoms) contributes to the hydrophobic core via its aliphatic part.
The ionic interaction between K5 and D280 (Fig. 3, red arrow) fur-
ther stabilizes the Tm junction. Nevertheless, there is a differ-
ence between the cryo-EM and NMR-based models of the junc-
tion region in the C-terminal part of Tm. In our model, Tm’s C-
terminal residues (e.g., S283 and I284) do not bend toward the
core of the junction, but rather face straight down toward the N-
terminus of the adjacent Tm molecule (Supplementary Informa-
tion Appendix, Fig. S5B, red arrow) so that I284 makes a hydropho-
bic interaction with the apolar part of K12 (Fig. 3, black arrow).
This unbending of the Tm’s C-terminus is observed on both Tm
strands.

F-actin–Tm interactions
All the previous high resolution structures of Tm-bound actin
complexes were obtained using helical averaging (33–36), which
eliminated information on the Tm amino acids involved in the in-
teraction with actin. The F-actin–Tm interface in our density map
(Supplementary Information Appendix, Fig. S6) shows that only
ionic interactions hold the visualized portion of Tm on the sur-
face of F-actin (Fig. 4). Each α-Tm molecule spans the length of
seven actin subunits and has seven-quasi-equivalent period re-
peats (13), each containing a pattern of amino acid residues pre-
viously predicted to be conserved actin-binding sites (14–16). Our
model contains a fragment of period 6 (residues 230–242; Fig. 4,
dark green ribbons) along with period 7 (residues 243–284; Fig. 4,
green ribbons) of the Tm C-terminus, and period 1 (residues 1–46;
Fig. 4, yellow ribbons) along with a fragment of period 2 (residues
47–70; Fig. 4, dark red ribbons) of the Tm N-terminus. This region
of two adjacent Tm molecules spans the length of three actin
subunits (Fig. 4, tan ribbons). First, all three actins in our model
form salt bridges through their K326/K328 (Fig. 4, blue spheres)
with the acidic residues of Tm periods 1 (D20/E23), 2 (D58/E62),
and 7 (D254/E257) (Fig. 4, red spheres). Acetylation of these lysine
residues in actin modulates striated muscle contraction (37). An-
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Fig. 3. The proposed intermolecular interactions of the α-Tm overlap region of the cardiac native TF. The Tm overlap region between the C-terminus
(green ribbons) and the N-terminus (gold ribbons) of the adjacent Tm molecule spans three actin subunits (tan ribbons). The black box outlines the
detailed part of the model. This part docked into the corresponding density map region is shown in Supplementary Information Appendix, Fig. S5A.
The Tm C-terminal apolar residues are shown as magenta atoms, while hydrophobic residues located in the Tm N-terminus are shown as blue atoms.
Charged residues that form ionic bonds are shown in red, while the two lysines (e.g., K7 and K12) that contribute to hydrophobic interactions are
marked in cyan. Interaction between I284 and apolar part of K12 is marked with black arrow. The salt bridge between Tm D280 and K5 is marked with
red arrow. Proposed interactions between C-terminus residues and N-terminus residues that stabilize the Tm overlap region are discussed in the text.
The barbed end of actin is at the bottom.

other repetitive interaction found between Tm periods 6 and 7 is
between K238 of actin and E240/D275 of Tm (Fig. 4, cyan and ma-
genta spheres, respectively). The junction region interactions with
actin are reinforced via two additional salt bridges between actin
residues K215/E241 (Fig. 4, pink and purple spheres, respectively)
and residues E272/K268 of the C-terminus of Tm (Fig. 4, dark blue
and dark yellow spheres, respectively). Finally, period 7 makes one
more ionic interaction via K248 (Fig. 4, gray spheres) with D311 of
actin (Fig. 4, black spheres), which makes it the period that is most
tightly attached to F-actin out of the four repeats present in our
model. This tight attachment results from the geometry of the
junction region where the internal strand of the Tm C-terminus
lies in very close proximity to the surface of the actin filament.

Tm–TnT1 interactions with Tm and actin
CLUSTAL alignment of the human TNNT2 sequence (Uniprot
P45379-6) with the porcine TNNT2 (Uniprot I3LS66) sequence re-
veals that the two homologs share 91% identity while possessing
95% identity in the TnT1 region presented in our atomic model
(Supplementary Information Appendix, Fig. S7A). There is a shift
in the numbering between the two isoforms, therefore, we will de-
note human numbering related to pathogenic mutations with “h”
(e.g., hI79N). Actin isoforms are identical between the two species
as well as Tm’s N-terminus presented in the model, while Tm’s C-
terminus is 99% identical bearing one nonconserved substitution
(Supplementary Information Appendix, Fig. S7B, purple arrow).

The TnT1 region of the cTF junction can be divided into two
structural parts—a helical part (Fig. 1A, cyan and Supplementary
Information Appendix, Fig. 1A, residues F96–R158) previously re-
ported at low resolution (5, 6), and a loop portion (Supplementary

Information Appendix, Fig. 1A, residues V84–D95) previously not
defined in the cryo-EM maps. The TnT1 helical part stabilizes the
Tm overlap region and “staples” it to the surface of the actin fil-
ament via both ionic and hydrophobic interactions (Fig. 5B to F).
The upper part of the helix forms a set of salt bridges with the C-
terminus of Tm (Fig. 5B and C, red atoms), which are different for
the lower (Fig. 5B) and upper (Fig. 5C) strands due to the small az-
imuthal shift of this TnT1 region on Tm between the lower and the
upper strand (Supplementary Information Appendix, Movie S1). In
the lower strand, a TnT1 positively charged cluster composed of
K131, R137, and R138 interacts with Tm D254, E257, and E259, re-
spectively (Fig. 5B, red atoms). The upper strand (Fig. 5C) lacks the
salt bridge between TnT1 R137 and Tm E257, although it forms an
ionic bond between TnT1 R141 and Tm E250 (Supplementary In-
formation Appendix, Fig. S9). The rest of the interactions between
TnT1 and Tm/actin are identical between the two strands. An-
other charged TnT1 patch, located immediately above the junc-
tion region and composed of E124, E125, and R121, forms ionic
bonds with Tm K266, K268, and E272, respectively (Fig. 5D). The
central helical region of TnT1 (Fig. 5E, residues R103–F118) stabi-
lizes the junction region via both hydrophobic (Fig. 5E, blue atoms)
and ionic (Fig. 5E, red atoms) interactions. Specifically, TnT1 L110
and I114 (Fig. 5E, blue atoms) contribute to the hydrophobic clus-
ter that holds together the Tm overlap region (Fig. 3). In addition,
two salt bridges, one between H117 of TnT1 and D275 of Tm’s C-
terminus and the other between E109 of TnT1 and K6 of Tm’s N-
terminus (Fig. 5E, red atoms) reinforce the stability of the Tm junc-
tion. TnT1 R103 strengthens the interaction of TnT1 with Tm’s N-
terminus (Fig. 5E, red atoms). Since, the distances between the C-α
atom of R103 and corresponding C-α atoms of Tm D14 and actin
E334 are equivalent (11 and 10.5 Å, respectively), it is possible that



6 | PNAS Nexus, 2022, Vol. 2, No. 1

Fig. 4. Proposed interactions of the Tm coiled-coil with actin. Actin is
shown in tan, while the Tm periods are shown in different colors.
C-terminal periods 6 and 7 presented in the model are in dark and light
green, respectively. N-terminal periods 1 and 2 are shown in gold and
dark red, respectively. Actin and Tm residues involved in the ionic
interactions (colored spheres) are discussed in the text. These residues
with the corresponding regions of the density map are shown in
Supplementary Information Appendix, Fig. S6. The barbed end of actin
is at the bottom.

R103 may contribute to the ionic interactions between TnT1 and
actin discussed below.

A positively charged TnT1 patch located below the Tm–Tm
junction (Fig. 5F) stabilizes the junction region on the body of
the actin filament via salt bridges, respectively, between K102 and
K105 of TnT1 and D25 and E334 of actin (Fig. 5F, magenta atoms).
Tethering of the junction region to F-actin stabilizes the off state
of the cTF.

Twelve TnT1 residues (from D90 to R101) do not form any
bonds with either Tm or actin despite the high content of charged
residues. It is feasible that intrastrand ionic interactions (Fig. 5F,
red arrows) involving E92, R93, D95, D98, and R101 (Fig. 5F, black
atoms) provide the geometry and directionality of the loop that
connects the two TnT1 actin-binding regions—one consisting of
ionic interactions (Fig. 5F, magenta atoms) and the other formed
by hydrophobic bonds (Fig. 5G, purple atoms) discussed below.

The lower portion of the TnT1 loop penetrates into the cavity
between the D-loop of the lower actin subunit and C-terminus of
the upper actin subunit to form a cluster of hydrophobic interac-
tions, which is comprised of TnT1 P86, I88, and P89 and actin V45,
M355, and F375 (Fig. 5G, purple atoms). These interactions further
stabilize the off state of the cTF.

Discussion
Discovery of the role of Ca2+ levels in regulation of actomyosin
interactions (1–3) initiated the search for molecular mechanisms
underlying this vital process for striated muscle contraction. Early
X-ray structural studies on living muscle, combined with preced-
ing biochemical evidence, gave rise to a steric blocking model of
muscle regulation that holds that at relaxing (low-Ca2+) condi-
tions, Tm blocks myosin-binding sites on the surface of F-actin,
while at activating (high-Ca2+) conditions, Tn complex moves Tm
away from the myosin-binding sites (2). This was subsequently
supported by solution kinetics data (18). Later, structural studies
provided mechanistic support for this concept by directly show-
ing the Ca2+-induced azimuthal movement of the Tm cable on the
surface of the TF (38). Further, structural studies using negatively
stained (39) and frozen hydrated (40) TFs provided additional sup-
port for the steric blocking model, but due to the helical approach
to 3D reconstruction, information on the structure of the Tn com-
plex was omitted leaving the mechanism of TF regulation unre-
solved.

Innovative work by Yamada et al. (5) utilized a nonhelical al-
gorithm to reconstruct the reconstituted cardiac TF and showed
structural transition of the entire TF (e.g., including Tn complex)
from Ca2+-free to the Ca2+-bound state. Their key findings were
entirely confirmed using cardiac native TFs at physiological Ca2+

levels (6). These important studies enormously advanced our un-
derstanding of TF regulation, but due to intrinsic structural het-
erogeneity of the frozen hydrated cardiac TFs, they lacked suffi-
cient resolution to reveal molecular details that underlie Ca2+-
regulatory function. For that reason, both papers omitted any dis-
cussions on the molecular interactions between the components
of the cTF. Flexible fitting routines along with the molecular dy-
namics calculations were used to predict the missing information
in cryo-EM maps on the interactions between actin, Tm, and TnT
(41). We carefully compared the junction region of the resultant
in-silico model of the cTF (PDB 7UTL) with the atomic model de-
rived from the high resolution cryo-EM map (Supplementary In-
formation Appendix, Fig. S10). We found that the structure of the
actin filament was in general agreement, except the position of
the D-loop of actin (Supplementary Information Appendix, Fig.
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Fig. 5. Proposed interactions of TnT1 with Tm and actin. (A) Atomic model of the cTF junction region is shown having actin in tan, Tm’s C-terminus in
green, Tm’s N-terminus in gold, and TnT1 in cyan ribbon. The two views of the same model are related by 90◦ azimuthal rotation. (B to G) Detailed
views of TnT1 interface with Tm (B to E) and actin (F and G) are shown in colored boxes, which are related to the cTF junction region model shown in
(A). TnT1 and Tm residues that form salt bridges are shown as red atoms, while TnT1 and Tm residues involved in hydrophobic interactions are
shown as blue atoms. TnT1 and actin residues that form salt bridges are depicted as magenta atoms. TnT1 and actin residues that form a
hydrophobic cluster under subdomain 1 of actin are outlined as purple atoms. TnT1 residues involved in preservation of the geometry of the TnT1
loop that connects the two actin-binding regions on TnT1 (i.e., ionic magenta and hydrophobic purple) are depicted as black atoms. Red arrows point
to residue pairs that form salt bridges. Residues that have pathological variants linked to cardiomyopathies are marked with an asterisk. (H) TnT1
porcine and their corresponding pathogenic variants in humans are tabulated using the same color codes used in (B to G). Details of interactions are
discussed in the text. The residues involved in TnT1 interactions with Tm and actin are shown along with the corresponding regions of the density
map in Supplementary Information Appendix, Fig. S8.

S10A, red arrow). Key differences between the two models were
found in the Tm overlap region, where the arrangement of the Tm
N- and C-termini differed significantly (Supplementary Informa-
tion Appendix, Fig. S10C, compare green/yellow with pink/purple
ribbons), and in the position of the TnT1 helix on Tm surface (Sup-
plementary Information Appendix, Fig. S10D, red arrow). Position-
ing of Tm cable on the surface of F-actin in the Pavadai et al. model
was shifted by ∼2.5 Å (Supplementary Information Appendix, Fig.
S10A, compare green/yellow with pink/purple ribbons). Both mod-
els agree on the role of K326 and K328 of actin in making ionic

interactions with the negatively charged residues of Tm (Supple-
mentary Information Appendix, Fig. S10E, red atoms), while our
model provides previously missing information on the ionic in-
teractions of the Tm overlap region with actin (Supplementary
Information Appendix, Fig. S10E, blue atoms). Overall, our model
provides significant corrections to the previously available model
of the junction region in the relaxed state. Determination of the
junction region structure at activating Ca2+ levels is more chal-
lenging, but will be required for complete molecular characteri-
zation of this crucial cTF region.
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Physiological implications of the junction
structure for Ca2+-regulation of cardiac muscle
The significance of this region for cTF regulation cannot be un-
derstated. Striated muscle regulation relies on allosteric struc-
tural coupling among its functional units (42, 43). To explain this
coupling on the TF, considerable emphasis has been placed on
the end-to-end (“head-to-tail”) overlap interaction between adja-
cent Tm molecules where the Tm-binding segment of TnT1 is
also found (44, 45). Our analysis of the relationships among ad-
jacent cTF structural regulatory units suggests that there is co-
operativity not only along Tm strands but also across the two
Tm strands of the cTF, both of which are expected to involve
portions of TnT1 (6); the analysis presented here will focus on
the former because the latter involves presumably regions of
TnT that have not yet been resolved (e.g., the linker region in
Supplementary Information Appendix, Fig. S1A, residues h152–
200). All our previous knowledge about the structure of the Tm
molecule and the end-to-end overlap region came from X-ray
crystallography (31, 32) and NMR (17) studies of isolated Tm frag-
ments. Here, we show that the structures of the Tm N- and C-
terminal regions within the native cTF (Fig. 2) are in agreement
with the X-ray crystallography data (31, 32), which yields a rig-
orous model of the aforesaid Tm regions. We also provide the
structure of the Tm overlap region (Fig. 3) that is crucial for the
“head-to-tail” TF cooperativity. The structure of the junction re-
gion in its most native form (e.g., bound to actin and stabilized by
the TnT1) is consistent with the solution structure of the isolated
overlap complex (17), except the C-terminal Tm tail (e.g., residues
S283 and I284), which in our structure bends down (Supplemen-
tary Information Appendix, Fig. S5B, red arrow). The reason for
this discrepancy between cryo-EM and NMR data cannot be ex-
plained by the presence of actin or TnT1 in the cryo-EM struc-
ture because this type of straightening of the Tn C-terminus is
observed on both strands irrespective of their interactions with ei-
ther actin or TnT1. It is possible that stochastic interactions of the
highly negatively charged TnT hypervariable N-terminus ( Sup-
plementary Information Appendix, Fig. S1A) with the junction
region, not visible in the density map, lead to the Tm C-terminus
rearrangements.

Extensive biochemical and structural data (5, 6, 21, 22) unam-
biguously show that the function of TnT1 is to stabilize the Tm
junction by forming a five-helix coiled-coil that enhances the con-
nection between adjacent TF regulatory units (24, 25). Our data
obtained using native cTF fully confirm that TnT1 makes ionic
and hydrophobic interactions (Fig. 5B to D, red and blue atoms,
respectively) that link it to both C-terminal and N-terminal parts
of Tm that form the overlap region. TnT1 also plays a role in the
cooperativity between the two strands of Tm (6, 46), since its in-
teraction with the junction region on the opposite strand of the
TF provides a physical link between the two TF stands via TnT1
linker region (47).

The specific interactions identified in this study provide a struc-
tural basis to the inhibitory properties of TnT1 (48), and these
interactions likely modulate important aspects of cardiac func-
tion beyond cooperative interactions between adjacent regulatory
units. First, interactions of Tm and TnT1 with actin (e.g., Figs. 4
and 5) that stabilize the off state would influence how easily and
how rapidly Ca2+ turns on the regulatory unit during systole and
also the kinetics of returning to the off state and relaxation af-
ter Ca2+ dissociates during diastole. Second, interactions between
the Tm monomers within a Tm molecule (e.g., Fig. 3) are expected
to have a significant influence on the mechanical properties of

individual Tm molecules. The flexibility of Tm is tuned for opti-
mal Ca2+-regulatory function (49, 50); therefore, Ca2+ sensitivity
of the cTF may be affected by the Tm stiffness. Finally, the interac-
tion of the loop region of TnT1 with actin that takes place only at
relaxing conditions may modulate the rigidity of the cTFs, which
depends on the Ca2+ level (51).

Pathophysiological implications of
cardiomyopathy mutations on the junction
structure for altered Ca2+ regulation of cardiac
muscle
Not surprisingly, the TnT1 region is a major hotspot for cardiomy-
opathy causing mutations (52) with a high incidence of sudden
cardiac death (53) and atrial fibrillation (54). Due to the absence of
a high-resolution structure of the junction region of the cTF, the
underlying molecular mechanisms of these mutations were un-
known. Our model shows that a charged patch of TnT1 residues
(i.e., R121, E124, E125, K131, R137, R138, and R141) located in the
upper and middle part of TnT1 helix form a cluster of ionic bonds
with the Tm C-terminus (Fig. 5B to D, red atoms), while a cluster
of hydrophobic and ionic interactions (Fig. 5E, blue and red atoms,
respectively) stabilize the overlap region. At the same time, the
bottom of the TnT1 helix contains a cluster of positively charged
residues that connect it to the surface of the actin filament (e.g.,
K102, and K105 in Fig. 5E). Therefore, as predicted earlier (5, 6)
and confirmed here, TnT1 helix works as a joint that anchors
the Tm junction region to actin and thus stabilizes the cTF in-
hibited state. We propose that mutations that weaken TnT1 helix
interactions with either Tm or actin may lead to increased cTF
Ca2+ sensitivity—a typical manifestation of Tn variants associ-
ated with HCM. In agreement with this prediction, HCM linked
hK124N and hR130C mutations in TnT1 helix (Fig. 5H and Table 1)
that should prevent formation of salt bridges between TnT1 and
Tm’s C-terminus (Fig. 5B and C), have been shown to reduce TnT1
affinity to Tm (55) and diminish its inhibitory properties by in-
creasing Ca2+ sensitivity of the mutant cTF (56). Our data suggest
that hR130C would impact only the lower strand Ca2+ sensitiv-
ity, since this interaction does not take place in the upper strand
(Fig. 5B and C). Nevertheless, taking into account cooperativity be-
tween the two strands (6, 46), this mutation would impact the
overall dynamics of the entire cTF. Another HCM-linked muta-
tion that relates to our model predictions (e.g., hR113S, see Fig. 5H)
has been recently reported (Table 1). HCM-linked hR94L mutation
(porcine R103 in Fig. 5D) reduces the affinity of TnT170-170 frag-
ment to Tm (27), which is consistent with R103 interaction with
D14 of Tm N-terminus in our model (Fig. 5E). The hR94C mutation
has been reported to increase muscle activation at resting and
submaximal Ca2+ concentrations (57). HCM-linked hK97N muta-
tion (Fig. 5H and Table 1), which is expected to disrupt TnT1 inter-
action with actin rather than with Tm (Fig. 5F), does not change
the affinity of TnT70-170 fragment to Tm while conferring increased
Ca2+ sensitivity (54).

We show here that the loop region of TnT1 (e.g., V84–F96)
makes a cluster of hydrophobic interactions with actin (Fig. 5G).
These interactions along with ionic bonds between TnT1 and
actin (Fig. 5F, magenta atoms) collectively stabilize the off state
of the cTF. Therefore, mutations in TnT1 that would destabi-
lize the interaction of the TnT1 loop with actin should con-
fer increased myofilament Ca2+ sensitivity, which has been as-
sociated with the HCM phenotype. Consistent with this predic-
tion, mutations in all the three TnT1 residues hP77L, hI79N, and
hP80S (Fig. 5H and Table 1) are associated with HCM in humans.
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The mouse model bearing the TnT hI79N mutation in the heart
indeed displays increased Ca2+ sensitivity of contraction as well
as clinical features of HCM (58). Both hI79N (27, 59) and hP80S (55)
do not affect TnT1 affinity to Tm, because these residues con-
tribute to actin binding and are distal from the Tm junction re-
gion, while they increase Ca2+ sensitivity of the cTF carrying ei-
ther of the two pathogenic variants (55, 60, 61). We could not find
any biochemical or physiological measurements for the hP77L but
it is likely that its pathogenic mechanism is similar to hI79N
and hP80S.

The geometry of the TnT1 region that links the two TnT1 actin-
binding sites (residues E92–R101) is maintained by intrastrand
ionic interactions involving E92, R93, D95, D98 and R101 (Fig. 5F,
black atoms). Our model predicts that alteration of these salt
bridges by charge-eliminating or charge-flipping mutations may
redirect the TnT1 hydrophobic residues (e.g., P86, I88, and P89)
away from their actin counterparts (e.g., V45, M355, and F375)
and prevent formation of the hydrophobic cluster (Fig. 5G, purple
atoms). In such an event, the off state of the cTF will be desta-
bilized, leading to increased cTF Ca2+-binding affinity, and con-
sequently HCM. Consistent with this, hE83K, hD86A, hR92Q, and
hR92L mutations were linked to HCM in humans (Table 1 and
Fig. 5H). hR92Q and hR92L pathogenic variants markedly increase
myofilament Ca2+ sensitivity (54, 62). An alternative explanation
would be that these HCM-linked mutations may affect the inter-
action of the TnT1 with Tm in the activated cTF when TnT1 dis-
sociates from the actin surface (5, 6).

The DCM-linked hR134G and hR144W mutations (Table 1) have
been shown to increase TnT1 affinity to Tm and reduce TF Ca2+

sensitivity (55). In the absence of mutation, TnT1 R141 (hR134) is
positioned against another positively charged residue, K248 of Tm
(Supplementary Information Appendix, Fig. S11A and B, orange ar-
rows). The R134G mutation may increase affinity of TnT1 to Tm
by attenuating the repulsive force between those two residues.
This would be especially effective in the lower strand where R141
does not make a salt bridge with E250 (Supplementary Informa-
tion Appendix, Fig. S11A), in contrast to the upper strand (Sup-
plementary Information Appendix, Fig. S11B, red arrow). Arginine
substitution to a small, uncharged glycine in hR134G should elim-
inate the repulsive forces and lead to tighter TnT1 binding to
Tm, enhanced stabilization of the inhibited cTF state, and re-
duced myofilament Ca2+ sensitivity (i.e., more Ca2+ is required to
turn on the cTF), which is a hallmark of DCM. hR144W (porcine
R151) mutation may lead to a novel bond between the aromatic
rings of the tryptophan introduced into TnT1 and phenylala-
nine in Tm (Supplementary Information Appendix, Fig. S11C),
which may enhance TnT1 binding to Tm to promote DCM phe-
notype due to overstabilization of the off state of the cTF. Further
structural work is required to understand the molecular mech-
anisms of DCM in cTFs carrying these two pathogenic TnT1
variants.

To conclude, our model of the cTF junction region provides
valuable structural information regarding the possible pathogenic
mechanisms of the cardiomyopathy-linked mutations based on
the immediate effect of the mutation on the observed inter- and
intramolecular interactions. Nevertheless, taking into account
possible allosteric coupling between the cTF elements, subse-
quent structural studies on each and every pathogenic variant
will be required to establish how these mutations affect the over-
all structural state of the cTF.

Our data also confirms previous observations (5, 6) that the
two strands of the cTF are not equivalent. The shift in position-
ing of the upper part of the TnT1 helix between the two strands

(Supplementary Information Appendix, Movie S1) and resultant
differences in the TnT1 interaction with Tm on the two strands
(Fig. 5B and C, Supplementary Information Appendix, Fig. 9A and
B) may be caused by alterations in the positioning of the linker
region (Supplementary Information Appendix, Fig. S1A, residues
h152–200) on the two strands of the cTF. Therefore, the differences
in the TnT1 interaction with Tm on each of the two strands that
we observe may underlie the molecular mechanisms that give rise
to the variance in the cooperativity between the two strands of the
cTF upon Ca2+ activation (6). The effect of the pathogenic muta-
tions on the structural state of the cTF may also differentiate be-
tween the two strands and this requires experimental elucidation.

In summary, our work provides a detailed high-resolution
structure of the junction region of native cTF. Specific molecular
interactions identified here could be the subject of future muta-
genesis studies to quantitatively evaluate their contributions to
structure and function. Naturally occurring isoform differences
in coupling between adjacent regulatory units result in the func-
tional regulatory unit size of skeletal muscle TFs (63) being longer
than that for cardiac muscle (64). Thus, it will be of great interest
to determine the structure of the junction region of skeletal mus-
cle TFs for comparison with the current structure in cTFs. Fur-
thermore, careful design of experiments that involve myosin S1
will be important for discerning the roles of structural elements
(particularly TnT1) for cross-bridge formation and force genera-
tion.

Materials and Methods
Proteins and buffers
Native porcine cardiac TFs were prepared as described in ref. (6).
A-buffer was used for cryo-EM experiments: 50 mM potassium
acetate, 10 mM 3-(N-morpholino) propane sulfonic acid (MOPS),
3 mM MgCl2, and 2.0 mM (ethyleneglycol-bis(β-aminoethyl ether)-
N,N,N′,N′-tetraacetic acid (EGTA) (pCa 8). The pH was adjusted to
7.0 after all of the components were mixed.

Cryo EM
A total of 1.8 μL of 1 μM native TFs in A-buffer Ca2+-free (pCa 8)
conditions was applied to the center of the glow discharged lacey
carbon grid so that they form a small droplet in the center of the
grid. The small droplet was immediately blotted with Whatman
Grade 1 filter paper for 3 to 5 s and vitrified in a Vitrobot Mark
IV (FEI, Inc.). Summary for imaging conditions and image recon-
struction is provided in Supplementary Information Appendix Ta-
ble S1. Image analysis was performed using RELION (65), while
modeling was done using UCSF Chimera (66) and PHENIX soft-
ware suites (67). Model validation statistics is provided in Sup-
plementary Information Appendix Table S2. Experimental details
are provided in the Supplementary Information “Materials and
Methods.”
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