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Missense variant Ile79Asn in human cardiac troponin T (cTnT-I79N) has been asso-
ciated with hypertrophic cardiomyopathy and sudden cardiac arrest in juveniles.
c¢TnT-179N is located in the cTnT N-terminal (TnT1) loop region and is known for
its pathological and prognostic relevance. A recent structural study revealed that 179 is
part of a hydrophobic interface between the TnT1 loop and actin, which stabilizes the
relaxed (OFF) state of the cardiac th1n filament. Given the importance of understanding
the role of TnT1 loop region in Ca®* regulation of the cardiac thin filament along with
the underlying mechanisms of cTnT-I79N-linked pathogenesis, we investigated the
effects of cTnT-I79N on cardiac myofilament functlon Transgenic 179N (Tg-179N)
muscle bundles displayed increased myofilament Ca®* sensitivity, smaller myofilament
lattice spacing, and slower crossbridge kinetics. These findings can be attributed to
destabilization of the cardiac thm filament’s relaxed state resulting in an 1ncreased num-
ber of crossbridges during Ca®* activation. Additionally, in the low Ca**-relaxed state
(pCa8), we showed that more myosin heads are in the disordered-relaxed state (DRX)
that are more likely to interact with actin in cTnT-I79N muscle bundles. Dysregulation
of the myosin super-relaxed state (SRX) and the SRX/DRX equilibrium in cTnT-I79N
muscle bundles likely result in increased mobility of myosin heads at pCa8, enhanced
actomyosin interactions as evidenced by increased active force at low Ca™*, and increased
sinusoidal stiffness. These findings point to a mechanism whereby cTnT-I79N weakens
the interaction of the TnT1 loop with the actin filament, which in turn destabilizes the
relaxed state of the cardiac thin filament.

cardiac thin filament | cardiac troponin T tail domain | myosin SRX/DRX | TnT1 loop region |
cardiomyopathy

Contraction in striated muscle is a well-coordinated process governed by Ca**/aden-
osine triphosphate (ATP)-dependent cyclic interactions between the two sarcomeric
filamentous systems—thick and thin filaments (1). Actomyosin crossbridges generate
force, causing thick and thin filaments to slide past each other and sarcomere shortening
(1). The velocity of sarcomere shortening varies with load, where at zero load, the
sarcomeres shorten at their maximal speed (2). Thick filaments are mainly comprised
of myosin, myosin-binding protein C, and titin. Thin filaments are comprised of actin,
tropomyosin, and the troponin complex. The troponin complex is formed by three
distinct subunits: troponin C (TnC), the Ca’ “-binding subunit; troponin I (Tnl), the
inhibitory subunit; and troponin T (TnT), the anchoring subunit. Recently, the
three-dimensional organization of the cardiac thin filament has been resolved (Fig. 14)
(3, 4). Cardiac troponin T (cTnT) (Fig. 14, cyan ribbons) is the largest troponin
subunit and plays major structural roles: i) anchoring the troponin complex to the
thin filament through interactions between its C-terminal region (TnT2) with TnC
(Fig. 14, black ribbons), TnI (Fig. 14, blue ribbons), actin (Fig. 14, tan ribbons), and
Tm (Fig. 14, green and yellow ribbons); ii) orienting the cTn core domain relative to
the direction of the thin filament; and iii) stabilizing the tropomyosin head-to-tail
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region (Fig. 14, black bracket) (3-10). Structural studies demonstrated that the loop
region of TnT1 interacts with the actin backbone of the cardiac thin filament via ionic 23 the Aut )

bonds (Fig. 1B) and hydrophobic interactions (Fig. 1C) that may stabilize the relaxed iaf{;)ziic:;_s,\‘agggsrﬁr:i:;2E;fodDuenrﬂZrtf/;e:S\c’:rfgzg(()gé
(OFF) state of the cardiac thin filament (10). Given the importance of understanding BY-NC-ND).

c¢TnT’s role in the regulatory properties of the cardiac thin filament, considerable effort
has been directed toward investigating ¢TnT function, specifically the TnT2 region
(residues 201 to 288) (11-14). However, less experimental scrutiny has been directed
toward the TnT1 region (residues 1 to 168). In particular, the TnT1 loop region’s
intimate contribution to cardiac thin-filament regulation remains poorly understood.
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junction

Fig. 1. Positioning of cTnT-179N within the cardiac TF. (A) The molecular
organization of the cardiac TF in relaxed state (3, 10). Actin subunits (tan) are
shown with a pair of Tm cables (green and yellow) and a pair of Tn complexes
comprised of TnC N- and C-lobes (black), Tnl (blue), and TnT (cyan) with its
N-terminal region (TnT1) extended to the Tm junction region (black bracket).
The TnT1 ionic (magenta box detailed in panel B) and hydrophobic interactions
(purple box detailed in panel C with actin) anchor the Tm junction region to
the actin filament to presumably stabilize the relaxed state of the thin filament
(10). (B) lonic interactions of TnT1 K93 and K97 with E334 and D25 of actin
(magenta atoms) link TnT1 helix to the actin surface. (C) Positioning of TnT1 is
further stabilized by the hydrophobic interactions between V45, M355, F375
actin residues and P77, 179, P89 TnT1 residues (purple atoms). cTnT-179 (red
atoms), when replaced to N79 presumably disrupts the hydrophobic cluster
and weakens the interaction of TnT1 with actin.

Missense variants in sarcomeric protein genes are the main cause
of familial hypertrophic cardiomyopathy (HCM), which is a
Mendelian disorder characterized by structural and functional
abnormalities in heart muscle (2, 15). Among the thin filament—
related genes, variants in cardiac troponin T gene (TNNT2) are
the main cause of familial HCM (16, 17). A recent meta-analysis
concluded that TnT1 is an important region of pathologic and
prognostic relevance (15). Patients bearing variants located in
within the range of amino acids 73 to 80 showed significantly
higher incidence of sudden cardiac death and/or ventricular fibril-
lation (15). The Ile79Asn (cTnT-179N) (Fig. 1C, red atoms) is
one of these devastating pathogenic variants (18, 19).

Several studies using reconstituted myofilament proteins, trans-
genic mouse models, and human-induced pluripotent stem
cell-derived-cardiomyocytes (hiPSC-CMs) have demonstrated
that cTnT-179N leads to a broad spectrum of abnormalities (20—
26). Permeabilized cardiac muscle preparations reconstituted with
cTnT-I79N exhibited moderate increases in the Ca®* sensitivity
of force development (23). Knollmann et al. demonstrated that
Tg-179N hearts have significantly impaired diastolic function,
increased diastolic chamber stiffness, and blunted response to
isoproterenol-induced inotropic stimulation (21). In vitro motility
assays showed that thin filaments containing cTnT-I79N moved
faster than the control group at both low and saturating Ca”* levels
(24). Wang et al. investigated the effect of cTnT-179N on cTnC’s
affinity for Ca®* in hiPSC-CMs and reported that ¢TnT-179N

https://doi.org/10.1073/pnas.2221244120

exhibited an increase in myofilament Ca* buffering (25).
Shafaattalab et al. later confirmed in human cardiac recombinant/
reconstituted thin filaments that cTnT-I79N decreases the Ca**
OFF-rate constant (ko) from thin filaments with a concomitant
increase of Ca®* binding affinity (26). Despite these seminal
results, little is known about cTnT-179N’s underlying mechanisms
of pathogenesis. Here, we sought to investigate the mechanisms
underlying abnormal contractility. Specifically, we provide detailed
information concerning the primal biochemical and structural
alterations at both thin- and thick-filament levels that together
contribute to the elevated degree of contractile dysfunction and
pathogenesis of HCM.

In a recent structural study, we showed that cT'nT-179 contrib-
utes to the hydrophobic interaction of the TnT1 loop with actin,
stabilizing the relaxed state of the cardiac thin filament (10). To
investigate the consequences of the structurally proposed
cTnT-179N-driven weakening of the 179 interaction with actin,
we used permeabilized left-ventricular papillary muscle obtained
from a cTnT-179N-bearing transgenic mouse model. We interro-
gated the variant’s effects (and their respective mechanisms) on
myofilament function, as a function of sarcomere length (SL),
using mechanical, biochemical, and structural measurements. Our
findings suggest that weakening of TnT'1 loop region—actin inter-
actions by the cTnT-I79N variant results in destabilization of the
relaxed state of the cardiac thin filament, allowing more
force-producing crossbridges to form at low Ca”* levels. Comparing
genotypes, the increase in crossbridge population detected by
sinusoidal stiffness (SS) is associated with an increase in mobility
of myosin heads as evidenced by the decrease of the intensity of
the third-order myosin-based meridional reflection (I3). This
enhanced recruitment of myosin heads at low Ca™" levels is asso-
ciated with a shift in the crossbridge SRX<>DRX equilibrium
toward greater numbers of disordered heads free to interact with
actin. Enhanced crossbridge formation reduces the myofilament
lattice spacing, slowing crossbridge kinetics. Based on our data,
we propose that the cTnT-179N’s primary underlying mechanism
of myofilament dysfunction is the destabilization of the resting
(OFF) state of the cardiac thin filament by a perturbation of the
TnT1 loop region—actin interaction. This primary thin-filament
dysregulation translates into a series of biochemical and structural
alterations at the thick-filament level that contribute to the overall
altered muscle function and pathogenesis of HCM.

Results

Tg-179N Myocardium Displays Reduced Length-Dependent
Activation and Increased Active Force at Low Ca*. It has been
reported that Tg-179N mice exhibit abnormal cardiac contractile
and electrical properties, and no response to P-adrenergic
stimulation (21, 22). To date, very little is known about the
underlying mechanisms by which this pathogenic variant induces
cardiac malfunction. Considering that altered length-dependent
activation is a common feature in human hearts bearing HCM-
related variants in myofilament proteins (27), we sought to
investigate the effects of the I79N variant on permeabilized cardiac
myofilament function with changes in SL.

It is expected that, under normal phzrsiological conditions, both
force production and myofilament Ca™ sensitivity would increase
upon stretch of the cardiac sarcomere [length-dependent activa-
tion (LDA)]. LDA is an intrinsic property of cardiomyocytes
related to the Frank-Starling mechanism (28). We observed that
Tg-179N myocardium exhibited greater force generation at phys-
iological Ca”* levels (pCa 6.5 to 5.8) compared to NTg (Fig. 2
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Effects of the cTnT-179N variant on length dependence of Ca®* sensitivity. (A and B) pCa-force curves at different SL (2.1 pm and 2.3 pym). Force levels are

normalized to the cross-sectional area of the cardiac muscle preparations. (C) Maximal steady-state isometric force values at different SLs. (D and E) Absolute
active force levels at low Ca?* levels (pCa 8). Absolute force values were normalized by the cross-sectional area of the cardiac muscle preparation. (F and G)
pCa-relative force plots at different SLs: The force levels are relative to the maximum steady-state isometric force exhibited by each fiber. (H) Myofilament
Ca’" sensitivity response upon muscle stretch. Data are shown as average (AVG) + standard error (SE) (NTg, n = 8; Tg-I79N, n = 8); statistical significance was
determined using Student’s t test or one-way ANOVA with Tukey’s post-hoc analysis; *P < 0.05, **P < 0.01, ***P < 0.001 within the same genotype, and #P < 0.05,

##P < 0.01, ###P < 0.01 between genotypes.

A and B). Although Tg-I79N showed a trend toward increased
maximum absolute force, no statistically significant changes were
observed between NTg and Tg-179N at both SLs (Fig. 1C and
SI Appendix, Table S1). In addition, we observed that both NTg
and Tg-179N exhibit significant increases in maximum steady-state
isometric force production with increasing SL (from 2.1 pm to
2.3 pm) (Fig. 2Cand SI Appendix, Table S1). Upon cardiac mus-

cle stretch, both groups showed an increase in active force at low

PNAS 2023 Vol.120 No.23 e2221244120

** levels (pCa 8, resting condition). However, Tg—I79N dis-
played a significant increase in active force at low Ca** levels as
compared to NTg at both SLs (Fig. 2 D and E and S/ Appendix,
Table S1).

Tg-I79N also displayed a significant increase in myofilament
Ca™" sensitivity of steady-state isometric force production as com-
pared to NTg at both SLs (Fig. 2 F~H and S/ Appendix, Table S1).

Interestingly, Tg-I79N showed no significant increase in

https://doi.org/10.1073/pnas.2221244120 3 of 11
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myofilament Ca®* sensitivity upon stretch, i.e., SL 2.1 vs. 2.3 um,
while NTg showed a significant leftward shift in the pCa x force
plot (Fig. 2 F~H and SI Appendix, Fig. S1 A and B and Table S1).
There were no statistically significant differences in cooperativity
of cardiac thin-filament activation (7)) among groups (Fig. 2
F-H and SI Appendix, Table S1). These results suggest that the
c¢T'nT-I79N variant blunts LDA, disrupts the resting OFF state
of the thin filament, and increases force production at low levels
of Ca’ activation.

Tg-179N Displays Abnormal Cardiac Muscle Mechanics beyond
Isometric Force. Next, we used measurements of SS to determine
whether the I79N variant could influence the overall recruitment
of crossbridges. We observed that both groups, especially Tg-179N,
exhibited significant increase in SS upon SL variation (SI Appendix,
Fig. S1 Cand D). Compared to NTg, Tg-I79N showed a 51gn1ﬁcant
increase in overall number of crossbridges at all levels of Ca™
activation (Fig. 3 A—D and SI Appendix, Figs. S1 Cand D and S2 and
Table S1). Then, we evaluated the effects of the cTnT-I79N variant
on crossbridge cycling kinetics by measuring the kinetics of tension
redevelopment (kp). For each genotype, no changes in maximum
krg were observed upon cardiac muscle stretch. However, Tg-179N
exhibited significantly slower submaximum and maximum A when
compared to NTg (Fig. 3 £~G and SI Appendix, Figs. S1 E and F
and S3 and Table S1). In accordance with previous studies (29-33),
we observed that NTg exhibits Ca™ dependence of krg at both SLs.
Interestingly, Tg-I79N presented a flat Ca* dependence of kyy at
both SLs (Fig. 3 Eand Fand S/ Appendix, Figs. S1 E and Fand S3).
Based on Brenner’s kinetic model (34) in which Ca** plays an

important role on crossbridge kinetics by regulating £, (transition
from the nonforce-producing to the force-producing state) and with
no effects on g, (transition from the force-producing to the
nonforce-producing state), combined with the observation that
¢TnT-I79N variant alters the ability of Ca™ to modulate £y, we
hypothesized that cTnT-179N could be influencing the crossbridge
attachment rate (f). To test our hypothesis, we estimated the cross-
brldge attachment (fj and detachment rates (g), and thin-filament

ko (Ca™ OFF-rate constant) by using a three-state model of cardiac
muscle contraction that models the relationship between steady-state
isometric force and /g (29, 35). This model is an adaptation of the
four-state model that was originally developed for modeling force-A
data obtained from skeletal muscle contraction (29, 36). Within
each genotype, fincreased as the SL increased. And as hypothesized,
fwas found to be altered (much lower) for Tg-I79N relative to NTg
(Table 1). Within each genotype, g appeared to be essentially con-
stant upon stretcch with no major differences between groups
(Table 1). Within each genotype, the increase of pCas, upon stretch
was associated with a decrease in kg, as expected. Comparing NTg
vs. Tg-179N, we observed that Tg-179N displayed an approximately
twofold reduction in kg Interestingly, from SL 2.1 pm to 2.3 pum,
NTg exhibited an ~18% decrease in Aqpp, while Tg-I79N only
decreased 11%, which might explain Tg-I79N’s lack of myofila-
ment Ca”" sensitization (S/ Appendix, Fig. S1 A and B and Table S1
and Table 1).

cTnT-179N Variant Does Not Alter Cardiac Thin-Filament Length.
Considering that thin-filament length is key in maintaining the
responsiveness of cardiac myofilaments to stretch, we hypothesized
that the myofilament’s lack of responsiveness to stretch in Tg-
I79N could be due to differences in thin-filament length between
NTgand Tg-179N. However, there were no statistical differences
in thin-filament length between the groups (Fig. 4 A and B and
SI Appendix, Fig. S2 A and B).

https://doi.org/10.1073/pnas.2221244120

Tg-179N Exhibits Shortened Width of the A-Band, I-Band, and SL.
Ultrastructure analysis by electron microscopy revealed alterations
in the Tg-I79N-containing sarcomeres compared to NTg (Fig. 4C
and ST Appendix, Table S2). Analysis of the width of A-band
and I-band from sarcomeres in longitudinal sections showed a
statistically significant reduction in the width of both bands in
Tg-179N sarcomeres compared to NTg. Additionally, Tg-179N-
containing sarcomeres exhibited significantly shorter SL compared
to NTg. No major changes were observed in the thickness of the
Z-disk between the groups.

Tg-179N Displays Reduced Interfilament Lattice Spacing and
Alters the Relative Ordering of Myosin Heads. Next, we sought
to investigate whether Tg-I79N cardiac bundles exhibit altered
spatial organization of the thick and thin filaments within the
sarcomere using small-angle X-ray diffraction (Fig. 54). Within
each genotype, myofilament lattice spacing decreased upon
stretch (Fig. 5B and ST Appendix, Table S3) as expected (38). In
addition, Tg-179N displayed a significantly smaller interfilament
lattice spacing as compared to NTg at both SLs (Fig. 58 and
SI Appendix, Table S3). Both NTg and Tg-I79N showed increases
in the equatorial intensity ratio, I;,/1,,, with sarcomere stretch
from 1.9 um to 2.1 um. However, no significant changes in I,,/1;,
were observed from SL 2.1 pm to 2.3 pm in either genotype
(Fig. 5C and SI Appendix, Fig. S3 and Table S3). Furthermore,
no changes in I;; were seen upon sarcomere stretch. However,
Tg-I79N exhibited a statistically significant reduction in I;; as
compared to NTgat both SLs (Fig. 5D and SI Appendix, Table S3),
suggesting an increase in the axial angular dispersion of myosin

heads (39).

Tg-179N Exhibited No Major Alterations in Myofibril Orientation.
Recently, our group demonstrated that X-ray diffraction can
be a powerful tool for directly assessing myofibril orientation
in cardiac muscle under near-physiological conditions (40). A
decrease in the angular divergence of the 1,0 equatorial reflection
indicates a better alignment of the sarcomeres relative to the
longitudinal axis of the cardiac muscle preparation. Here, we
investigated the cardiac myofibril orientation upon stretch in
permeabilized, relaxed, left ventricular papillary muscle from
NTg and Tg-I79N by calculating the angular spread of the
1,0-equatorial reflection (angle ). Within each genotype,
o decreased significantly upon sarcomere stretch (Fig. 64 and
SI Appendix, Table S4). No significant differences were observed
between the two groups at any SL. Next, we calculated the width
of o for the 1,0 reflection to assess the degree of heterogeneity
in lattice spacing between myofibrils. Tg-179N’s width of o
significantly increased when the sarcomeres were stretched
from 2.1 pm to 2.3 um (Fig. 68 and SI Appendix, Table S4).
Alrogether, these results indicate that both NTg and Tg-179N
exhibited greater myofibril alignment with the longitudinal
axis upon muscle stretch. In addition, our data showed that the
Tg-179N myocardium does not suffer from increased myofibril
disorientation as compared to NTg.

Tg-179N Exhibits a Dysregulated SRX < DRX Equilibrium. We
tested the impact of cTnT-I79N variant on the energetic states
of myosin heads using previously described single-nucleotide
turnover assays (41). Disordered-relaxed (DRX) and super-
relaxed (SRX) states of myosin were determined by the pulse-
chase turnover rate of fluorescent mant-ATP to nonfluorescent
ATP in permeabilized left ventricular papillary muscle.
Fig. 7A shows representative data illustrating displacement of
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Fig.3. Effects of the cTnT-I79N variant on the mechanics of cardiac muscle contraction. (A and B) Normalized steady-state isometric force vs. SS plots at different
SLs. Bar plots of both (€) maximal and (D) low ca® (pCa 8) stiffness values at different SLs. (£ and F) Normalized steady-state isometric force vs. kinetics of tension
redevelopment (k) plots at different SLs. (G) Bar plot of the maximum k values upon muscle stretch. All force levels are normalized to the maximum steady-state
isometric force exhibited at SL 2.1 ym. Data are shown as AVG + SE (NTg, n = 6 to 8; Tg-I79N, n = 7 to 8). Statistical significance was determined using one-way
ANOVA with Tukey's post-hoc analysis; *P < 0.05, **P < 0.01, ***P < 0.001 within the same genotype, and #P < 0.05, ##P < 0.01, ###P < 0.01 between genotypes.

mant-ATP by ATP, where the fast phase (P1) and slow phase
(P2) of fluorescence decay represent mant-ATP displacement
from myosin heads. Compared to NTg, the magnitude of P1
increased significantly in Tg-I79N (84% Tg-I79N vs. 71%
NTg) (Fig. 7B and SI Appendix, Table S5). The magnitude of P2
was lower in Tg-I79N (12%) compared to that of NTg (23%)

PNAS 2023 Vol.120 No.23 e2221244120

(Fig. 7C and SI Appendix, Table S5). The approximate percent
of myosin heads occupying the DRX state was significantly
higher in Tg-I79N (40%, Tg-179N vs. 35%, NTg) (Fig. 7D
and S7 Appendix, Table S5), while SRX was significantly lower
in Tg-I79N compared to NTg (60%, Tg-179N vs. 65%, NTg)
(Fig. 7E and SI Appendix, Table S5).
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Table 1.

Optimized parameter predictions and estimates from the three-state model for force-k; data depicted

in Fig. 3
Three-state model-fitted parameters
Crossbridge Regulatory unit Three-state model predictions
SL (um) fs™ g5 koyMT'sYB7) kor(sTh pCax, Max force (norm) Max kpg(s™")

NTg 2.1 9.1 23.9 1.84x 10® 623.9 5.63 0.83 324

23 124 25.0 1.84x 10® 519.8 5.74 1.00 36.6
Tg-179N 2.1 1.1 24.2 1.84x 10® 266.9 5.87 0.90 247

23 1.4 26.8 1.84 x 10® 238.6 5.92 1.00 26.8

All best-fit parameter estimates for f (attachment rate), g (detachment rate), and ko (Ca®* dissociation rate) were obtained in MatLab by using the simplex method for the force-kr; data
shown in Fig. 3. The simplex method considers the values of myofilament Ca?* sensitivity (pCas,) from steady-state isometric force measurements as reported in Fig. 2; values for ko, were
derived from measurements reported by Pinto et al. (37), and maximum steady-state isometric force at SL 2.3 pm was assumed to be 1.0 for each dataset. These parameter sets were
used to fit and illustrate relations between k;; and steady-state isometric force in Fig. 3 (dashed lines in Fig. 3 £ and F).

Absence of Posttranslational Changes in Cardiac Microtubule
Network, cTnl-P 354, CMyBPC-Pg,,,5,, and RLC-P. Contempo-
raneous studies have shown the importance of posttranslational
modifications (PTMs) of the cardiac microtubule network—
especially C-terminal detyrosination of a-tubulin—on cardiac
muscle contractility and stiffness (43—45). Here, we tested whether
the greater stiffness observed in the Tg-179N myocardium could
be due to alterations in PTMs in the microtubule network of the
heart via western blots. Although we observed significant increase
in both total a- and p-tubulin (when normalized to glyceraldehyde
3-phosphate dehydrogenase (GAPDH)) in Tg-179N myocardium,
no changes in acetylated nor detyrosinated a-tubulin were observed
compared to NTg (§/ Appendix, Fig. S6). These findings support
the proposed mechanism in which the greater stiffness seen in
Tg-179N at low Ca™" is due to enhanced crossbridge population.
Next, we sought to investigate whether cTnT-I79N variant affects
the phosphorylation status of cTnl-P, 3,4, cMyBPC-P, o5, and
regulatory light-chain (RLC, RLC-P). The total protein levels of
both ¢T'nl and cMyBP-C (when normalized to GAPDH) were

T
A-band

elevated in Tg-I79N myocardium compared to NTg (S Appendix,
Fig. S7). However, no statistically significant differences were
observed for cTnl-P,3,4, and cMyBPC-P,_,q, between genotypes
(SI Appendix, Fig. S7). Phos-tag followed by immunoblotting
analysis of RLC-P showed that the RLC phosphorylation ratio is
unchanged between NTg and Tg-179N (87 Appendix, Fig. S8).

Discussion

In this study, we used a transgenic mouse model of HCM
(Tg-179N) to determine the underlying mechanisms for how the
cTnT-179N variant leads to pathogenesis. In particular, we provide
explicit evidence for structural, biochemical, and functional alter-
ations caused by the cTnT-I79N variant that collectively culmi-
nate in myofilament dysfunction.

TnT1 and Its Pathologic Relevance. Cardiac TnT is composed of
the N-terminal domain (TnT1, residues 1 to 168), linker domain
(residues 169 to 200), and C-terminal domain (TnT?2, 201 to 288)
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Lack of effect of the cTnT-179N variant on the cardiac thin-filament length and sarcomere ultrastructure. (A) Representative image of the phalloidin

staining. (B) Measurements of cardiac thin-filament length per myofibril. Data are shown as individual points; NTg, n = 4 animals; Tg-179N, n = 4 animals. (C)
Representative image of the sarcomere’s ultrastructure in longitudinal sections of left ventricular papillary muscle obtained from NTg and TG-179N mice.
SI Appendix, Table S2 contains the average of the width of the A-band, I-band, Z-line, and SL for each group. Sarcomere’s ultrastructure measurements: NTg,

n=150to 193; Tg-I79N, n = 144 to 175.
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Effects of the cTnT-I79N variant on myofilament lattice spacing and relative ordering of myosin heads. Measurements of myofilament lattice spacing

in permeabilized cardiac muscle preparations at different SLs. (A) Small-angle X-ray diffraction patterns. (B) Myofilament lattice spacing measurements upon
change in SL. (C) Intensity ratio of the equatorial reflections I, ; and I, ,. (D) Intensity of the meridional M3 reflection. Data are shown as AVG + SE; NTg, n = 19;
Tg-179N, n = 10; statistical significance was assessed by one-way ANOVA with Tukey's post-hoc analysis; ***P < 0.001 within the same genotype, and #P < 0.05,

###P < 0.01 between genotypes.

(6). TnT is well known for its structural and modulatory roles as it
binds to tropomyosin and actin, as well as tethering Tnl and TnC
to the thin filament (6, 46, 47). Previously, the TnT1 region has
been shown to modulate thin-filament regulation as it inhibits the
actin-tropomyosin-activated S1 ATPase by stabilizing the inhibited
position of tropomyosin on F-actin (46). Consistently, TnT1 has
been shown to be a fundamental component of the modulation of
submaximal and maximal activation of cardiac myofilaments by its
interaction with tropomyosin (48). Considering the evidence for
arole of the TnT1 region in cardiac thin-filament regulation, it is
not surprising that variants located in this region would disrupt
this well-regulated system, and consequently lead to disease
(49-51). Recently, a meta-analysis study showed that TnT1 is a
region of pathologic and prognostic relevance. More specifically,
patients bearing variants located in between the residues 73 and
80 showed significantly higher incidence of sudden cardiac death
and ventricular fibrillation (15). Among this group of variants is
cTnT-I79N, located specifically at the TnT1 loop region (Fig. 1
A-C, red atoms). A recent structural study directly showed that,
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Fig. 6.

in addition to TnT'1 interactions with Tm, the TnT1 loop region
makes hydrophobic interactions with actin, which presumably
stabilize the intrinsic relaxed (OFF) state of the cardiac thin
filaments. Here, we present a unified model for the pathogenesis
of an HCM-associated 7NNT2 variant (cI'nT-I79N) located in
the TnT1 loop region.

Primary Mechanism of Myofilament Dysfunction: cTnT-179N
Reduces Stabilization of the Relaxed (OFF) State of Cardiac
Thin Filaments. A recent structural study demonstrated that the
¢TnT-179 is part of the hydrophobic interface between ¢TnT and
actin, suggesting that the presence of the cTnT-I79N variant could
disrupt the TnT1 loop-actin interaction (52). Consequently, it
would lead to destabilization of the intrinsic relaxed (OFF) state of
the cardiac thin filament. Structural data predict that cTnT-179N-
containing thin filaments should display higher sensitivity to
Ca™. Such effects have been previously observed in reconstituted
myofilaments (22, 26), hiPSC-CMs (25), and a transgenic mouse
model of cTnT-I79N (21). Here, we show that the cTnT-I79N

- 124 a *
e 4
c
«_;c 94 o oy E R i A
2
: 6 242 Bge ata
£
T
s 3
<
<0 T T T T
2.1 2.3 21 2.3 SL (pm)
NTg Tg-179N

Effects of the cTnT-179N variant on myofibril orientation. (A) The angular SD of 1,0 equatorial reflection as a function of SL. (B) The SD of the 1,0 equatorial

reflections in radial direction as a function of SL. Data are shown as AVG + SE; myofibril orientation: NTg, n = 23 to 25; Tg-I79N, n = 10. Statistical significance was
determined using One-way ANOVA with Tukey's post-hoc analysis; *P < 0.05, and *** P < 0.001 within the same genotype.
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Fig. 7. Effects of the cTnT-179N variant on the fraction of DRX and SRX
myosin populations. (A) Mant-ATP decay assay performed in permeabilized left
ventricular papillary muscle of NTg and Tg-179N mice at SL~2.1 pm. Mant-ATP
fluorescence decay in (B) fast phase (P1) and (C) slow phase (P2). Approximate
percent of myosin heads in DRX (D) and SRX (E) was calculated using 0.48 as
the correction factor to account for washout of nonmyosin-bound Mant-ATP
(42): DRX (%) = P1 (%) * 0.48; SRX (%) = 100 - DRX (%). Data are shown as AVG +
SE(NTg, n=7;Tg-I79N, n = 6 to 7). Statistical significance was assessed by one-
way ANOVA with Tukey's post-hoc analysis; ##P < 0.01 between genotypes.

variant increases the Ca™ sensitivity of steady-state isometric
force production regardless of the SL (Fig. 2). Our mathematical
modeling predicts that Tg-I79N displays an approximately
twofold reduction in the OFF rate of Ca** from ¢TnC compared
to NTg (Table 1), which agrees with results reported in previous
studies (22, 25, 26). The reduction in £qpp; supports our findings
that show an increase in myofilament Ca™* sensitivity (29, 37).
Previous in vitro experiments performed with reconstituted thin
filaments also demonstrated an increase in myofilament Ca**
sensitivity, and a slight reduction in £gp in the presence of cycling
myosin S1 using fluorescently labeled thin filament at 23 °C (53).
TnT71’s regulatory role in cardiac thin filament inhibition has been
previously demonstrated (46, 51), and reducing the stability of the
relaxed (OFF) state of cardiac thin filaments leads to dysregulation
of thin-filament activation (54, 55). Here, we show that Tg-
I79N dysregulates the OFF state of the thin filament leading to

o . o . 2
a significant increased actomyosin interaction under low Ca™

https://doi.org/10.1073/pnas.2221244120

conditions, as evidenced by the observed increase in both active
force and SS. Enhanced actomyosin interaction at low Ca®" levels
may be expected to lead to the observed increases in force under
contracting conditions.

Previous studies showed that titin has phosphorylation sites
that are substrates for protein kinase A (PKA) (56), G (PKG) (57),
and D (PKD) (58), and that titin-mediated cardiac stiffness is
intracellularly modulated by titin phosphorylation and oxidation,
and/or titin isoform switching (58, 59). Moreover, there are two
titin adult forms: N2B (shorter protein that results in the highest
stiffness) and N2BA (longer protein that results in intermediate
level of stiffness) (60). It has been demonstrated that the expression
ratio between the isoforms N2B and N2BA determines the
titin-mediated cardiac passive stiffness, with amplified N2B/
N2BA ratios resulting in increased myocardium stiffness (61).
Therefore, despite the evidence presented here that indicate an
increase in force-generating crossbridge at diastolic Ca®* levels, we
do not exclude the possibility of alterations in titin’s phosphoryl-
ation status and/or isoform switch in Tg-I79N myocardium.

Destabilization of the Relaxed State of Cardiac Thin Filaments
Is Associated with Increased Numbers of Disordered Myosin
Heads Able to Bind to Actin. Proper regulation of the intrinsic
inhibitory properties of the cardiac thin filament is of monumental
importance to prevent inappropriate formation of force-producing
crossbridges. Consistent with the structural prediction that cTnT-
I79N may destabilize the relaxed state of cardiac thin filaments,
our data suggest that the reduced stability of the relaxed state
allows more myosin heads to interact with actin by increasing the
availability of activated regions of the thin filament. Our single-
nucleotide turnover assays showed that myosin molecules in the
c¢I'nT-I79N variant—containing muscle bundles exhibit a shift in
the SRX/DRX equilibrium toward increasing numbers of heads
in the (biochemically defined) DRX state (Fig. 7). This result is
consistent with our X-ray data that suggest that more myosin
heads are leaving their helically ordered arrangement close to the
thick-filament backbone, assumed to correspond to SRX heads,
becoming disordered, and moving toward the vicinity of the thin
filaments in the presence of the cT'nT-I79N variant, consistent
with increased numbers of DRX heads (Fig. 5 and SI Appendix,
Fig. S$3). Previous studies have predicted upon a structural model
(62) and demonstrated the effects of thick-filament variants on
the SRX&DRX equilibrium (62-67). Here, we report using a
mouse model, that variants in thin filament-associated proteins
can result in altered energetic states of myosin heads.

It has been proposed that variants in other thin filament proteins
(TnT and Tnl) may affect the SRX/DRX equilibrium (68). Using
human in-silico models of the variants 7NNT72**¥* and
TNNBRC, Margara etal. (68) predicted that HCM-linked
thin-filament variants lead to a decrease in DRX myosins in con-
trast to our experimental findings in murine myocardium—con-
taining cTnT-I79N, which displays an increase in DRX myosins.
A consistent finding from experimental X-ray studies of thick fil-
ament—based mutations (64, 69) associated with HCM, however,
is an increase in DRX/ON state myosins under relaxed conditions,
so the predictions of Margara et al. (68) are surprising. In silico
predictions, however, at their present state of development, while
very valuable as hypothesis-generating tools, do not take into con-
sideration several aspects of the disease that can be captured in an
animal model. One is tissue remodeling caused by cardiomyocyte
death, fibrosis, fibrofatty infiltration, inflammatory response, and
other events that altogether can result in altered muscle function.
Another possible source of divergent results is the location of spe-

cific variants cI'nT-R92Q, cTnl-R21C, and cTnT-I79N in

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2221244120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2221244120#supplementary-materials

INHIBITED
CARDIAC THIN FILAM ENT AT LOW Ca*
"e O

cardiac thin filament
containing NTg cTnT

myc;;in head
bound to actin

DRXV myosin

LESS INHIBITED
CARDIAC THIN FILAMENT AT LOW Caz+
9099 9099

shorter lattice spacing

cardiac thin filament
containing cTnT-179N variant

SRX myosin

Fig. 8. Proposed mechanism on how cTnT-I79N variant increases DRX myosin population. The cTnT-179N variant destabilizes the interaction between TnT1
loop and actin, leading to thin-filament disinhibition at low Ca*" levels (Fig. 1). Under normal physiological circumstances, a few ON (DRX) heads are checking
the thin filaments and will be close enough to be electrostatically attracted to actin-binding sites. As ON (DRX) state heads are being pulled out of the DRX head
pool by binding to actin, this might be expected to shift the OFF (SRX)/ON (DRX) equilibrium toward the ON state, facilitating subsequent crossbridge formation

and force generation, even at low Ca®".

different proteins or different residues of the same protein that
effect SRX/DRX equilibrium in different ways. This hypothesis
can be tested in future studies in SRX/DRX measurements using
animal models of disease and human samples carrying thin-filament
variants.

Proposed Mechanism for Increased DRX in HCM-Associated
Thin-Filament Variants. Myosin heads in the ON (DRX) state
are constantly “checking” the thin filament in search of available
binding sites on actin. Near the actin filament, DRX heads can be
electrostatically attracted to and bind weakly to actin under relaxed
conditions (70, 71). We show that disruption of an interaction
between TnT and actin leads to diminished inhibition of the
cardiac thin filament at low Ca**. The latter allows DRX myosin
heads in the vicinity of the thin filament to not only form weakly
bound crossbridges, but to also progress to form force-generating
crossbridges at low Ca”". Enhanced strong crossbridge formation
shrinks the myofilament lattice, which in turn, promotes weakly
bound crossbridge formation that is driven by the electrostatic
forces between actin and nearby myosin heads. As ON (DRX)
state heads are being pulled out of the DRX head pool by binding
to actin, this might be expected to shift the OFF (SRX)/ON
(DRX) equilibrium toward the ON state, facilitating subsequent
crossbridge formation and force generation. Fig. 8 summarizes
this proposed mechanism.

Smaller Myofilament Lattice Spacing Influences the Kinetics
of Muscle Contraction. As discussed above, cTnT-I79N muscle
preparations exhibited slower crossbridge kinetics, and our
mathematical modeling predicted a decrease in myosin-to-actin
attachment rate (Fig. 3£ and Table 1). These results can be explained
by our X-ray data that showed a significantly reduced myofilament
lattice spacing in cTnT-I79N myocardium (Fig. 5). Previously, we
have demonstrated in a mouse model of HCM that crossbridge
kinetics is directly modulated by the expansion of the myofilament
lattice (the larger the distance between the myofilaments, the faster
the crossbridges cycle) (29). Moreover, a study done in Drosophila
flight muscle demonstrated that the crossbridge kinetics are slower
when the myofilament lattice spacing is reduced (72). Therefore,
destabilization of the relaxed state of cardiac thin filament could

PNAS 2023 Vol.120 No.23 e2221244120

allow increased formation of crossbridges, which may bring the
myofilaments closer to each other, and consequently slow the kinetics
of crossbridge cycling. Our findings further support the idea that
myofilament lattice spacing is a component of the regulation of the
crossbridge kinetics.

Conclusion

We conclude that the primary mechanism by which the cTnT-
I79N located in the TnT1 loop region leads to myofilament dys-
function is due to destabilization of the relaxed state of cardiac
thin filaments (Fig. 8). Presumably, the latter arises from the dest-
abilization of the interaction between TnT1 loop region with
actin. This disruption of proper cardiac thin-filament regulation
further results in a series of biochemical and structural modifica-
tions at the thick-filament level that contribute to altered muscle
functlon, especially hypercontractility at physiologically relevant
Ca*" levels, and pathogenesis of HCM-linked ¢cTnT-179N (Fig. 8
and S7 Appendix, Fig. S9).

Methods

Experimental Animals. All protocols and experimental procedures followed both
NIH and American Heart Association guidelines and were approved by Florida State
University's Animal Care and Use Committee. For this study, we used a previously
established transgenic mouse model of HCM with overexpression of the mutated
human cardiac TnT driven by the alpha-myosin heavy chain promoter (Tg-I79N,
mouse line 8) and nontransgenic (NTg) littermates as its respective control (22). The
age of the mice used from both the experimental and control groups ranged from
3to 5 mo (males and females, all from the same genetic background).

Data, Materials, and Software Availability. All study data are included in the
article and/or SI Appendix.
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