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In this study, we investigated the role of the super-relaxed (SRX)
state of myosin in the structure—function relationship of sarco-
meres in the hearts of mouse models of cardiomyopathy-bearing
mutations in the human ventricular regulatory light chain (RLC,
MYL2 gene). Skinned papillary muscles from hypertrophic
(HCM-D166V) and dilated (DCM-D94A) cardiomyopathy models
were subjected to small-angle X-ray diffraction simultaneously
with isometric force measurements to obtain the interfilament lat-
tice spacing and equatorial intensity ratios (l11/1;0) together with
the force-pCa relationship over a full range of [Ca®*] and at a sar-
comere length of 2.1 pm. In parallel, we studied the effect of muta-
tions on the ATP-dependent myosin energetic states. Compared
with wild-type (WT) and DCM-D94A mice, HCM-D166V signifi-
cantly increased the Ca®* sensitivity of force and left shifted the
l44/119-pCa relationship, indicating an apparent movement of
HCM-D166V cross-bridges closer to actin-containing thin fila-
ments, thereby allowing for their premature Ca>* activation. The
HCM-D166V model also disrupted the SRX state and promoted an
SRX-to-DRX (super-relaxed to disordered relaxed) transition that
correlated with an HCM-linked phenotype of hypercontractility.
While this dysregulation of SRX < DRX equilibrium was consistent
with repositioning of myosin motors closer to the thin filaments
and with increased force-pCa dependence for HCM-D166V, the
DCM-D94A model favored the energy-conserving SRX state, but
the structure/function-pCa data were similar to WT. Our results
suggest that the mutation-induced redistribution of myosin ener-
getic states is one of the key mechanisms contributing to the
development of complex clinical phenotypes associated with
human HCM-D166V and DCM-D94A mutations.

super-relaxed state of myosin | interfilament lattice spacing | equatorial
intensity ratio | isometric force | transgenic RLC mice

Inherited cardiomyopathies are a class of heart diseases
caused by variations in multiple genetic loci, mostly originat-
ing from point mutations in sarcomeric proteins (1). The
majority of hypertrophic cardiomyopathy (HCM)-causing
mutations reside in human p-cardiac myosin (~35%) and car-
diac myosin-binding protein C (~35%); however, according to
recent genetic studies, mutations in the human cardiac regula-
tory light chain (RLC, MYL2 gene) are more common than
previously reported, and they are often associated with adverse
clinical outcomes (reviewed in refs. 2 and 3). In this study, we
focused on the D166V (aspartate166 — valine)-RLC mutation
shown to result in HCM (4) and the D94A (aspartate94 — ala-
nine)-RLC mutation associated with dilated cardiomyopathy
(DCM) in patients (5). Two “humanized” mouse models were
explored, expressing human ventricular HCM-D166V and
DCM-D94A MYL?2 variants in mice (6, 7), and they served as
model systems for investigating the mechanisms underlying
human HCM and DCM.
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The myosin RLC is a major subunit of striated-muscle myo-
sin and a modulator of Ca®* and tropomyosin-troponin-
regulated cardiac muscle contraction (8). Together with the
myosin essential light chain (ELC), the RLC binds to the lever
arm domain of the myosin head, suggesting important roles for
both light chains in maintaining the structural and functional
integrity of the lever arm during the power stroke and sarco-
mere shortening (9, 10). Structurally, the RLC belongs to the
EF-hand calcium-binding protein family and contains a homol-
ogous helix-loop-helix region composed of a 12-amino-acid
Ca?*-binding loop flanked by two perpendicular a-helices (EF-
hand motif) (8). The human cardiac RLC also contains a highly
conserved N-terminal phosphorylatable serine (Ser-15), a target
of cardiac myosin light chain kinase (11). Our previous investi-
gations implied that both properties of the RLC, Ca®* binding
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and Ser-15 phosphorylation, determine the role that RLC plays
in cardiac muscle contraction in healthy and cardiomyopathic
muscle (12, 13). The phosphorylation of cardiac RLC was shown
to directly modulate the Ca**-dependent force development and
the kinetics of attachment and detachment of cycling myosin
cross-bridges (14-16), and RLC phosphorylation-mediated sen-
sitization to calcium was attributed to the switch between the
OFF and ON conformations of myosin motors and a move-
ment of myosin heads toward the thin filaments (17, 18).

Considering the importance of myosin RLC for the
actin-myosin interaction and force production in the heart, it is
not surprising that genetic mutations in MYL2 can result in struc-
tural and functional alterations and lead to cardiomyopathy in
humans. To better understand the interplay between the
mutation-induced molecular insult and heart dysfunction, we
examined the effect of HCM-D166V and DCM-D94A mutations
expressed in mouse models of HCM and DCM (6, 7) on sarco-
meric structure, force production, and myosin energetic states
using left ventricular (LV) papillary muscles (PM) from the hearts
of mutant versus wild-type (WT) mice expressing a nonmutated
human ventricular RLC. Importantly, we monitored the structural
determinants of muscle contraction simultaneously with force
development over the full range of Ca®*-activated force from
relaxed through submaximal to maximum Ca** activation.

Small-angle X-ray diffraction is the technique of choice to
obtain structural information concerning the sarcomere under
physiological or disease-like conditions. The equatorial diffraction
patterns yield two structural parameters, the interfilament lattice
spacing (djo) that is proportional to the center-to-center distance
between two adjacent thick and thin filaments (19) and the equa-
torial intensity ratio (I11/I10). I11/I1o is the ratio of the integrated
intensity of the 1,1 equatorial reflections originating from the
myosin and actin filaments to the 1,0 equatorial reflections arising
from the myosin-containing thick filaments. These two parameters
have been extensively used to characterize the normal sarcomere
structure, but they also enable the assessment of the effects of var-
ious mutations in sarcomeric proteins on the proximity of myosin
heads to actin, providing insights into the structural basis of dis-
ease phenotypes (18, 20, 21). I;,/I;o reveals information about the
proximity of myosin heads to the actin-containing thin filaments
and is directly proportional to the number of attached cross-
bridges in both cardiac (22) and skeletal (23) muscles. A relatively
high value of I;4/I;o indicates that myosin heads are more closely
associated with the actin filaments, and a low value depicts myosin
heads more closely associated with the thick filament backbone,
apparently reflecting the formation of the “interacting-heads
motif” (IHM) (22, 24). The IHM is thought to be, but not yet
proven, the structural basis of the recently discovered super-
relaxed (SRX) state of myosin (25, 26) that is considered central
to modulating sarcomeric force production and energy utilization
in cardiac muscle (27-29). The SRX is an energy-conserving state
in which myosin cross-bridges cycle with a highly inhibited ATP
turnover rate (25, 26). It has 10- to 100-fold slower ATPase than
the already known non-actin-bound, disordered relaxed (DRX)
state in which myosin heads protrude into the interfilament space
but are restricted from binding to actin compared with SRX
heads that are neatly ordered around the thick filament backbone
(30). Structurally, the SRX state is associated with the IHM, com-
prised of the primary head-head interaction site of the “blocked”
head and the converter domain of the “free” head, with both
heads locked into the thick filament backbone, thus inhibiting
ATP hydrolysis and withdrawing both heads from thin filament
interaction and force production (1, 28, 31). This asymmetric
IHM formation is presumed to define the SRX state of thick fila-
ments in the heart (22) and could explain the structural origin of
the slow (250 to 300 s) versus fast (<30 s) ATP turnover time in
cardiac muscle (30, 31).

20f 10 | PNAS
https://doi.org/10.1073/pnas.2110328119

Under resting conditions, myosin heads can exist in a wide
range of structural states and proximities to actin filaments, each
associated with different rates of energy consumption (1). The
relaxation phase of the cardiac cycle is critically important for nor-
mal heart function, and the disruption of IHM structures may
contribute to energetically compromised myocardium and ineffi-
cient heart performance (24, 27, 29). The SRX conformation is
supported by protein—protein interactions of myosin heads with
the ELC and RLC that serve as scaffolding proteins, and muta-
tions in these structural components of the IHM may lead to
destabilization of SRX and unbalanced SRX < DRX equilib-
rium. We thus tested whether the SRX state is affected by the
two pathogenic variants of RLC and explored the mutation-
specific redistribution of myosin energetic states in the hearts of
HCM-D166V and DCM-D9%4A versus WT mice.

Results

We aimed to investigate the impact of the two pathogenic
MYL2 variants, HCM-D166V and DCM-D%4A, on the Ca**-
dependent structure—function relationship and the effect of
mutations in the RLC on myosin energetic states and the distri-
bution of myosin cross-bridges between the SRX and DRX
states. The X-ray experiments and force measurements were
performed on skinned LVPM fibers of ~5-mo-old male (M)
and female (F) mice expressing ~90% of human ventricular
D166V RLC mutant (6), ~50% D94A RLC mutant, and ~90%
of human nonmutated WT-RLC (UniProtKB P10916) (7). For
SRX-pCa studies, LVPM were harvested from a larger group
of animals that included 5- to 8-mo-old male and female
HCM-D166V and DCM-D9%4A mice, and the data were com-
pared with age-matched WT controls. All studies were carried
out at room temperature (~23 °C). Given the volume of struc-
ture/function-pCa data generated, SuperPlots (32) were used
to clearly demonstrate the data points that were associated with
statistically significant differences.

Assessment of X-ray Diffraction Patterns Concurrently with Force-
pCa Traces in PM Fibers from HCM and DCM Models with Mutations
in Myosin RLC. To examine the spatial organization of the thick
and thin filaments within the sarcomere, we employed low-
angle X-ray diffraction of LVPM from mice, which reveals
information concerning the distance between the thick and thin
filaments (lattice spacing) and the relative degree of association
of myosin heads with the actin-containing thin filaments. Lat-
tice spacing, do, and the equatorial intensity ratios, I1/I;q,
were determined in skinned LVPM of HCM-DI166V,
DCM-DY%A, and WT mice at a sarcomere length of 2.1 pm.
This structural information was obtained over a full range of
Ca**-activated force (from pCa 8 to 4) and correlated with
simultaneously recorded force-pCa traces, allowing the
structure—function analysis for all three genotypes.

HCM-D166V mutation and not DCM-D94A significantly affect
equatorial intensity ratios and interfilament lattice spacing.
Measurements of X-ray diffraction patterns in skinned LVPM
from mice at serial pCa solutions were assessed using 3M, 3F
of WT; 2M, 2F of HCM-D166V; and 3M, 3F of DCM-D9%4A
mice. The values obtained for several fibers per mouse were
averaged and the data presented as mean + SEM for N= num-
ber of mice. The significance (P < 0.05) was calculated by two-
way ANOVA followed by Tukey’s multiple comparison test
(Tables 1 and 2).

Fig. 14 shows representative equatorial X-ray diffraction
patterns of LVPM fibers from all three genotypes at increasing
calcium concentrations (from pCa 8 to 4). Because of the disor-
dering of the myosin heads during activation, the absolute
intensities of the 1,1 and 1,0 reflections were seen to be
reduced at high calcium, but the ratio of the intensities Iy1/I;o
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Table 1. Assessment of X-ray diffraction patterns and l44/14o ratios in PM fibers from WT, HCM-D166V, and DCM-D94A mice at serial
pCa solutions

WT No. mice (M, F) HCM-D166V No. mice (M, F) DCM-D94A No. mice (M, F)
pCa 111/1h0 No. fibers l14/110 No. fibers 111/110 No. fibers
8 0.21 + 0.01 6 (3, 3)14 0.39 + 0.06* 4 (2, 2)7 0.26 + 0.03 6 (3, 3)14
7 0.26 + 0.04 6 (3, 3)14 0.36 + 0.06 4 (2, 2)7 0.25 + 0.02 6 (3, 3)14
6 0.21 + 0.02 6 (3, 3)14 0.36 + 0.06 4 (2, 2)7 0.28 + 0.04 6 (3, 3)13
5.4 0.27 + 0.02 6 (3, 3)14 0.54 + 0.05** 3(2, 1)6 0.30 + 0.03" 6 (3, 3)13
5.2 0.42 + 0.02 6 (3, 3)14 0.79 + 0.07**** 3(2, 1)4 0.35 + 0.03*+++ 6 (3, 3)13
4 0.64 + 0.11 6 (3, 3)13 0.73 + 0.11 3(2, 1)3 0.58 + 0.08 5(2, 3)9

Data are mean + SEM of N = number of mice with measurements for individual fibers (n) averaged per mouse. F, female; M, male. Significance was
calculated by two-way ANOVA followed by Tukey’s multiple comparison test. *, ** ****p < .05, 0.01, and 0.0001 for mutant versus WT and *, ****p <

0.05 and 0.0001 for DCM-D94A versus HCM-D166V.

increased with increasing [Ca®*]. The equatorial intensity ratios
I,1/I;o plotted as a function of [Ca®*] are presented in Fig. 1B.
Among all three genotypes, the HCM-D166V model demon-
strated the highest Ca%* sensitivity of the I;,/I;p-pCa relation-
ship, with pCasg = 5.47 = 0.15 compared with pCasy = 5.20 +
0.04 observed for WT and pCasy = 5.11 + 0.11 of DCM-D9%4A
mice. The I;;/I;o ratios determined at pCa 8, 5.4, and 5.2 are
presented in the form of SuperPlots in Fig. 1 C-E, respectively.
The values of 1,1/I; per individual animal are color-coded and
are superimposed with, respectively, color-coded measurements
of I;1/1;o obtained for multiple fibers. The results for pCa 8 and
the submaximal calcium concentrations (pCa 5.4 and 5.2) indi-
cated that more cross-bridges were formed in HCM-D166V
samples compared with WT controls. No differences in I11/I;
were observed between the DCM-D94A model and WT, sug-
gesting no changes in the redistribution of DCM-D94A heads
between the vicinities of the thick and thin filaments.

The plot of interfilament lattice spacings (d;o) as a function
of [Ca**] for WT, HCM-D166V, and DCM-D94A mice is pre-
sented in Fig. 24. Fig. 2B shows the comparison of d;, values
within each genotype, and Fig. 2 C-E present the SuperPlots of
d;o measurements for all mice at pCa 6, 5.4, and 4, respectively.
At pCa 8 and 7, no significant differences in d,y, were observed
between all genotypes, indicating that the lattice spacing was
relatively stable with respect to pathogenic RLC mutations
under relaxed conditions. At intermediate Ca** concentrations
(pCa 6 to 5.4), however, d;( values were significantly higher in
HCM-D166V versus WT samples, and at pCa 6, they were also
larger compared with DCM-D94A (Fig. 2 4, C, and D and
Table 2). As shown in Fig. 2B, there were no significant differ-
ences in dg as a function of calcium within WT or DCM-D94A
groups, but significant differences were noted within the
HCM-D166V model, and a decrease in d;y was observed for
high calcium (pCa 4). Similarly, a decrease in d;( at pCa 4 for
HCM-D166V mice was statistically significant compared with
WT and DCM-D94A mice (Fig. 2 4 and E), suggesting a less

ordered sarcomere structure in HCM-D166V myocardium at
high calcium. In agreement with this observation, the D166V
mutation in myosin RLC was seen to largely decrease the level
of maximal pCa 4 tension (6), indicating that susceptibility to
damage with contraction might be a part of the HCM-D166V
phenotype (33). However, since the normal operating range of
physiological calcium concentrations in cardiac muscle is from
pCa ~7 to ~5.8 (20, 34), working HCM-D166V hearts are not
expected to experience significant deterioration of sarcomere
ordering as observed at pCa 4. Taken together, while
DCM-D9%4A did not show any differences in djy compared
with WT, the HCM-D166V model significantly differed from
both  DCM-D94A and WT, indicating that the calcium-
dependent structural changes regulating the distance between
the thick and thin filaments mostly occur in the myocardium of
hypertrophic cardiomyopathy HCM-D166V mice.

HCM-D166V mutation increases Ca’* sensitivity of isometric
force. The force-pCa traces recorded simultaneously with Iy1/I1o-
pCa curves in PM fibers from WT, HCM-D166V, and
DCM-D94A mice are plotted in Fig. 3. Fig. 34 presents normal-
ized force-pCa relationships for all three genotypes, while abso-
lute tensions are shown in SI Appendix, Table S1. The latter
measurements are considered less reliable due to technical diffi-
culties in accurately estimating the cross-sectional areas of large
LVPM preparations (see Materials and Methods). Consistent
with I;1/I;p-pCa data, the HCM-D166V model exhibited a left-
ward shift of the force-pCa relationship compared with WT and
DCM-D94A mice (Fig. 34 and Table 3). The pCasy value of
force for HCM-D166V was 5.41 + 0.04 compared with pCasy =
5.22 £ 0.01 of WTand pCasg = 5.24 + 0.01 of DCM-DY4A, indi-
cating significantly increased Ca®" sensitivity of force in the
HCM-D166V model. Fig. 3 B and C show the SuperPlots of rel-
ative force for DCM-D94A, WT, and HCM-D166V mice at pCa
5.4 and 5.2, respectively. The data per animal (N) are pictured
by large symbols and the respective fiber measurements (n) by
color-coded small symbols. The values from several fibers per

Table 2. Assessment of interfilament lattice spacings (d40) in PM fibers from WT, HCM-D166V, and DCM-D94A mice at serial Ca?+

concentrations

WT No. mice (M, F) HCM-D166V No. mice (M, F) DCM-D94A No. mice (M, F)
pCa dio (NM) No. fibers dio (NM) No. fibers dio (NM) No. fibers
8 41.58 + 0.34 6 (3, 3)15 41.84 + 0.45 4(2, 2)7 41.18 + 0.16 6 (3, 3)14
7 4112 + 0.30 6 (3, 3)14 42.07 + 0.78 4 (2, 2)7 40.54 + 0.26 6 (3, 3)14
6 40.60 + 0.30 6 (3, 3)15 42.42 + 0.39* 42, 2)7 40.69 + 0.14* 6 (3, 3)14
5.4 41.10 + 0.43 6 (3, 3)15 43.29 + 0.81* 4 (2, 2)7 41.72 + 0.59 6 (3, 3)14
5.2 41.34 + 0.36 6 (3, 3)15 42.86 + 1.15 4 (2, 2)6 41.58 + 0.31 6 (3, 3)13
4 41.19 + 0.22 6 (3, 3)15 39.12 + 0.9* 4 (2, 2)6 41.41 + 0.34" 6 (3, 3)12

Data are mean + SEM of N = number of mice with measurements for individual fibers (n) averaged per mouse. F, female; M, male. Significance was
calculated by two-way ANOVA followed by Tukey’s multiple comparison test. *P < 0.05 for mutant versus WT and *P < 0.05 for DCM-D94A versus

HCM-D166V.
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Fig. 1. Assessment of X-ray diffraction patterns in PM fibers from ~5-mo-old DCM-D94A and HCM-D166V hearts compared with WT mice at serial pCa solu-

tions. (A) Representative fiber diffraction patterns of HCM-D166V (Left), WT controls (Middle), and DCM-D94A (Right) models at increasing calcium concentra-
tions from pCa 8 to 4. The legend shows the mapping of false colors into detector intensity units (ADUs). For clarity, the images had a circular symmetric diffuse
background subtracted using the “quadrant fold” routine in the MuscleX software package (https:/musclex.readthedocs.io/en/latest/) developed at Biophysics
Collaborative Access Team. (B) Equatorial intensity ratios I14/11o plotted as a function of calcium. The values from several fibers per mouse were averaged and
the data presented as mean + SEM of N= number of mice (3M, 3F of WT; 2M, 2F of HCM-D166V; and 3M, 3F of DCM-D94A) with statistical significance calcu-
lated by two-way ANOVA followed by Tukey’s multiple comparison test. ****P < 0.0001 and **P < 0.01 for HCM-D166V versus WT and ****P < 0.0001 and
**P < 0.01 for DCM-D94A versus HCM-D166V. All three groups of animals passed the Shapiro-Wilk normality test for N = no. animals per group. The pCas, val-
ues of ly1/1i0-pCa relationship were 5.47 + 0.15 (D166V), 5.11 + 0.11 (D94A), and 5.20 + 0.04 (WT). (C-E) SuperPlots of l;/1;o ratios for DCM-D94A, WT, and
HCM-D166V mice at pCa 8 (C), pCa 5.4 (D), and pCa 5.2 (E). The data per animal (N) are pictured by large, color-coded symbols and the respective fiber meas-
urements (n) by color-coded small symbols. Note the significantly increased l14/11¢ ratios in HCM-D166V versus WT hearts at pCa 8 (*), pCa 5.4 (**), and pCa 5.2

(****) and between the HCM-D166V and DCM-D94A models at pCa 5.4 (*) and pCa 5.2 (****).

mouse were averaged and the data presented as mean + SEM
of N = number of mice (3M, 4F of WT, 2M, 2F of
HCM-D166V; and 3M, 3F of DCM-D94A) with statistical sig-
nificance calculated by two-way ANOVA followed by Tukey’s
multiple comparison test. As observed in the X-ray experiments,
the DCM-D94A model did not show any differences in force-
pCa compared with WT controls (Fig. 3B and Table 3). The rela-
tive force in HCM-D166V fibers was significantly different from
WT at pCa 5.4 and 5.2 (Fig. 3 B and C), confirming increased
Ca** sensitivity of tension in the HCM model (Fig. 34). The
increased Ca®  sensitivity of force was observed in
HCM-D166V hearts previously and correlated with poor relaxa-
tion and diastolic dysfunction observed in transgenic D166V
mice (33). Chronic sensitization of myofilaments to calcium as
observed in HCM-D166V myocardium is an important finding
of clinical significance since it can lead to cardiac arrhythmias
and heart failure (35).

Altogether, the force-pCa data combined with I;/19-pCa
results suggest that the structural rearrangements observed in
HCM-D166V sarcomeres and the apparent movement of
D166V-mutated myosin cross-bridges closer to actin-containing
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thin filaments can explain the increased Ca®* sensitivity of force
generation in HCM-D166V hearts, providing insight into the
structural basis of hypercontractile cross-bridge behavior and
cardiac dysfunction in these mice.

The SRX State of Myosin in Mouse Models of HCM and DCM Versus
WT Mice. In resting cardiac muscle, myosin cross-bridges exist in
two biochemical states: the SRX state, in which myosin heads
hydrolyze ATP with a highly inhibited rate, and the DRX state,
in which the heads cycle ATP with much higher rates. The SRX
state has ~10- to 100-fold slower ATP turnover rate compared
with the DRX state. Structurally, the SRX heads are thought to
bind closely to the thick filament backbone compared with the
DRX heads that are disordered, free to diffuse into interfila-
ment space and occupy a wide range of conformations with dif-
ferent proximities to the thin filaments (25, 30). During cardiac
muscle contraction, the myosin heads undergo physiological
transitions between the active and relaxed states, with the latter
involving the SRX conformation to maximize the energy-saving
state and the DRX conformation enabling cross-bridge forma-
tion with greater ATP consumption (31).
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Fig. 2. Assessment of interfilament lattice spacings (d4o) in PM fibers from ~5-mo-old DCM-D94A and HCM-D 166V models compared with WT mice. (A)
Interfilament lattice spacings as a function of increasing calcium concentrations. The values of d;o measured for several fibers per mouse were averaged
and the data presented as mean + SEM of N = number of mice (3M, 3F of WT; 2M, 2F of HCM-D166V; and 3M, 3F of DCM-D94A) with statistical signifi-
cance calculated by two-way ANOVA followed by Tukey’s multiple comparison test. **P < 0.01 and *P < 0.05 for HCM-D 166V versus WT and **P < 0.01
and *P < 0.05 for DCM-D94A versus HCM-D166V. All three groups of animals passed the Shapiro-Wilk normality test for N = no. animals per group. (B)
The comparison of d;o values within each genotype. The statistical analysis was performed by one-way ANOVA followed by Tukey multiple comparison
test. *P < 0.05 depicting significance in d;o between pCa 5.4 and 5.2 versus pCa 4 in the HCM-D166V model. (C-E) SuperPlots of d;o measured for
DCM-D94A, WT, and HCM-D 166V mice at pCa 6 (C), pCa 5.4 (D), and pCa 4 (E). The data per animal (N) are indicated by large symbols and the respective
fiber measurements (n) by color-coded small symbols. Note the significantly increased d;o for HCM-D166V versus WT hearts at pCa 6 (*) and pCa 5.4 (**)
and decreased djo at pCa 4 (**). Significantly increased dqo was also observed in HCM-D166V versus DCM-D94A at pCa 6 (*) and decreased dio in

HCM-D166V versus DCM-D94A models at pCa 4 (**).

Structurally, the SRX state is associated with the formation
and stability of the IHM in which the two myosin heads asymmet-
rically interact with one another while folding back onto the
proximal tail (24, 28). Low-resolution structural models of the
sequestered state suggest that HCM-associated mutations in myo-
sin may weaken the IHM formation, thereby increasing the
number of active heads and contributing to the phenotype of
HCM-related hypercontractility (24, 36). The question that we
asked next was whether the HCM-D166V and DCM-D9%4A
mutations in myosin RLC affect the stability of the SRX energy-
conserving state and whether this process is calcium dependent.
HCM-D166V and DCM-D94A mutations differently affect the SRX
state of myosin. Skinned LVPM fibers from mice were incu-
bated in a rigor solution containing 250 pM mant-ATP, and
decay fluorescence isotherms were collected during a rapid
exchange of mant-ATP with 4 mM nonlabeled ATP and plotted
as a function of time. Fluorescence decay curves were fitted to
a double-exponential equation: F =1 — P1 (1 — exp(—t/T1)) —
P2 (1 — exp (—t/T2)), in which P1 and P2 (in %) are the ampli-
tudes of fast and slow phases of fluorescence intensity decay,
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and T1 and T2 are their respective lifetimes (in seconds)
(37, 38).

We first looked at the calcium dependence of fluorescence
decay in WT-RLC mice. As indicated in Table 4, the ratio of P1
to P2 was ~60:40, and no major changes in cross-bridge distribu-
tion between the two states were noted when different calcium
concentrations were applied. This result is in accord with the
report of Hooijman et al. (25) in which the SRX populations of
myosin cross-bridges were present in active cardiac muscle but
not active skeletal muscle, and the decay of fluorescence in car-
diac fibers was not changed between chase with relaxing and
activating solutions. The lack of a calcium effect observed for
WT hearts was also true for the cardiomyopathy models, and no
sensitivity to calcium in mant-ATP/ATP chase assays was noted
in HCM-D166V and DCM-D94A mice (Table 4).

The summary of nucleotide exchange experiments in skinned
PM fibers from DCM-D94A, HCM-D166V, and WT mice is
presented in Fig. 4. Fig. 44 depicts the genotype-dependent
distribution of the fast (P1) and slow (P2) parameters derived
from the two-exponential fit at serial calcium solutions, and the
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Fig. 3. (A) The force-pCa dependence assessed in PM fibers from WT, HCM-D166V, and DCM-D94A mice. The force-pCa data were fitted to a four-

parameter logistic equation yielding the pCaso and ny (Hill coefficient) values (Table 3). Note that the HCM-D166V model demonstrates significantly
increased calcium sensitivity of force (higher pCaso) compared with WT and DCM-D94A mice. All three groups of animals passed the Shapiro-Wilk nor-
mality test for N = no. animals/per group. (B and C) SuperPlots of relative force values at pCa 5.4 (B) and pCa 5.2 (C) for DCM-D94A, WT, and
HCM-D166V mice. The data per animal (N) are pictured by large symbols and the respective fiber measurements (n) by color-coded small symbols. The val-
ues from several fibers per mouse were averaged and the data presented as mean + SEM of N = number of mice (3M, 4F of WT; 2M, 2F of HCM-D166V;
and 3M, 3F of DCM-D94A) with statistical significance calculated by two-way ANOVA followed by Tukey’s multiple comparison test. ****P < 0.0001 and

*P < 0.01 for HCM-D166V versus WT and ****P < 0.0001 for DCM-D94A versus HCM-D166V.

data are mean + SEM for N = 5 to 6 animals per group and n
= 15 to 22 fibers per each pCa condition. Significant differences
in P1 versus P2 were observed between DCM-D94A and WT
mice at pCa 6 and between the two pathogenic RLC mutants at
pCa 6, 5, and 4. Considering no calcium dependence of P1 ver-
sus P2 distribution for any of the investigated mice, both ampli-
tudes P1 and P2, determined in different calcium solutions,
were averaged for each genotype and presented in Fig. 4B. The
data points represent values averaged per animal at each pCa
solution, and symbols of similar shapes indicate measurements
performed at the same pCa for different genotypes. Pooling the
data from different calcium concentrations revealed clear
trends obscured by noise in the data at individual pCa values.
As shown, both pathogenic models were statistically different
from WT with the P1/P2 ratio = 55:42 for DCM-D94A and P1/
P2 = 64:32 for HCM-D166V compared with P1/P2 = 59:38
observed for WT mice (Fig. 4B and Table 4).

To relate the P1 and P2 values to the number of myosin
heads occupying the DRX versus SRX states, we have deter-
mined the fraction of nonspecifically bound mant-ATP that
contributes to the P1 parameter using a competition assay as
described in Hooijman et al. (25). LVPM fibers from all three
genotypes were incubated with a solution containing 250 pM
mant-ATP and varying concentrations of ATP, and the fluores-
cence intensity was measured as a function of added [ATP] (S/
Appendix). As shown in SI Appendix, Fig. S1, the fraction of
nonspecifically bound mant-ATP = 0.44 + 0.02 (SEM) (n = 10
fibers), and the population of myosin heads occupying the SRX
state was calculated as P2/(1 — 0.44) (25).

Fig. 4C presents the distribution of myosin heads occupying
the DRX versus SRX states in DCM-D94A, WT, and
HCM-D166V mice in the form of a pie plot. The comparison
of the two pathogenic models shows their different behavior in
assuming the DRX or SRX conformations compared with WT

Table 3. The force-pCa relationship assessed in PM fibers from WT, HCM-D166V, and DCM-D94A mice

System pCaso 95% Cl Hill coefficient (ny, slope) 95% ClI No. mice (M, F)No. fibers
WT 5.22 + 0.01 5.18 t0 5.25 5.03 + 0.96 3.46 to 8.67 6 (3, 4)16
HCM-D166V 5.41 + 0.04**** 5.33 to 5.51 1.86 + 0.36* 1.31 to 2.77 4 (2, 2)6
DCM-D94A 5.24 + 0.01++*+* 5.22 t0 5.26 4.04 + 0.39 3.29 to 4.92 6 (3, 3)13

Data are mean + SEM of N = no. of mice. F, female; M, male. The statistical results were analyzed by two-way ANOVA with significance ****P < 0.0001,
*P < 0.05 for HCM-D166V versus WT and ****P < 0.0001, *P < 0.05 D94A for DCM-D94A versus HCM-D166V.
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Table 4. Summary of nucleotide exchange experiments in skinned PM fibers from DCM-D94A, HCM-D166V, and WT mouse modelsat

serial pCa solutions

DCM-D94A WT HCM-D166V
P1 (%) P2 (%) No. animals P1 (%) P2 (%) No. animals P1 (%) P2 (%) No. animals

pCa T1 (s) T2 (s) (F, M)No. fibers T1 (s) T2 (s) (F, M) No. fibers T1 (s) T2 (s) (F, M) No. fibers

8 55+ 3 42 + 2 5(3,2)18 55+ 4 42 + 4 5(3, 2)15 61 +3 35+4 54, 1)16
6.4+ 1.6 138 + 30 6.6+ 1.1 213 +63 52+ 1 110 + 29

7 55 +2 40 + 31 5 (3, 2)22 58 +3 38+3 5(2, 3)15 62 +2 34 +2 5 (4, 1)22
59+0.8 a1 + 27 6.8+ 1.6 219 +50 53+1 172 + 44

6 50 + 2*,* 47 + 2%, 5 (2, 3)20 60 + 2 37+2 5 (2, 3)15 61 +2 35+2 5 (4, )15
6.3 +2.2 144 + 66 83+ 1.6 227 +46 45+04 85+18

5 58 + 3* 39 + 37 5(2, 3)16 62 +4 35+4 5(2, 3)16 69 + 3 27 +2 5 (4, )15
7.7 +1.2 136 + 50 6.6 + 1.7 207 + 60 7.5+ 0.9 202+ 68

4 56 + 3* 42 + 47 5 (3, 2)20 60 + 1 37 £1 5(2, 3)19 66 + 4 30+4 5 (4, )15
6.8 + 1.2 176 + 63 9.9+ 3.2 162+ 56 51+0.9 163 +56

Ave pCa 55+ 1%, THH+ 42 4 1% *++++ 6 (3, 3)96 59 +1 38 +1 6 (3, 3)80 64 + 1* 32 + 1** 5 (4, 1)83
6.6 + 0.6 147 + 21 7.6 +0.9 206 + 23 56 +04 147 +21

Data are mean + SEM for N = no. animals. F, female; M, male. Significance was calculated by one-way (averaged pCa) or two-way ANOVA with Tukey’s
multiple comparison test: *P < 0.05 and **P < 0.01 for mutant versus WT, *P < 0.05, **P < 0.01, and ****P < 0.0001 for DCM-D94A versus HCM-D166V.

mice. The DRX/SRX occupancy was statistically different
between DCM-D94A (25:75) versus WT (33:67) versus
HCM-D166V (43:57) (SI Appendix, Table S2). A disruption of
the SRX conformation and a shift toward the DRX state was
observed for HCM-D166V hearts, while the stabilization of the
energy-conserving SRX state was noted in DCM-D9%4A (Fig.
4C). The HCM-D166V-dependent switch from the SRX to
DRX state was consistent with the hypercontractility phenotype
observed for this model (33) and other HCM-linked mutations
in myosin (27, 29). The data are also in accord with the struc-
ture/function—pCa relationships observed in HCM-D166V
fibers, including increased Ca®* sensitivity of force (Fig. 3) and
a left-shifted 1I;;/I;p-pCa relationship (Fig. 1B). The
DCM-D94A model favored the energy-conserving SRX state
without affecting the I;;/I;y ratios or the force-pCa
relationship.

Discussion

Genetic cardiomyopathies are debilitating heart diseases affecting
1 in ~200 of the general population (39), and they continue to be
the leading cause of death worldwide (1). At present, there are no
effective therapies, and multilaboratory efforts are directed
toward developing phenotype-specific therapeutics that target the
mechanisms involved in the etiology of the disease. An important
tool in the investigation of the molecular, biochemical, and struc-
tural causes of cardiomyopathy phenotypes (e.g., HCM and
DCM) has been the creation of transgenic mouse models with
engineered point mutations in sarcomeric proteins that mimic
those naturally occurring in humans. Previous studies in our labo-
ratory have extensively characterized the two pathogenic RLC
variants in transgenic mice expressing the HCM-D166V and
DCM-D94A mutations as model systems for investigating the
mechanisms underlying associated cardiomyopathies. Clinical
population studies have shown that the D166V-RLC mutation
can lead to malignant HCM (4), and the strong HCM phenotype
was observed in transgenic HCM-D166V mice (6, 33). The
D94A-RLC mutation was identified by exome sequencing in the
family suffering from DCM (5), and a transgenic mouse model
expressing the DCM-D94A mutation demonstrated a classic phe-
notype of DCM with largely reduced ejection fraction and systolic
dysfunction (7). We have also reported on the profound effects of
these two pathological RLC variants on the f-cardiac myosin
motor function when reconstituted in porcine cardiac muscle
preparations (5, 40), highlighting the importance of evaluating the
impact of disease-causing mutations in a clinically relevant
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p-cardiac myosin background compared with the a-cardiac myosin
present in transgenic mouse hearts (6, 7, 33). However, the valida-
tion of the in vitro data (e.g., force-pCa relationship) obtained in
f-cardiac myosin reconstituted systems (5, 40) using
HCM-D166V and DCM-D94A models (Fig. 34) strongly argues
for the value of mouse studies in elucidating the underlying
mechanisms.

In this report, we investigated the impact of these two patho-
genic MYL2 variants on the Ca**-dependent structure—function
relationships and the distribution of HCM-D166V and
DCM-D94A cross-bridges between the SRX and DRX states.
Our previous small-angle X-ray diffraction studies on
HCM-D166V (33) and DCM-D9%4A (7) mice were restricted
to the measurements of dyy and I;,/I;y ratios for only relaxed
muscle and, at most, for one submaximal contracting condition
for DCM-D94A (7). These limited early measurements, how-
ever, built the scientific premise for the present investigation
performed on skinned LVPM fibers from mice over the full
range of force development from relaxed through submaximal
to maximum activation (from pCa 8 to 4). Importantly, we
report on X-ray structural data obtained simultaneously with
force measurements for HCM-D166V, DCM-D94A, and WT
controls that allowed a more comprehensive understanding of
the structural basis of the calcium-dependent force develop-
ment in cardiac muscle. Both the HCM-D166V and
DCM-D94A mutations were previously shown to increase or
decrease, respectively, the duration of force transients in the
intact muscle (6, 7), thereby affecting the critical for normal
heart function relaxation phase of muscle contraction. The
effects of HCM-D166V and DCM-D94A mutations observed
in this study could be due to changes in cross-bridge cycling;
however, our experiments were not designed to directly address
the question of cross-bridge kinetics but rather aimed to assess
the effect of mutations on the stability of the SRX state of myo-
sin and SRX « DRX equilibrium.

The data showed a remarkable agreement between the
I11/TiopCa and force-pCa relationships in all investigated mice
and between the structural and functional phenotypes and the
myosin energetic states in the HCM-D166V model (Figs. 1-4).
Consistent with previous muscle fiber mechanics results on
HCM-D166V mice (6, 33), an increase in Ca*t sensitivity of
force-pCa was observed in this report. In parallel, the 1;;/1;;—pCa
dependence was leftward shifted in HCM-D166V versus WT
mice, suggesting that the D166V-induced effect on lattice spacings
and the movement of D166V heads toward the actin filaments
was responsible for the observed increase in the Ca®" sensitivity
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Fig. 4. The summary of nucleotide exchange experiments in skinned PM
fibers from DCM-D94A, HCM-D166V, and WT mouse models. (A) The
genotype-dependent distribution of the fast (P1) and slow (P2) parameters
derived from the two-exponential fit at serial calcium solutions. Open sym-
bols depict F mice, and closed symbols depict M mice. The data are mean +
SEM for N = 5 to 6 animals and n = 15 to 22 fibers per each pCa condition
with significance calculated by two-way ANOVA with Tukey’s multiple com-
parison test: *P < 0.05 for DCM-D94A versus WT, *P < 0.05 and **P < 0.01
for HCM-D166V versus DCM-D94A. Note the significant differences in P1
and P2 between DCM-D94A and WT mice at pCa 6 and between the two
pathogenic RLC mutants at pCa 6, 5, and 4. (B) Comparison of P1 versus P2
in all three genotypes assessed at averaged calcium concentrations. Data
points represent values averaged per animal at each pCa solution with one
point = one animal at a certain pCa solution. Symbols of similar shapes
between the genotypes indicate measurements performed at the same pCa.
The data are mean + SEM for N = no. animals with significance calculated
with one-way ANOVA with Tukey’s multiple comparison test: *P < 0.05 and
**P < 0.01 for mutant versus WT, *P < 0.05, “*P < 0.01, and ****P < 0.0001
for DCM-D94A versus HCM-D166V. (C) The percent of myosin heads occu-
pying the DRX versus SRX states was calculated using a correction factor of
0.44 for nonspecific mant-ATP binding (see Materials and Methods).

of force development. The structure-function data for the
HCM-D166V model agree with the analysis of myosin energetic
states that revealed the HCM-D166V-induced destabilization of
the myosin energy-conserving SRX state and implicating a hyper-
contractile cross-bridge behavior (Fig. 4). The HCM clinical phe-
notype of hypercontractility is often associated with cardiac
arrhythmias and heart failure (35), and the HCM-D166V model
did show diastolic abnormalities in mice (33). The destabilization
of the SRX state has been proposed to be a chief cause of HCM
(20, 24), and therefore, dysregulation of the ordered resting con-
figuration of myosin heads in HCM-D166V hearts observed in
this report supports an adverse HCM phenotype of hypercontrac-
tility observed in humans and HCM-D166V mice (6, 33).

The DCM model, recapitulated in transgenic D94A-RLC
mice (7), exhibited no changes in the Ca*" sensitivity of either
I11/Tio-pCa or force-pCa relationships compared with WT
mice. The DCM-D94A model favored an energy-conserving
state characterized by a significant increase in the number of
myosin heads occupying the SRX state (75%) compared with
67% of WT and 57% HCM-D166V (Fig. 4C). The result of a
smaller proportion of heads occupying the DRX state in
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DCM-D9%4A versus WT fibers is in accord with shorter force
transients measured in intact LVPM fibers from these mice (7),
suggesting that fewer D94A heads are available to enter the
force-producing phase and provide mechanical energy to sup-
port the pumping action of the heart. However, because of the
lack of a consistent trend of lower 1;,/I;, ratio for DCM-D94A
relative to WT (Table 1), one can speculate that the D94A
mutation stabilizes an SRX state without entering a folded-
back SRX-IHM structure as defined by quasi-atomic modeling
studies (24, 28). Consistent with this notion, Anderson et al.
demonstrated that a one-headed myosin (sS1) that lacks the S2
portion of the myosin rod was able to form the SRX-like state
(~10%), which increased to ~40% on the addition of mava-
camten (20). They hypothesized that myosin heads can occupy
an SRX without adopting a folded IHM conformation that is
further stabilized by intramolecular interactions similar to those
existing in the THM (20). Additional support comes from time-
resolved fluorescence resonance energy transfer experiments
showing that the SRX can exist in the absence of a conven-
tional IHM, suggesting that the IHM is sufficient but not neces-
sary to produce the SRX kinetic state (41). The molecular
pathogenesis of DCM was recently assessed in the context of
the myosin SRX state and IHM paradigm (24). Similar to the
effects seen in this report, DCM-causing mutations in MYH7
were shown to have modest effects on IHM interactions but
have substantially reduced myosin heavy chain (MHC) motor
functions, particularly nucleotide binding, resulting in reduced
ATP consumption and decreased contractility. The increased
number of heads occupying the SRX state with reduced ATP
consumption in DCM-D9%4A hearts (Fig. 4C) fully supports
our previous observations of D94A-mediated diminished actin-
activated myosin ATPase activity and a low ejection fraction in
D94A mice in vivo (7). The complex mechanism involving
changes in myosin motor function (steady-state and kinetics)
seems to be a primary disease mechanism in DCM-D9%4A
mice.

Fig. 5 illustrates the D94 and D166 residues of the RLC
within the STBY structure of human p-cardiac heavy meromyo-
sin IHM obtained by homology modeling by Alamo et al. (24).
The authors defined various interaction sites between adjacent
myosin heads and associated protein partners that can poten-
tially be altered by disease-causing mutations in myosin. The
asymmetrical sequestered state, or the IHM, is composed of
two folded heads: the “blocked” head (BH) that is unable to
interact with actin and the “free” head (FH) that can poten-
tially be recruited to rapidly hydrolyze ATP in the DRX state,
with both heads containing a pair of myosin ELC and RLC as
scaffold proteins. As proposed by the authors, the interactions
between myosin heads and myosin RLCs are important ele-
ments of the SRX conformation, which is further stabilized by
intramolecular MHC-RLC and RLC-RLC interactions (24).
Considering the RLC as an integral part of the IHM structure,
one can speculate that both pathogenic variants differently
affect these intramolecular interactions and discretely influence
the SRX state of myosin. They are charge-changing mutations,
prone to alter the local RLC structure and the binding of the
RLC to the IQ motif of the myosin lever arm (5). This, in turn,
may destabilize MHC-RLC interactions and alter the SRX
conformation. It is difficult to conclude whether the mutations
also destabilize the RLC-RLC interactions considering the
long distances between the Co atoms of the BH and the FH,
37.5 A for D166 and 44.7 A for D94, respectively (Fig. 5).
Future structural studies would have to be performed to
address this question.

As pictured in Fig. 5, the HCM-D166V mutation lies in the
elbow of the MHC region that links the lever arm with the rod
portion of myosin. The valine residue that replaces the aspartic
acid in the HCM-D166V mutant introduces a loss of a negative
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Fig. 5. The tertiary structure of human f-cardiac heavy meromyosin IHM (Protein Data Bank 5TBY) and PyMOL-derived distances between Ca atoms of D94
and D166 residues positioned on the RLC of the “blocked” head (MHC: gray, RLC: pink) and the “free” head (MHC: dark blue, RLC: red). The side chains of
mutations are presented as green spheres, and the N-termini of RLCs are labeled with corresponding colors, pink for the RLC of BH and red for the RLC of FH.

charge in this region of the RLC backbone, which, in turn, may
interfere with the myosin lever arm function to effectively exe-
cute the swinging motion and produce the power stroke while
more cross-bridges enter the DRX—-ON states. One can hypoth-
esize that HCM-D166V disrupts the SRX state by facilitating
the recruitment of the free head to rapidly hydrolyze ATP in
the DRX state (31), while DCM-D94A favors the SRX-OFF
conformation by weakening the interaction between the RLC
with MHC (5) and diminishing the number of DRX heads
(Fig. 4) that are readily available for binding to actin and pro-
ducing force. The presence of the aspartic acid at both loca-
tions within the RLC molecule seems to be necessary for the
structural stability of the lever arm to effectively execute the
power stroke and muscle contraction.

Conclusions and Future Directions

HCM and DCM are complex diseases with many factors that
contribute to myocardial dysfunction and the manifestation of
clinical phenotypes. The HCM-D166V model promotes the
SRX-to-DRX transition and increases the Ca”* sensitivity of
I11/11p and force-pCa relationships, effects that are consistent
with the hypercontractility phenotype, poor relaxation, and dia-
stolic dysfunction in HCM-D166V hearts (33). The
DCM-D94A mutation increases the number of heads occupy-
ing the energy-conserving sequestered state and reduces myosin
motor function that, among other factors, may contribute to
the development of hypocontractile phenotype, systolic dys-
function, and DCM in DCM-D94A mice (7). Understanding
the mechanisms that foster the development of clinical pheno-
types will propel new pharmacological treatments that may
limit disease progression and adverse outcomes.

Materials and Methods

Detailed materials and methods are outlined in S/ Appendix, Materials and
Methods.

This study conforms to the Guide for the Care and Use of Laboratory Ani-
mals published by the US NIH (Publication No. 85-23, revised 2011) (42). All
protocols were approved by the Institutional Animal Care and Use Committee
at the University of Miami Miller School of Medicine (protocol No. 21-106 LF)
and the lllinois Institute of Technology. The assurance number is No.
A-3224-01, approved through November 30, 2023. The euthanasia of the
mice was achieved through inhalation of CO, followed by cervical dislocation.
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Transgenic Mice. The complementary DNA of human ventricular RLC (National
Center for Biotechnology Information accession No. NP_000423.2), in the WT
or D166V or D94A mutated form, was inserted downstream of the a-MHC pro-
moter (clone 26 provided by Jeffrey Robbins, Cincinnati Children's Hospital
Medical Center, Cincinnati, OH), producing transgenic lines expressing ~90%
of human nonmutated WT-RLC (UniProtKB P10916) (7, 43), ~90% of human
ventricular D166V RLC mutant (6), and ~50% of human ventricular D94A RLC
mutant (L1 and L2) (7) in the hearts of mice as described previously. Female
and male DCM-D94A, HCM-D166V, and WT mice were used in the
experiments.

Small-Angle X-Diffraction Study: Simultaneous Assessment of X-ray Diffrac-
tion Patterns and Isometric Force Measurements. The equatorial X-ray dif-
fraction patterns in LVPM fibers from HCM-D 166V, DCM-D94A, and WT mice
were acquired simultaneously with force-pCa traces over a wide range of cal-
cium concentrations (from pCa 8 to 4) using the small-angle instrument at Bio-
physics Collaborative Access Team beamline 18ID at the Advanced Photon
Source, Argonne National Laboratory, as described previously (7). The intensi-
ties of the 1,0 and 1,1 equatorial reflections were determined using nonlinear
least square fits to one-dimensional projections of the integrated intensity
along the equator assuming Gaussian peak shapes (44). The distances
between the 1,0 and 1,1 equatorial X-ray reflections were used to calculate
dqp lattice spacings using Bragg's law. Isometric force was measured, and mus-
cle length controlled as described previously (7).

SRX-pCa Measurements. The LVPM fibers were isolated from HCM-D166V,
DCM-D94A, and WT mice, chemically skinned, dissected to about 100 pm in
diameter, and subjected to mant-ATP chase assays using the lonOptix instru-
mentation (lonOptix, LLC) as described previously (37, 38). The fibers were first
incubated in a rigor buffer (120 mM K*-propionate [KPr], 5 mM MgPr, 2.5 mM
K;HPO,4, 2.5 mM KH,PO,4, and 50 mM 3-(N-morpholino)propanesulfonic acid
[MOPS], pH 6.8, with freshly added 2 mM DTT) containing 250 pM mant-ATP
(Thermo Fisher Scientific) for several minutes until maximum fluorescence was
reached. Fluorescence decay curves versus time were collected when mant-
ATP was rapidly exchanged with 4 mM nonlabeled ATP applied in various pCa
solutions containing 1078 to 107* M [Ca®*], 5 mM free [Mg?"], total MgPr =
5.69 mM, 7 mM ethylene glycol-bis(3-aminoethyl ether)-N,N,N',N'-tetraacetic
acid, 50 mM MOPS, pH 6.8, and ionic strength = 170 mM (adjusted with KPr).
The sarcomere length of fibers was ~2.1 + 0.1 um. Decay isotherms versus
time (in seconds) were fitted to a two-state exponential equation using
GraphPad 7 (GraphPad software) to derive the amplitudes of the fast (P1) and
slow (P2) phases of fluorescence decay and their respective T1 and T2 lifetimes
(in seconds) (37, 38). P1 and T1 represent the initial fast decay in fluorescence
intensity, which comprises myosin in the DRX state and the release of nonspe-
cifically bound mant-ATP, which is presumably also fast, while P2 and T2 are
representative of the slow decrease in fluorescence intensity due to myosin in
the SRX state (25).
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Statistical Analyses. The statistical analysis of the data was performed per N =
no. hearts as independent biological samples, and the results from multiple
fibers per single heart were averaged. Values are shown as means + SEM of N
= no. mice with statistically significant differences between multiple groups
calculated using one-way or two-way ANOVA followed by Tukey’s multiple
comparison test. Significance was defined as *P < 0.05, **P < 0.01, ***P <
0.001, and ****P < 0.0001. Statistical analyses included the Shapiro-Wilk nor-
mality tests performed on all data sets of unequal sample size (45).
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