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Mutations at a highly conserved homologous residue in three closely related muscle myo-
sins cause three distinct diseases involving muscle defects: R671C in f-cardiac myosin
causes hypertrophic cardiomyopathy, R672C and R672H in embryonic skeletal myo-
sin cause Freeman—Sheldon syndrome, and R674Q in perinatal skeletal myosin causes
trismus-pseudocamptodactyly syndrome. It is not known whether their effects at the
molecular level are similar to one another or correlate with disease phenotype and sever-
ity. To this end, we investigated the effects of the homologous mutations on key factors
of molecular power production using recombinantly expressed human f, embryonic, and
perinatal myosin subfragment-1. We found large effects in the developmental myosins
but minimal effects in B myosin, and magnitude of changes correlated partially with
clinical severity. The mutations in the developmental myosins dramatically decreased the
step size and load-sensitive actin-detachment rate of single molecules measured by optical
tweezers, in addition to decreasing overall enzymatic (ATPase) cycle rate. In contrast, the
only measured effect of R671C in f myosin was a larger step size. Our measurements
of step size and bound times predicted velocities consistent with those measured in an
in vitro motility assay. Finally, molecular dynamics simulations predicted that the argi-
nine to cysteine mutation in embryonic, but not , myosin may reduce pre-powerstroke
lever arm priming and ADP pocket opening, providing a possible structural mechanism
consistent with the experimental observations. This paper presents direct comparisons of
homologous mutations in several different myosin isoforms, whose divergent functional
effects are a testament to myosin’s highly allosteric nature.

myosins | optical tweezers | molecular dynamics simulation | hypertrophic cardiomyopathy |
distal arthrogryposis syndromes

Myosin myopathies refer to a group of skeletal and heart muscle diseases caused by mutations
in sarcomeric myosin genes. There are ten such genes in mammals, and mutations in five
of them have been linked to disease (1, 2). These diseases are usually autosomal dominant
and are largely the result of missense mutations. Some are relatively common, such as
hypertrophic cardiomyopathy (HCM) that occurs in ~1 in 500 people (3) to 1 in 200 people
(4), while others are rare such as Freeman—Sheldon syndrome (FSS) (5). They can be asso-
ciated with a risk of sudden death as is the case with HCM, or not be associated with reduced
lifespan but have profound effects on quality of life. Despite high sequence conservation
among members of the sarcomeric myosin family, they exhibit biochemical and biophysical
functional diversity (6) and play distinct roles in heart and skeletal muscles (7-9).

In the current study, we evaluated the functional effects of mutations of the same highly
conserved arginine residue in the motor domain of three different myosin genes that cause
three distinct diseases (Fig. 1). The mutations are R671C in MYH?7 that causes HCM
(10), R672C and R672H in MYH3 that cause FSS (11), and R674Q in MYHS that
causes trismus-pseudocamptodactyly syndrome (TPS) (12-14). The highly conserved
R671 residue is located inside the myosin head between the active site and the lever arm
(Fig. 1A). It resides on the third p-strand and likely interacts with residues of the relay
helix, SH1-SH2 domain, and adjacent p-strands (15), regions that undergo major con-
formational changes during the myosin ATPase cycle (16). Thus, mutations of this residue
are expected to have consequential disruptions of myosin’s mechanoenzyme activity in all
three isoforms.

The MYH7 gene is expressed in the heart and slow skeletal muscle in humans while
MYH3 and MYHS, otherwise known as embryonic and perinatal, are expressed transiently
in fetal developing skeletal muscle (17, 18). The clinical features of HCM are a hypertro-
phied hypercontractile heart with increased risks of atrial fibrillation, heart failure, and
sudden cardiac death (19). Thousands of mutations across the genes encoding proteins
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Actin-binding cleft
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652 RENLNKLMTNLRSTHPHFVR IIPNETKSPGVM MYH7 (Ventricular and slow skeletal muscle)
653 RENLNKLMSNLRTTHPHFVR ITPNETKTPGAM MYH3 (Fetal skeletal muscle)

655 RENLNKLMTNLRSTHPHFVR: IIPNETKTPGAM MYHS8 (Fetal skeletal muscle)

656 RENLNKLMTNLRSTHPHFVR, ITPNETKTPGAM MYH1 (Adult fast skeletal muscle)

658 RENLNKLMTNLRSTHPHFVRI IIPNETKTPGAM MYH2 (Adult fast skeletal muscle)

654 RENLNKLMTNLRTTHPHFV;BE IIPNERKAPGVM MYHS6 (Atrial muscle)

Mutation site

of the cardiac sarcomere have been identified to cause HCM, with
mutations in MYH7 being the second most common (19).
Recently, the FDA approved the use of a myosin inhibitor,
Mavacamten, for symptomatic obstructive HCM (20). FSS and
TPS are congenital muscle contracture syndromes, specifically
distal arthrogryposis types 2A and 7 (ref. 21). FSS is characterized
by facial contractures (“whistling face”), strabismus, and contrac-
tures of the limbs, and is considered the most severe form of distal
arthrogryposis (5, 22, 23). Thus far, the only gene implicated in
ESS is MYH3, which explains over 90% of cases (11). Trismus
pseudocamptodactyly is caused by only one known mutation
(R674QQ) in MYHS to date (14). Patients have shortened muscles
and tendons and cannot fully open their mouths. Surgery has been
used to manage symptoms of FSS and TPS, but no pharmacologic
treatments exist.

Until recently, studies to determine the functional effects of
disease-causing mutations in striated muscle myosins relied on
materials from patient biopsy or animal models. Analysis of patient
samples is complicated by the presence of both wild-type (WT) and
mutant myosin, along with other myosin isoforms. Racca et al.
found that the MYH3 mutation R672C profoundly slowed relax-
ation in muscle cells and myofibrils isolated from FSS patients (24).
They and another study of two other FSS mutations (Y583S and
T1781) in Drosophila skinned muscle proposed prolonged actin—
myosin bound times as a key mechanism but lacked direct experi-
mental evidence for this hypothesis (25). Analysis of effects of
mutations using animal models is complicated by the fact that the
mutation resides in a heterologous backbone with significant
sequence differences from the human myosin motor (26, 27). Using
an R672C Drosophila model, Rao et al. found that heterozygous
flies were unable to fly and exhibited severe myofibril disruption
progressing to severe muscle degeneration, and R672C myosin iso-
lated from indirect flight muscles of homozygous flies showed no
change in the #_, of the actin-activated ATPase but a 50% decrease
in the actin-sliding velocity in an in vitro motility assay (28).
Homology modeling suggested that the mutation disrupts commu-
nication between the nucleotide-binding site and the lever arm.

Finally, using a recombinant mammalian expression system (6,
29, 30) that overcomes the limitations of the systems described above,
Walklate et al. studied the effects of the R672C and R672H muta-
tions on homogeneously purified human embryonic myosin motor
domain (subfragment 1, S1) (15). The mutations decreased the #_,
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Fig. 1. Mutations at a highly con-
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and increased the apparent affinity for actin in the actin-activated
ATPase, with a greater effect by the histidine mutation. In transient
kinetic studies, the mutant proteins showed significantly decreased
ATP hydrolysis rates, increased affinity for actin in the presence of
ADD and decreased ATP-induced detachment rates from actin.
R672H also showed enhanced affinity for ADD. Based on a loss of
amplitude of the intrinsic tryptophan fluorescence signal in the
mutant proteins, the authors hypothesized that the mutations dis-
rupted a key interaction between R672 and F490 on the relay helix
to result in improper helix movement during the recovery stroke.

In this report, we extend the analysis of the MYH3 embryonic
R672C and R672H mutants to characterization of their biophysical
properties at the single-molecule and ensemble levels and compare
them to MYH7 B and MYHS8 perinatal myosins harboring muta-
tions (R671C and R674Q), respectively) at the homologous residue
(Fig. 1). Constructs consisted of human myosin motor domains
(B, “pS17; embryonic, “EmbS1”; perinatal, “PeriS1”) recombi-
nantly expressed in mouse myoblast C2C12 cells (9), bound by
coexpressed human essential light chain (31) and endogenous
mouse regulatory light chain, and with a C-terminal 8-amino acid
tag for purification and surface attachment purposes (S7 Appendix,
Fig. S1). We focus on investigating the three key parameters that
determine power production by the molecular motors: overall cycle
rate, step size, and load-dependent actin-bound time. Given the
sequence conservation of this region of the molecule (Fig. 1), we
hypothesized that the properties of the mutant motors would be
similar to each other and that the diverse disease phenotypes would
be the result of time and tissue distribution differences in the expres-
sion of these three myosins. However, as the myosin molecule is
highly allosteric, it is not entirely unexpected that our results showed
divergent effects in the different isoforms. Further investigation of
this allosteric mechanism using molecular dynamics (MD) simu-
lations to compare the same mutation in fS1 (R671C) and EmbS1
(R672C) suggests that differences in pre-powerstroke conforma-
tions may account for the experimentally observed differences in
motor function.

Results

Homologous Mutations Had Differential Effects on Myosin ATPase
Activity. Actin-activated ATP hydrolysis rates were measured in an
NADH-coupled solution-based assay, and the data were fit to the
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Michaelis-Menten model for enzyme kinetics to determine k_,
and K, of the S1 motors. The WT developmental skeletal motors
had a higher ATPase turnover than WT f myosin (Fig. 2 A—E and
Table 1) consistent with previous comparisons of human myosin
ATPase rates (6, 15, 32) (EmbS1 _ = 8.8+ 0.6s ' and PeriS1 k_,
=11.0 +4.0 5™, versus pS1 k,, = 4.2 + 0.8 s”'. Mean + SEM are
reported for all measured values throughout this paper. P-values
of pairwise comparisons are given in SI Appendix, Table S1). The
mutations considerably slowed embryonic and perinatal ATPase
rates (R672C EmbS1 £_ = 6.5+ 0.4s ', R672H EmbS1 £_, = 4.3
+0.3s"',R674Q PeriS1 k_, = 2.4+ 0.55 ). The R671C mutation
did not change the ATPase turnover of the § motor (k_, = 4.9 + 1.0
s7). This lack of a major effect on ATPase rate is a common trend
seen with many HCM-causing mutations in p-cardiac myosin (33).

The apparent affinity of myosin for actin (X[,) was not signifi-
cantly changed across WT myosins. However, the K was differ-
entially affected by the homologous mutations in the developmental
versus 3 isoforms (Fig. 2 and Table 1). The homologous muta-
tions increased the actin affinity of the developmental myosins
but slightly decreased the actin aflinity for p myosin. fS1-R671C
increased the K, of the motor by 66%, from 38 + 7 uM (B-WT)
to 63 + 10 uM. R674Q-PeriS1 showed the most dramatic effect
on K with a 17-fold increase in actin affinity (PeriS1 WT K =
208 £ 71 uM, R674Q K, = 12 + 2 uM), while the EmbS1 muta-
tions resulted in a ~twofold-threefold increase in actin affinity
(WT K, = 54 + 15 uM, R672C K, = 28 + 7 uM, R672H K, =
17 £ 2 uM).

Two previous studies, one using Drosophila myosin (34) and
the other using the same construct as our present paper (15),
reported similar trends in steady-state ATPase between EmbS1
and the R672C/H mutations, albeit the latter observed much

more pronounced effects on £, and K than seen here. That
study’s use of 0 mM KCl, in comparison to the higher salt con-
centration (50 mM KClI) used in the present study which would
weaken myosin-actin interaction (35), may explain the observed
difference in magnitude of effects. Overall, the homologous muta-
tions show a much greater effect on the enzymatic ATPase prop-
erties of the developmental skeletal myosin isoforms than on f8
myosin.

Homologous Mutations Had Opposite Effects on Motility Velocity.
The WT developmental myosins had significantly higher actin-
sliding velocity in an unloaded motility assay than  myosin, as
expected of the skeletal vs. cardiac isoforms (Fig. 3, Table 1, and
Movies S1, §3, and S6). EmbS1 had velocity V' = 1,473 + 28
nm/s at 23 °C, vs. PeriS1 V'= 1,920 + 35 nm/s. All comparisons
of measured parameters hereon are significant unless stated
otherwise (e.g. “similar”, “not changed”), and P-values are given
in SI Appendix, Table S1. Previously published velocities of the
developmental myosins purified from human fetal tissues (36) or
from recombinant expression in C2C12 cells (6) are somewhat
lower than the values above, likely due in part to their failure to
copurify the light chains (6). fS1 had velocity V= 837 + 5 nm/s,
consistent with values previously published for human p-cardiac
myosin (37-44).

The homologous mutations dramatically decreased the
actin-sliding velocity of the developmental myosins but slightly
increased the velocity of p myosin. R671C increased the velocity
of BS1 by 18% (V=988 + 15 nm/s at 23 °C) (Fig. 34, Table 1, and
Movie S2). In contrast, R672C and R672H decreased the velocity
of EmbS1 by 77% and 88%, respectively (R672C V' = 337 + 5
nm/s, R672H V'= 170 + 2 nm/s at 23 °C) (Fig. 3B, Table 1, and
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Fig.2. Steady-state actin-activated ATPase rates of myosins measured by solution absorbance. A representative dataset is shown for a single biological replicate
of B-WT and R671C (4), EmbWT, R672C, and R672H (B), PeriWT and R674Q (C), with all three WT isoforms shown in (D) where each data point represents the
average of three technical replicates at each actin concentration, and error bars represent SD. The data are fit to the Michaelis-Menten equation (solid line)
to determine k., and K., for each myosin. Three independent experiments, each with their own curve fit, were performed at 30 °C for each protein. Average
values of k. (F) and K, (F) are plotted as a bar graph with SEM, where data points represent the individual measurements of each independent experiment.
The color scheme introduced here is maintained throughout the paper: black, dark gray, and light gray represent the wild types of g, embryonic, and perinatal
S1, respectively; green, blue, cyan, and red represent the various mutants as shown.
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Table 1. Biochemical and biophysical parameters of myosins

Kea (57 K (uM)  Vozoc (NM/S)  Vigec (nMs) Qio ko (s™) s(nm)  d(nm) dry
B WT 42+0.8 38+7 837+5 1,727 +15 2.81+0.04 174+6 0.72+0.05 4.7+0.4 0.012+0.002
R671C 49+1.0 63+10 988 + 15 2080+39 290+0.10 1697 0.73+£0.03 7.0+0.5 0.014+0.003
Embryonic WT 88+0.6 54+15 1,473+28 3,103+40 290+0.10 150+14 0.95+0.06 55+0.3 0.028+0.003
R672C 6.5+04 28+7 3375 759 +3 3.19 £ 0.07 74+5 0.37+£0.06 2.1+0.3 0.039+0.004
R672H 43+0.3 172 170+ 2 370+1.3 3.04+0.05 19+2 0.72+0.05 0.7+0.3 0.102+0.012
Perinatal WT 11.0+£4.0 208+71 1,920 + 35 4,065+20 292+0.08 270+15 0.76+0.05 7.7+0.5 0.019+0.007
R674Q 24+05 12+2 65+3 130+ 2 2.69+0.19 6.2+04 1.24+0.09 0.7+0.2 0.195+0.043

ATPase (Michaelis-Menten rate k., and constant K,,, measured at 30 °C), in vitro motility (velocities V,3-c and V5, - and temperature coefficient Q,,), and single molecule optical trapping
(actin-detachment rate at zero force k,, load sensitivity parameter §, and step size d, measured at 23 °C). Duty ratio at zero force (dr,) and 30 °C is calculated by k,/k,, where k, at 30 °C
is obtained by correcting the measured 23 °C k, with Q,. Values of measured parameters are mean + SEM. Uncertainties on calculated parameters (Q,, and dr,) are propagated errors.
Statistical significance of relevant pairwise comparisons are given in S/ Appendix, Table S1.

Movies $4 and S5). A previous paper had reported a 50% reduction
in motility velocity by R672C in myosin purified from Drosophila
(28). R674Q decreased the velocity of PeriS1 by 97% (V=65 + 3
nm/s at 23 °C) (Fig. 3C, Table 1, and Movie S7). The observed
significant changes in velocities are direct effects of the mutations
on motor function rather than due to altered protein expression or
number of inactive heads (SI Appendix, Supplementary text).

To determine whether the mutations alter the temperature sen-
sitivity of myosins and to more closely mimic the physiological
temperature, we measured motility velocity at 30 °C in addition
to 23 °C. WT BS1 had temperature coefficient Q;, = 2.81 + 0.04
(error is propagated from calculation of Q) (Fig. 3 D and £ and
Table 1), consistent with the value measured for human p-cardiac
sS1-AC, a construct consisting of the first 808 residues of the
myosin heavy chain along with the essential light chain (Q,, =
3.11 £ 0.09) (45). WT EmbS1 and WT PeriS1 had similar tem-
perature sensitivities to fS1 (EmbS1 Q,, = 2.90 + 0.10, PeriS1
Q10=2.92+0.08) (Fig. 3 D and E'and Table 1). Each homologous
mutation had the same relative effect on their respective WT myo-
sin at both 23 °C and 30 °C (Fig. 3 and Table 1). While R672C
had a small increase (Q,, = 3.19 + 0.07), the temperature sensi-
tivity was largely invariant in the myosins we studied, independent
of isoforms or mutations.

Homologous Mutations Greatly Decreased the Load-Dependent
Actin-Detachment Rate of Single Molecules of Embryonic and
Perinatal Myosin. Motor function of single myosin molecules was
assessed by optical trapping using harmonic force spectroscopy
(HES). In this technique, binding events between a single myosin
molecule and an actin filament are measured under different load
forces. The sample stage oscillates harmonically so that by the
randomness of where myosin initially binds actin, a range of mean
forces are automatically applied over the course of many binding
events (46) (Fig. 44). This oscillation at high frequency (200
Hz) also enables the detection of cardiac and skeletal myosing’
short millisecond-length binding events under physiological
(2 mM) ATP conditions. HES has been used to measure the
load-dependent kinetics and step size of B-cardiac myosin and
the effects of numerous cardiomyopathy-causing mutations and
myosin activators and inhibitors (42, 44, 47).

Analysis of HFS data is briefly outlined [Materials and Methods,
Sung et al., Nat. Commun. 2015 (ref. 46), and Liu et al., NSMB
2018 (ref. 42) for details]. Binding events are automatically
selected from the recorded time series of the trapped beads’ posi-
tions based on a simultaneous increase in oscillation amplitude
and decrease in phase relative to the stage position (S Appendix,
Fig. S6). Both criteria occur due to strong coupling between the
stage and the trapped beads when myosin binds the actin filament.
The duration () and mean load force (£;) are determined from

40f12 https://doi.org/10.1073/pnas.2315472121

each event (Fig. 4B). Durations of events within a force bin are
exponentially distributed with a characteristic rate (Fig. 4 B, Inset),
the rate of detachment from actin at that load force (k). 44, is
an exponential function of F, (Fig. 4C):

ﬂ
kdet (FO, AF) = ko[o <iFT6 >f kBT bl [1]
B

where £k is the rate at zero load, & is the distance to the transi-
tion state of the rate-limiting step in the bound state (a measure
of force sensitivity), 4y is the Boltzmann constant, 7is tempera-
ture, and /; is the zeroth-order modified Bessel function of the
first kind (to correct for the harmonic force with amplitude AF;
see Sung et al., Nat. Commun. 2015 (ref. 46) for derivation and
SI Appendix, Supplementary Discussion for estimates of its magni-
tude). Eq. 1 was fitted to the measured rates at different forces to
obtain the two parameters £, and 8. In cardiac and skeletal myo-
sins, ADP release is the rate-limiting step for detachment from
actin at saturating (2 mM) ATP concentrations (48, 49), and this
step is sensitive to load force (50, 51). Thus, the detachment rate
ky and its load sensitivity 8 determined by HES correspond to the
rate of ADP release and its load sensitivity, respectively (51).

WT B and embryonic myosins had similar actin-detachment
rates (BS1 &y = 174 + 6s™', EmbS1 ky = 150 + 14575 P = 0.14)
(Fig. 4 D, E, G, and H, SI Appendix, Fig. S7 A and C, and Table 1),
comparable to values previously reported for p-cardiac myosin
(42, 44, 46, 52, 53). WT perinatal myosin had significantly faster
kinetics (k, = 270 + 15 s ') (Fig. 4 F-H, SI Appendix, Fig. S7F,
and Table 1). The force sensitivity of the actin-detachment rate
was similar in WT BS1 (8 = 0.72 + 0.05 nm) and PeriS1 (6 = 0.76
+0.05 nm) (P = 0.63), while that of EmbS1 was slightly higher
(8=0.95+0.06 nm) (Fig. 4/ and Table 1).

R671C did not change the actin-detachment rate of fS1 or its
force sensitivity (b, = 169 + 7 5™, P = 0.65; 8 = 0.73 + 0.03 nm,
P =0.87) (Fig. 4 D and G-I and Table 1). WT and R671C pS1
molecules bound actin for ~6 ms on average under zero load in
the exponential distribution of bound times; assistive and resistive
load forces up to 4 pN altered the average bound time to ~3 ms
and ~15 ms, respectively (ST Appendix, Fig. S7 A and B).

Both R672C and R672H significantly decreased the detach-
ment rate of EmbS1 by 51% and 87% and its force sensitivity by
61% and 24%, respectively (R672C: by =74+ 55,8 = 0.37 +
0.06 nm; R672H: £y =19+ 257", 8 = 0.72 + 0.05 nm) (Fig. 4 £
and G-/ and Table 1). To put in perspective these rates, R672H
molecules bound actin for ~30 ms on average under zero load,
compared to ~10 ms for R672C and ~7 ms for WT (SI Appendix,
Fig. S7 C-E). R672C’s much-reduced force sensitivity is apparent
through both the more symmetrical shape of the plot of bound
times vs. load force and the shallower slope of the £y, vs load force
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Fig.3. Actin-sliding velocities of myosins measured by the in vitro motility assay. (A-C) Velocities of p ST WT and R671C (A), embryonic ST WT, R672C, and R672H
(B), and perinatal ST WT and R674Q (C), each at 23 °C and 30 °C. Reported velocities are “Mean velocities filtered” (see Materials and Methods and S/ Appendix,
Figs. S2-S4 for detailed analysis and additional parameters obtained from motility data). Each data point represents one independent experiment. Error bars
(most of which are smaller than the lines’ thickness) over the bar graph represent mean + SEM. All relevant pairwise comparisons are statistically significant
(SI Appendix, Table S1). (D) Velocities of each myosin are plotted as a function of temperature. The pairs of data points at 23 °C and 30 °C (open circles) are
taken from A-C. The data points spanning ~21 °C to 37 °C (black solid circles) are of WT human p-cardiac short-S1 (residues 1 to 808) as reported in ref. 45. Error
bars represent mean + SEM. Solid and dashed lines represent fits to the Arrhenius equation. (£) Data in D displayed as the logarithm of velocity plotted against
reciprocal of temperature. All values of velocities and temperature coefficients Q,4's (from Arrhenius equation fit) are given in Table 1.

relation (87 Appendix, Fig. S7D). These single-molecule results of
slower detachment rates agree in trend with previously reported
stopped-flow solution measurements of the ADP release and ATP
binding rates: both R672C and R672H had slower rates than WT
EmbS1, with the latter having a larger effect (15).

R674Q dramatically decreased the detachment rate of PeriS1
by 98% while increasing its force sensitivity by 63% (k, = 6.2 =
0.45'8=1.24+0.09 nm) (Fig. 4 F~Iand Table 1). While WT
PeriS1 molecules bound actin for ~2 to 10 ms on average under
different load forces, R674Q molecules stayed bound for ~50 to
hundreds of milliseconds (S7 Appendix, Fig. S7 F and G).

In summary, while fS1 was not affected by R671C, homologous
mutations in EmbS1 and PeriS1 significantly prolonged actin-bound
times and altered load sensitivities at the single-molecule level.

Homologous Mutations Had Opposite Effects on Step Size of
Single Myosin Molecules. Further analysis of HES optical trapping
data yields the step size of each myosin molecule in addition to
its actin detachment kinetics. This analysis adapts the ensemble
averaging method (54) to HES’s oscillatory data (44). For each
molecule, position traces of all events are aligned at the start
of binding, extended to the length of the longest event, and
averaged (Fig. 54). Myosin’s stroke is revealed after removal of the
oscillations by subtracting a fitted sine function (Fig. 5 A and B).
BS1 had step size d = 4.7 + 0.4 nm, consistent with previous
measurements in human B-cardiac myosin (44, 53, 55). While
EmbST’s step size 4 = 5.5 + 0.3 nm was not significantly different
from PS1 (P = 0.088), that of PeriS1 was significantly larger
(d=7.7.+0.5nm) (Fig. 5 A and B and Table 1).

PNAS 2024 Vol.121 No.9 e2315472121

R671C increased the step size of fS1 by 49% (d = 7.0 + 0.5
nm). On the contrary, the mutations in the developmental myosins
greatly decreased myosin’s step size. R672C (d=2.1 £ 0.3 nm) and
R672H (d = 0.7 + 0.3 nm) decreased the step size of EmbS1 by
62% and 87%, respectively, while R674Q all but eliminated
PeriS1’s stroke (£ = 0.7 + 0.2 nm) (Fig. 5 A and B and Table 1).

Actin-Detachment Rate and Step Size of Single Myosin Molecules
Explain Effects of Homologous Mutations on Ensemble Motility.
We next investigated the relationship between the single-molecule
optical trap and ensemble motility results. Conditions of our
motility assay ensured that myosin heads were present in sufficient
numbers on the surface and had relatively short tethers such that
actin filaments’ sliding velocities were predominantly limited by their
detachment from myosin rather than attachment (56, 57) (Materials
and Methods). Under these detachment-limited conditions, velocity
can be approximated as the step size divided by the actin-bound
time, which is inversely proportional to the detachment rate: V'=d/5,
= d*ky,.. Indeed, velocities were linearly proportional to detachment
rates (R = 0.81) (Fig. 64), confirming single-molecule detachment
kinetics as the basis of ensemble motility velocity. In contrast, linear
regression of velocity versus attachment rate k., (see next section
for calculation of k) gave R = 0.34 (SI Appendix, Fig. S8).
Consistent with the simple model V'= &%k, differences in the
measured detachment rates and step sizes in general accounted for
differences in the measured motility velocities (Fig. 68). The three
constructs with the slowest velocities (R674Q PeriS1, R672H
EmbS1, and R672C EmbS1) also had the slowest detachment
rates and the smallest step sizes, in the same order. WT PeriS1 had
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Fig. 4. Single-molecule load-dependent actin-detachment kinetics of myosins measured by optical trapping. (A) Setup of the three-bead system in the optical
trap (Top). In HFS, the stage upon which myosin sits oscillates so that a sinusoidal external force with mean F, is applied to myosin upon actin binding. Depending
on the randomness of when attachment occurs, binding events have different Fy's (Bottom). F, > 0 represents resistive force, opposite of the direction of stroke,
and F, < 0 represents assistive force, in the same direction of the stroke. Here, the direction of the lever arm swing and the resulting translation of the actin
filament are indicated by the blue curved and straight arrows, respectively. See also S/ Appendix, Figs. S5 and S6. (B) All events for one example molecule. Time
bound ¢, of each event (obtained as described in S/ Appendix, Supplemental Methods and Fig. S6) is plotted against F,. Events binned by force (example bin shown
as shaded rectangle) have exponentially distributed bound times, from which the detachment rate at that force is determined by maximum likelihood estimation
(MLE) (Inset). (C) Detachment rates kg, determined across all force bins for the example molecule from B. Error bars represent fitting errors from MLE. The force
dependent Arrhenius equation with harmonic force correction (Eq. 1) is fitted to the data and yields rate at zero load k, = 12.5 + 0.8 5™ and force sensitivity
8=0.88 +0.08 nm for this example R672H molecule. Errors on k, and & of one molecule represent fitting errors. See S/ Appendix, Fig. S7 for an example molecule
of each protein. (D-F) Load dependent detachment curves of all molecules of p S1 WT and R671C (D), embryonic S1 WT, R672C, and R672H (E), and perinatal
S1 WT and R674Q (F). Each thin line represents one molecule. Data points are as described in B and C but displayed without error bars for clarity. Thick curves
represent the mean across molecules, also plotted in (G) for comparison. (H and /) k, (H) and & (/) for each molecule, each pair of parameters corresponding to
one thin line in D-F. Error bars represent fitting errors. Horizontal thick lines represent means of k, and & across molecules, which define the thick curves in D-G.
Shaded rectangles represent SEM. All values are given in Table 1. All relevant pairwise comparisons are statistically significant except for the following: pS1 WT
vs. R671C ko and §, BS1T WT vs. EmbS1 WT k,, and pS1 WT vs PeriS1 WT & (S/ Appendix, Table S1). Optical trap experiments were done at 23 °C using 2 mM ATP.

the fastest velocity, consistent with it having the fastest detachment
rate and largest step size. As another example, while R671C did
not change BS1’s detachment kinetics, it did increase the step size,
thus explaining the observed increase in velocity (Figs. 3-6).
Measured velocities in the unloaded motility assay were not exactly
d*k, (Fig. 6B), as expected given factors involving both model over-
simplification and experimental uncertainties. Motility velocities
trended higher than 4%, as reported previously (42, 58). Myosin’s
nonzero, asymmetrical load dependence 8 mechanically couples
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heads bound to a shared actin filament so that they detach and slide
actin faster in ensemble than expected of heads in isolation (58)
(SI Appendix, Supplementary text).

Duty Ratio, Average Force, and Power Predictions. Duty ratio
is the fraction of time that myosin spends in the strongly bound,
force-producing state and can be determined given the overall
cycle rate k_, measured by unloaded in-solution ATPase and
the actin-detachment rate measured by optical trapping. Since
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Fig. 5. Single-molecule step sizes of myosins measured by optical trapping. (A) Determination of step size from HFS data. (Left) time traces of three example
events before (light gray) and during (dark gray) binding. The amplitude of actin dumbbell oscillations increases upon binding to the myosin which is attached
to the oscillating stage (see S/ Appendix, Figs. S5 and S6 and Materials and Methods for details of HFS). (Right) hundreds of traces from one molecule are start-
aligned, extended in time, and averaged (gray). A fitted sinusoid is then subtracted from the averaged trace to reveal the change in actin position due to myosin
binding alone (black). (B) Traces of step size from one molecule of each protein studied. (C) Step sizes of all molecules measured. Each data point represents
one molecule’s step size whose error bars represent uncertainties in the determination of change in actin position. Horizontal lines and shaded rectangles
represent mean = SEM whose values are given in Table 1. All relevant pairwise comparisons are statistically significant except between pS1 WT and EmbS1 WT

(S/ Appendix, Table S1).

the detachment rate depends on load force, duty ratio is also a
function of load force F:

k
attach [2]

ar(F) = —————,
O et b (B

where /eget (F) is the detachment rate calculated without harmonic
force correction since we generalize to the non-oscillatory case:

—F8
- = kel (3]
k. (F) = kge'sT,
and the attachment rate £, was calculated at saturating actin
concentrations and assumed to be independent of force:

5 1

attach = m (4]

We highlight several features of the calculated duty ratios
(Fig. 74 and Table 1). First, duty ratio increased as load force
increased due to the nonzero load dependence of the detachment
rate: myosin remains bound to actin longer under increasing resis-
tive loads. For most of the constructs measured, duty ratio was
predicted to more than double as load is increased from 0 to 6
pN. The duty ratio of R672H EmbS1, on the contrary, did not
increase to such extent since it was significantly less sensitive to
load (Fig. 4/ and Table 1). Second, as expected of low duty ratio
motors, most of these cardiac and skeletal muscle myosins had
duty ratios below 5%, even under high resistive loads. Two excep-
tions were R672H EmbS1 and R674Q PeriS1 whose duty ratios
under zero load (dr,) were 10% and 20%, respectively. This was
because their detachment rates were much slower compared to
other constructs (Fig. 4H) while their overall cycle rate £,
(Fig. 2E) were not proportionally lower. Third, we note the effects
of mutations. R671C did not change the duty ratio of S1 (WT
dry = 0.012 £ 0.002, R671C dr, = 0.014 + 0.003) as it did not
affect £, or ky,.. R672C and R672H increased the duty ratio of
EmbS1 by 40% and ~3.5x, respectively (WT dr, = 0.028 + 0.003,
R672C di, = 0.039 + 0.004, R672H dr, = 0.102 £ 0.012). R674Q
increased the duty ratio of PeriS1 10-fold (WT dr, = 0.019 =
0.007, R672C dry = 0.195 + 0.043) owing to its dramatically
prolonged bound time.

The average force produced by a single myosin molecule is equal
to and opposite the load force F averaged over one cycle:

PNAS 2024 Vol.121 No.9 e2315472121

E(F)=F dr(F). (5]

The calculated average forces increased as a function of load
because myosin spends more time in the bound, force-producing
state (Fig. 7B). Myosins with higher duty ratios (e.g., R672H
EmbS1 and R674Q PeriS1) were predicted to produce higher
average forces.

Finally, the average power produced by a single myosin mole-
cule is given by the average force F, (F) multiplied by step size 4
divided by bound time:

Po(FY=F d k7 (F) dr(F). (6]
(Note that Eq. 6 is equivalent to F d k., (F), where £, is

cat

written here as an explicit function of force because of its detach-
ment rate component). Because step size 4 is a determinant of
power but not duty ratio, trends of the calculated average powers
differ from the trends of duty ratios and average forces (Fig. 7C).
WT perinatal and embryonic myosins had the highest powers due
to a combination of large step sizes and fast kinetics. Despite
having the same duty ratio, R671C was predicted to have higher
power than WT BS1 due to its larger step size. Finally, all three
mutants in the developmental myosins were predicted to cause
significantly decreased average power due to a combination of
much reduced step sizes and slow kinetics.

Simulations Reveal a Structural Mechanism for Step Size and
Detachment Rate Reductions in Embryonic R672C. How does
one mutation at a highly conserved homologous site in closely
related isoforms lead to such divergent molecular effects on motor
function as revealed by our experimental results? As the answer
must lie in myosin’s highly allosteric nature, we explored this
mechanism by using computational modeling and simulations
to compare in particular R671C BS1 and R672C EmbS1, the
same mutation in the two isoforms.

Given that the R672C mutation caused a reduction in step size
and detachment rate in EmbS1 but not in fS1, we reasoned that
this mutation must have a different impact on the structural or
dynamic properties of the myosin motor depending on its broader
sequence context. In most cases, experimental structures of point
mutants reveal highly similar structures. On the other hand, a
growing body of work supports the view that sequence variation
can modulate the probability of adopting different conformations
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primed for specific functional roles, even when ground state struc-
tures are nearly identical (59-62). When we constructed homology
models of R672C EmbS1 and R671C $S1, we found very minor
differences between structures. We reasoned, however, that R672C
EmbS1 and R671C BS1 would adopt a different set of excited
states that could explain their differences in biochemical and bio-
physical properties. Specifically, we hypothesized that R672C
EmbS1 would reduce lever arm priming, reducing its ability to
take a productive force-generating step on the actin track.

Hence, we performed MD simulations of R672C EmbS1, WT
EmbS1, R671C BS1, and WT BS1 motor domains starting from
homology models of fully primed pre-powerstroke crystal struc-
tures (PDB: 5N69 and 5N6A) and simulations of WT pS1 starting
from a homology model of a post-rigor crystal structure (6FSA).
To identify differences in the conformational ensembles of the 4
motors in their pre-powerstroke state, we used a deep learning
method known as DiffNets, self-supervised autoencoders capable
of identifying features which distinguish ensembles in non-linear
ways (63) (SI Appendix, Fig. S9; see Materials and Methods).

We first investigated how the role of the highly conserved argi-
nine residue changes between the post-rigor and pre-powerstroke
states. R671 forms a network of hydrogen bonds in the
pre-powerstroke state simulations that are significantly more likely
than those same hydrogen bonds in the post-rigor state (Fig. 84).
This suggests that R671 stabilizes the pre-powerstroke state and
that loss of the hydrogen bonds may destabilize this primed state.
Indeed, we observed that mutations to cysteine at this position
decrease the angle formed by the lever arm in simulations relative
to the experimental post-rigor structure in both EmbS1 and pS1
(Fig. 8B and SI Appendix, Fig. S9C).

d*k, (nm s™)

et al., NSMB 2018 is not plotted in B because step size
data was not available. Horizontal error bars represent
propagated errors in calculating d*k,. The dashed line
represents V= d*k.

1,500 2,000 2,500

However, EmbS1 and BS1 exhibit different behavior at the
actin-binding cleft (Fig. 8C and SI Appendix, Fig. S104). In
simulations started from a pre-powerstroke state model where
the cleft is initially open, the cleft is more likely to close for R671
BS1 than for R672C EmbS1 (87 Appendix, Fig. S10B). Because
cleft closure is necessary for actin binding and a productive
power stroke, we compared the position of the lever arm given
a closed cleft. We find that among cleft-closed states, while WT
EmbS1 and PS1 occupy almost entirely lever-up states (~85°),
R672C EmbS1 occupies the lever-down (~50°) states in a major-
ity of simulations (Fig. 8D). This significant loss in lever arm
priming likely results in a less productive lever arm swing con-
sistent with R672C’s experimentally measured large reduction
in step size (Fig. 5). In contrast, while R671C BS1 explores
lever-down states with marginally higher propensity W'T; it also
exhibits a shift to higher-angle lever-up states (Fig. 8D), again
consistent with R671C’s experimentally measured increase in
step size (Fig. 5).

Finally, we find that R672C EmbS1 predominantly occupies
conformational states in which the nucleotide-binding site is
closed. We measured the opening of the ADP pocket by defining
a triangle between the A-loop, P-loop, and Switch I (Fig. 8E).
While WT EmbS1 has a bimodal distribution of open and closed
states (favoring closed), the R672C mutant shows a significant
increase in probability density over closed states and a correspond-
ing decrease over open states (Fig. 8£ and S/ Appendix, Fig. S11
A-C). As the release of ADP is a prerequisite for ATP binding and
subsequent actin detachment, this finding may explain R672C
EmbS1’s much reduced actin-detachment rate observed in our
single-molecule trapping experiments (Fig. 4H).
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Fig. 7. Duty ratio, average force, and average power of myosins determined by ensemble ATPase and single-molecule measurements. (A-C) Duty ratio (A),
average force (B), and average power (C) as a function of the load force F, calculated by (Eqgs. 2-6). All curves are calculated at 30 °C using values of detachment
rate kinetics (ko, 8), step size d, k., and Q,, given in Table 1. The values of duty ratio at zero load are also given in Table 1. The dotted line in B represents the
average force if duty ratio = 1, in which case the average force equals the load force.

80f 12 https://doi.org/10.1073/pnas.2315472121

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2315472121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2315472121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2315472121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2315472121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2315472121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2315472121#supplementary-materials

Downloaded from https://www.pnas.org by 173.62.164.145 on May 13, 2025 from IP address 173.62.164.145.

B PPS
I PR

Cleft Closed

B-Cardiac
3
g 0.06 - WT — WT
2 R671C mm R672C
O
2 0.04 I
< I
< 002 |
o
a 0.00
40 60 80 100 120 40
Lever Arm Angle [°]

2 0.10

[

a

2z

S 0.05t

©

Q

<

a

0.00 t

4 2
| Relay Helix Q486
2
T77 ...
#"1 R671 1
0.0 0.2 0.4
Transducer

0.6 0.8 1.0

Probability of Hydrogen Bond

Fig. 8. The R672C mutation reduces lever
arm priming and ADP pocket opening in MD
simulations of embryonic myosin. All simu-
lations were started from homology models

built from template crystal structures of a
pre-powerstroke WT p-cardiac myosin. (A)
R671's hydrogen bonds selectively stabilize
the pre-powerstroke state in p myosin. Arep-
resentative structure of the two hydrogen
bonds is shown on the Left. The bar chart
_— (Right) shows the probability of R671 forming

hydrogen bonds with nearby residues T177
(transducer) and Q486 (relay helix) in simula-
tions of the pre-powerstroke and post-rigor
states. Data points represent individual tra-
jectories and error bars are SE of the mean
obtained from bootstrapping. (B) Schemat-
ic depicting the lever arm angle that was
measured in structures from simulations.
A reference plane was defined by crystal
i structures of the pre-powerstroke (PDB:
5N69) and post-rigor (PDB: 6FSA) states. (C)
Opening and closure of the actin-binding
cleft is observed in simulations. The inner

Embryonic

60 80 100 120 cleft distance (64) between the a-carbon
Lever Arm Angle [°] atoms L277 and S472 (MYH7 numbering) is
used as a metric of cleft closure. (D) Among
cleft closed states, Emb R672C exhibits a
population shift toward lever-down states
compared to Emb WT. Histograms show the
— BWT o e
distribution of lever arm angles conditioned
—— EmbWT L ) ;
—— BRE7IC on the binding cleft being closed (inner cleft
e Emb RE72C distance <11 A, SI Appendix, Fig. S11D). (E)

Emb R672C occupies ADP pocket-closed
states more often than Emb WT. The ADP
pocket exit area is defined by the area of
the triangle formed by the a-carbon atoms
of the three residues in the pocket (Left).

30 40

A-Loop P-Loop Switch |

ADP Pocket Exit Area [A?]

Discussion

The R671C mutation’s lack of effect on several measures of fS1
motor function [ATPase (Fig. 1A4), actin-detachment rate and
force sensitivity (Fig. 4D)] is reminiscent of many [R453C (37);
R403Q (39); the converter domain mutations R719W, R723G,
and G741R (65); V763M (32); R663H (66)], but not all (the
early-onset mutations H251N and D239N (41), previously stud-
ied HCM mutations (reviewed in Kawana Front. Physiol. 2022,
ref. 33). However, R671C is to date unique in that it increased
step size (Fig. 5), whereas previously only unchanged [R453C
(37), R403Q (39), D778V, and S782N (47)] or decreased [P710R
(44), R712L (67), L781P (47)] step sizes have been reported.
Simulations suggest that the larger step size may be the result of
a further primed lever arm in the pre-powerstroke state (Fig. 8D).
This larger step size results in a higher predicted power output
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Simulations sample both pocket-open and
pocket-closed states indicated by two peaks
in the histogram (Right).

despite an unchanged duty ratio (Fig. 7). Beyond the motor
domain, future studies employing an S2-containing construct
which enables formation of an autoinhibited state (68, 69) may
find that R671C reduces autoinhibition, which, in combination
with its increased step size, would form the basis of molecular
hypercontractility for this HCM mutation.

In contrast to R671C in BSI1, the homologous mutations in
the developmental skeletal myosins had much greater effects on
all measures of motor function: ATPase (Fig. 1 B and ),
actin-detachment rate and its force sensitivity (Fig. 4 £ and £),
and step size (Fig. 5). The prolonged actin-bound times and
reduced step sizes of the embryonic and perinatal mutants are
reminiscent, to different degrees, of the investigational heart failure
drug omecamtiv mecarbil (OM) (70). OM reduced the
actin-detachment rate of p-cardiac myosin by ~10 fold (from ~100
s to~10s") (42, 53) and demolished its step size (53). Despite
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these inhibitory effects on the myosin molecule, OM activates the
heart muscle through a proposed mechanism in which the pro-
longed actin-bound times enable myosin heads to cooperatively
keep the regulated thin filament open at lower calcium levels, thus
prolonging contraction. If so, OM is expected to increase the
calcium sensitivity of regulated thin filaments in the motility assay.
Future studies may reveal whether the developmental skeletal
myosin mutants also have increased calcium sensitivity at the
molecular level due to their prolonged actin-bound times.

Comparing myosin motor dynamics provides insight into how
the same mutation can have different, or even opposite, effects
depending on its sequence context. Predictions based on homology
modeling alone (15) would suggest that homologous mutations
would have the same effect on motor function. For example, a pre-
vious study using homology modeling had suggested that the R671
residue is at a communication hotspot between the nucleotide-binding
site and the lever arm, so mutations that perturb this communication
would disrupt aspects of force production (28). While our findings
of much reduced force sensitivity, actin-detachment rate, and step
size in R672C EmbS1 provide experimental evidence for this pre-
diction, the same mutation in fS1 (R671C) has a larger step size and
no effect on the load-dependent actin detachment kinetics. In MD
simulations launched from the same starting structure, R672C
EmbS1 is more likely to adopt structures with a closed nucleotide-
binding site than R671C BS1. R672C EmbS1 is also more likely to
adopt structures with the lever arm in a less primed position when
its actin-binding cleft is closed. Thus, MD simulations of each
mutant in its specific sequence background are necessary to uncover
differences in the distribution of conformations adopted by myosin
motors, in order to explain functional differences among homologous
mutations (60-62). Future simulation studies will study other
homologous mutations for which experimental data exist and incor-
porate actin, regulated thin filament proteins, etc. to the models to
directly probe how myosin behaves when bound to actin.

Our findings of the effects of the mutations at the molecular
level provide the mechanisms underlying prior observations in
muscle cells. A previous study had found that FSS patient-derived
muscle cells and myofibrils containing embryonic myosin bearing
the R672C mutation have ~3 to 5x slower rates of relaxation than
controls (24). Our results provide direct evidence of slowed actin
detachment kinetics at the single-molecule level as the basis for
slowed relaxation in cells. MD simulations further provide insight
that a smaller ADP exit area may contribute to the longer
actin-bound times observed in R672C EmbS1. In another study,
ESS mutations (Y583S and T178]) in Drosophila skinned muscles
increased stiffness by 70 to 77% and decreased power by 50 to
66%, and the authors proposed longer bound times as the under-
lying mechanism (25). Future optical trapping measurements of
these mutants will determine whether that is indeed the case.

More importantly, our results reveal a partial, nuanced corre-
lation between the magnitude of changes due to mutations and
disease severity. Within the embryonic isoform, the correlation is
clear. The histidine mutation causes a more severe disease than
cysteine in FSS patients (22), a trend mirrored by our molecular
findings: R672H had larger reductions in ATPase #k_,
actin-detachment rate, and step size than R672C. When compar-
ing across the isoforms, the trend is more nuanced. First, FSS is
considered to be the most severe of the distal arthrogryposis syn-
dromes, more so than TPS, but the TPS R674Q mutation in
perinatal myosin had the largest effects out of all mutations.
Second, in one view, HCM may be considered the most serious
of all three myosinopathies because it increases the risk of atrial
fibrillation, heart failure, and sudden cardiac death; indeed, it is
the leading cause of sudden cardiac death in young athletes (71).

100f 12 https://doi.org/10.1073/pnas.2315472121

But in a different view, while most patients with FSS and TPS
have a normal life expectancy, their clinical signs are arguably
much more visually striking than those with HCM. Thus, the
HCM R671C mutation’s relatively small effect (enhanced step
size) in P-cardiac myosin correlates well with an HCM heart’s
relatively mild phenotype. A mutation in p-cardiac myosin that
drastically changes its motor function would be catastrophic in
the heart and thus not observed in the population.

Understanding the effects of different mutations on various param-
eters of motor function enables development of small molecule ther-
apeutics that specifically reverse those changes at the source rather than
drugs that act downstream. Prolonged actin-bound times may be a
common defect of developmental skeletal myosins implicated in FSS,
TPS, and other congenital contractures. In such cases, a logical can-
didate is 2-deoxy-ATP as it has been shown to increase the
actin-detachment rate of single 3-cardiac myosin molecules by ~70%
(42) and improve muscle contractility (72). There are other small mol-
ecule myosin effectors that have been shown to prolong actin-bound
times, alter step size, change the overall ATP cycle rate, inhibit actin
binding, and/or promote the super-relaxed state (42, 53, 73-75).

While the developmental muscle myosins cease to be expressed
in significant levels in almost all skeletal muscles shortly after birth,
their devastating effects clearly outlive their transient expression.
The significance of longer actin-bound times, altered force sensi-
tivities, and reduced step sizes in the embryonic and perinatal
mutants may be appreciated in the context of the critical role of
mechanosensation in fetal muscle development (18). The shared
defects of dramatically longer bound times and reduced step sizes
likely play major roles in disease mechanisms. As both lower
(R672C and R672H EmbS1) and higher (R674Q PeriS1) force
sensitivities lead to similar diseases involving muscle contractures,
the precise mechanism by which altered myosin force sensitivity
disrupts development remains to be elucidated in future studies.

In the large myosin superfamily of motor proteins, each isoform
has distinct mechanical and kinetic properties tuned to its specific
function, as transporters, force sensors, or drivers of muscle con-
traction. Among muscle myosins, the motor properties of the
isoform determine the identity of the particular muscle type (e.g.,
cardiac, skeletal, smooth). Despite these differences, myosins share
a common global structure and perform the same function of
actin-based motility through ATP hydrolysis. Perturbations in key
conserved regions of the molecule are then expected to be disrup-
tive across isoforms, as is the case for mutations at the homologous
R671 residue in B, embryonic, and perinatal myosins. By meas-
uring key factors of molecular power generation, we have found
that while each mutation had distinct effects, they affected the
developmental myosins much more than § myosin. Furthermore,
the observed molecular changes correlate partially with clinical
disease severity. MD simulations provide possible structural expla-
nations for the differentially affected properties. Our findings of
divergent effects on motor function due to homologous mutations
present a striking illustration of myosin’s highly allosteric nature
and the need to examine mutated forms of the motor using a
multitude of experimental approaches in order to understand the
molecular mechanisms of such mutations.

Materials and Methods

Expression and Purification of Proteins. Recombinant human myosin S1
constructs for MYH7(Met'-Ser®?), MYH3(Met'-Ala®**), MYH8(Met'-Leu®?)
containing a GSG-RGSIDTWV C-terminal tag (“affinity clamp”, AC) (S1-AC) were
cloned into a pUC19 vector, and site directed mutagenesis was performed to
generate the four mutations. The transgenes were inserted into pShuttle-CMV of
the AdEasy Adenoviral Vector System (Agilent #240009) to produce recombinant
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adenovirus. Adenovirus of the seven constructs and the human essential light
chain (ELC or MYL3) with a 6 x His N-terminal tag (31) was amplified in HEK293
cells and purified from clarified cell lysates in a CsCl step gradient followed by
a linear gradient. Recombinant proteins were expressed in adenovirus-infected
murine C,C;, myoblasts as described previously (6) and purified through two
rounds of affinity chromatography: first using PDZ (76) coupled to Sulfolink™
Coupling Resin (Thermo #20401) to capture the S1 heavy chain by its AC tag,
followed by nickel resin to capture the expressed human ELC by its 6> His tag,
removing myosin bound to native mouse ELC. Protein used for unloaded motility
and optical trap experiments was further subjected to a "deadheading" procedure
to remove inactive heads. See Supplementary methods for additional details.

Actin-Activated ATPase. ATPase activity was measured by an NADH-coupled
assay (77). Reactions were carried out on a 96-well plate at 30 °C in 200 pl
volumes containing 0 to 100 uM actin, 0.2 uM myosin, 20 mM HEPES, 50 mM
KCl, 5 mM MgCl,, pH 7.5, 5 mM DTT, 3 mM ATP, 3 mM PEP, 1T mM NADH, and
3to 7 units/mL of pyruvate kinase and lactate dehydrogenase (Sigma P0294).
The plate was shaken for 1 min before reading the absorbance at 340 nm every
30sfor 1 h. Statistical significance throughout this paper was determined using
two-tailed unequal variances t tests (S/ Appendix, Table S1).

In Vitro Motility. Motility measurements used our previously described motility
assay (38, 78) with some modifications, using SNAP-PDZ18 to attach the S1-ACto
the surface and not using methylcellulose. Multichannel slides were imaged on
a 100x TIRF microscope maintained at 23 = 0.3 °C or 30 =+ 0.3 °C. See Movies
§1-S14. Movies were processed by Fast Automated Spud Trekker for filament
tracking and velocity analysis (38) (S/ Appendix, Figs. S2 and S3). While "Mean
velocity - filtered (MVEL,q)" is reported in Fig. 3, we provide TOP5% MVIS, and
%STUCK in SI Appendix, Fig. S4 for comparison. See S/ Appendix, Supplementary
Methods for additional details.

Single-Molecule Optical Trap Measurements. The load-dependent detach-
ment rates of myosins were measured in a dual-beam optical trap using the
HFS method previously described (42, 46, 79) with slight modifications. SNAP-
PDZ was used to attach S1-AC to the surface. Step sizes were determined from
the same HFS data by ensemble averaging the oscillatory data (44, 54). See
Sl Appendix, Supplementary Methods for additional details.

MD Simulations. Simulations were started from homology models built from
MODELLER (80), templated from crystal structures of the pre-powerstroke state
(PDB: 5N6Aand 5N69)and post-rigor state (6FSA). Preparation and simulation of
all systems was done using GROMACS 2022.4 (ref. 81) using a mixture of NVIDIA
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RTXA5000, Quadro RTX 6000, and Tesla P100 GPUs. Protein and ADP components
were parameterized using CHARMM3A6 (ref. 82); the Karplus parameters (83) were
used for inorganic phosphate, and the Allner parameters (84) for magnesium.
The protein structure was solvated in a dodecahedral box of TIP3P water (85) that
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0.1 M NaCl. Each system was minimized using steepest descent until the maximum
force on any atom decreased below 1,000 kJ/(mol x nm). The system was then
equilibrated with all heavy atoms restrained in place at 310 K maintained by the
Berendsen thermostat (86) and the Parrinello-Rahman barostat (87). Production
simulations were run in the NPT ensemble at 310 K using the leapfrog integrator,
Bussi-Parinello thermostat(88), and Parrinello-Rahman barostat (87). Simulation
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