
Article
Cardiomyopathy mutations impact the actin-
activated power stroke of human cardiac myosin
Wanjian Tang,1 Jinghua Ge,1 William C. Unrath,1 Rohini Desetty,1 and Christopher M. Yengo1,*
1Department of Cellular and Molecular Physiology, Pennsylvania State University College of Medicine, Hershey, Pennsylvania
ABSTRACT Cardiac muscle contraction is driven by the molecular motor myosin, which uses the energy from ATP hydrolysis
to generate a power stroke when interacting with actin filaments, although it is unclear how this mechanism is impaired by mu-
tations in myosin that can lead to heart failure. We have applied a fluorescence resonance energy transfer (FRET) strategy to
investigate structural changes in the lever arm domain of human b-cardiac myosin subfragment 1 (M2b-S1). We exchanged the
human ventricular regulatory light chain labeled at a single cysteine (V105C) with Alexa 488 onto M2b-S1, which served as a
donor for Cy3ATP bound to the active site. Wemonitored the FRET signal during the actin-activated product release steps using
transient kinetic measurements. We propose that the fast phase measured with our FRET probes represents the macroscopic
rate constant associated with actin-activated rotation of the lever arm during the power stroke in M2b-S1. Our results demon-
strated M2b-S1 has a slower actin-activated power stroke compared with fast skeletal muscle myosin and myosin V. Measure-
ments at different temperatures comparing the rate constants of the actin-activated power stroke and phosphate release are
consistent with a model in which the power stroke occurs before phosphate release and the two steps are tightly coupled.
We suggest that the actin-activated power stroke is highly reversible but followed by a highly irreversible phosphate release
step in the absence of load and free phosphate. We demonstrated that hypertrophic cardiomyopathy (R723G)- and dilated car-
diomyopathy (F764L)-associated mutations both reduced actin activation of the power stroke in M2b-S1. We also demonstrate
that both mutations alter in vitro actin gliding in the presence and absence of load. Thus, examining the structural kinetics of the
power stroke in M2b-S1 has revealed critical mutation-associated defects in the myosin ATPase pathway, suggesting these
measurements will be extremely important for establishing structure-based mechanisms of contractile dysfunction.
SIGNIFICANCE Mutations in human b-cardiac myosin are known to cause various forms of heart disease, although it is
unclear how the mutations lead to contractile dysfunction and pathogenic remodeling of the heart. In this study, we
investigated two mutations with opposing phenotypes and examined their impact on ATPase cycle kinetics, structural
changes associated with the myosin power stroke, and ability to slide actin filaments. We found that both mutations impair
actin activation of the myosin power stroke and actin filament sliding in the presence and absence of load. Our results
provide a structural basis for how mutations disrupt molecular-level contractile dysfunction.
INTRODUCTION

The myosin superfamily shares a highly conserved ATPase
cycle that efficiently converts the energy from ATP hydroly-
sis into mechanical force (1,2). One central question that
continues to be debated in the field is how specific steps
in the ATPase cycle are coupled to force generation. It is
well understood that when myosin containing the hydro-
lyzed products in its active site (ADP and Pi) binds to actin,
this triggers structural rearrangements in the myosin motor
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that result in force generation and product release (3–5).
However, the precise timing, as well as the sequence of
events associated with force generation and product release,
still remains elusive. Characterizing the structural and
biochemical coupling between those critical steps is crucial
to understand the myosin energy transduction mechanism.

The lever arm hypothesis suggests that force generation
occurs when structural changes in the active site and actin-
binding regions are communicated to the lever arm
domain, a long a-helix that extends from the motor domain
that is stabilized by calmodulin-like light chains (3). The
lever arm is known to undergo an �70� rotation that
can produce force when myosin is tightly bound to
actin. The lever arm rotation is thought to be coupled
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Mutations impair myosin power stroke
to actin-activated product release, especially phosphate
release, which can be accelerated more than 1000-fold in
the presence of actin (6). Different experimental techniques
have been applied to study the structural and biochemical
coupling in myosin, including single-molecule mechanics,
x-ray crystallography, fluorescence spectroscopy, and
cryo-electron microscopy (7–13). Additionally, fluores-
cence resonance energy transfer (FRET) is a powerful
approach to monitor the structural dynamics of lever arm
rotation by engineering site-directed probes into the
myosin molecule. FRET has been successfully utilized in
several myosin isoforms including myosin V, skeletal mus-
cle myosin, and bovine cardiac myosin to investigate the
structural kinetics of the lever arm rotation (14–19). Spe-
cifically, FRET studies have monitored the macroscopic
rate constant associated with actin-activated lever arm rota-
tion, which comprises several reaction steps including
attachment to actin, the transition from weak to strong
actin binding, and rotation of the lever arm (referred to
as actin-activated power stroke hereafter). Therefore,
although the lever arm rotation associated with the power
stroke occurs on a microsecond timescale (11), as with
many conformational changes in proteins (3), the macro-
scopic rate constant associated with the actin-activated po-
wer stroke occurs on a millisecond timescale and can be
measured with conventional stopped-flow methods. The
previous FRET results demonstrated that different myosin
isoforms could display different biochemical properties of
the actin-activated power stroke, possibly tuning them for
a specific physiological role. For example, the actin-acti-
vated power-stroke rate constants measured in myosin V
and skeletal muscle myosin are much faster than bovine
cardiac myosin (14,15,17,19). Therefore, it is important
to perform FRET measurements of the actin-activated po-
wer stroke in human b-cardiac myosin to better understand
its force-generating properties, which will provide funda-
mental insights into understanding cardiac myosin motor
performance in health and disease.

Currently, more than 300 pathogenic single missense mu-
tations have been reported clinically in the gene MYH7, en-
coding human b-cardiac myosin heavy chain (M2b) (20).
Mutations in MYH7 are commonly associated with hyper-
trophic cardiomyopathy (HCM) and dilated cardiomyopa-
thy (DCM), although detailed molecular mechanisms of
those mutations are still unclear. Understanding the molec-
ular basis of disease-causing mutations will shed light on
elucidating the structural and biochemical coupling between
subdomains within the myosin molecule, as well as identi-
fying potential therapeutic interventions. R723G and
F764L are cardiomyopathy mutations both located in the
converter domain, a region important for communication
between the active site and lever arm, of M2b and clinically
associated with HCM and DCM, respectively (21,22). The
converter domain is a hot spot for cardiomyopathy muta-
tions in M2b and is also the load-sensing region that un-
dergoes most of the elastic distortion during the power
stroke (23,24). Therefore, mutations in the converter domain
are hypothesized to be prone to alter the force-generating
properties of M2b.

The biochemical impact of the F764L mutation in human
M2b was well characterized together by previous work and
our recent publication (25–29). Overall, F764L causes
slightly reduced motor properties in M2b subfragment 1
(S1), containing the motor domain and entire light-chain-
binding region, by slowing the actin-activated phosphate
release and ADP release steps (25). Kinetic simulation re-
sults demonstrate that the duty ratio (fraction of ATPase cy-
cle that myosin is in the force-generating states) is slightly
decreased or not significantly altered by F764L in unloaded
conditions (25,26). The R723G mutation has been studied in
human soleus muscle biopsy samples and isolated human
cardiomyocytes (30–32). Interestingly, Kraft et al. (33) re-
ported that the R723G mutation caused a reduced maximal
force and similar Ca2þ sensitivity in isolated human cardio-
myocytes but higher maximal force and lower Ca2þ sensi-
tivity in human soleus muscle fibers. Kawana et al. (34)
characterized the R723G mutant using the M2b-shortS1
construct (containing the motor domain and essential
light-chain-binding region). Interestingly, the HCM
R723G mutation causes a decrease in maximal ATPase ac-
tivity and intrinsic force but a 5–10% increase in actin
sliding velocity. The impact of the R723G mutation on the
detailed kinetics of key steps in the myosin ATPase was
recently characterized by Vera et al. (35). They demon-
strated that R723G increased the ADP release rate constant
and weakened the ATP binding affinity, which resulted in a
slight decrease in the duty ratio.

In this study, we successfully monitored the structural ki-
netics of the actin-activated power stroke using site-specific
FRET probes engineered into humanM2b-S1. Our data sug-
gest that human cardiac myosin has a relatively slow actin-
activated power stroke similar to that measured in bovine
cardiac myosin, and the actin-activated power stroke is
tightly coupled to the phosphate release step. Our results
clearly support a model in which the actin-activated power
stroke occurs before phosphate release. In addition, we
examined the impact of the R723G mutation on the key
steps of the myosin ATPase cycle with transient kinetic mea-
surements and found that R723G causes an increase in the
ADP release rate constant. We further examined the effect
of R723G and F764L mutations on the actin-activated po-
wer stroke. Despite the different clinical phenotypes
observed in patients, both R723G and F764L cause a signif-
icant decrease in actin activation of the power stroke. We
also demonstrated the R723G and F764L mutants alter actin
filament gliding in the in vitro motility assay and the sensi-
tivity to load. Our results provide important insight into the
molecular mechanisms of cardiomyopathy mutations and
the structural basis of the actin-activated power stroke in
cardiac myosin.
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MATERIALS AND METHODS

Reagents

Cy3ATP and Cy3ADP were purchased from Jena Bioscience (1 mM stock;

Jena, Germany). Alexa Fluor 488 C5 Maleimide powder was purchased

from Invitrogen (Carlsbad, CA) and dissolved in dimethyl sulfoxide

(DMSO). The 20-deoxy-ADP labeled with N-methylanthraniloyl at the 30-
ribose position (mantADP) was purchased from Jena Biosciences. ATP and

ADPwere prepared frompowder (MilliporeSigma,Burlington,MA) and con-

centrations were determined by absorbance at 259 nm (ε259 ¼ 15,400 M�1

cm�1). The fluorescently labeled phosphate binding protein (MDCC-PBP)

was prepared as described (36). MOPS 20 buffer (10 mM MOPS, 20 mM

KCl, 1 mM EGTA, 1 mM MgCl2, and 1 mM dithiothreitol [DTT],pH 7.0)

was used for all solution experiments.
Protein construction, expression, and
purification

Wecloned the complementaryDNA(cDNA)ofM2b-S1 (841 aa) into a pShut-

tle vector that contains a C-terminal Avi tag and N-terminal FLAG tag

(DYKDDDDK). The R723G and F764L point mutations were introduced us-

ingQuikchange site-directedmutagenesis (Stratagene, La Jolla, CA). Recom-

binant adenovirus was produced and used to infect C2C12 cells as previously

described (25,37). Cells were harvested 7–10 days after infection and purified

with FLAG affinity chromatography. Endogenous mouse regulatory light

chain (RLC) was removed from M2b-S1 using an on-column stripping

method described previously (38). Briefly, M2b-S1 was bound to the FLAG

column, by first flowing through cell lysate and washing the resin with wash

buffer (10 mM Tris pH 7.5, 200 mM KCl, 1 mM EGTA, 1 mM EDTA,

2 mM MgCl2, 2 mM ATP, 1 mM DTT, 0.01 mg/mL aprotinin, 0.01 mg/mL

leupeptin, and 1 mM phenylmethylsulfonyl fluoride [PMSF]), and then incu-

bated with stripping buffer (20 mMTris pH 7.5, 0.5% Triton X-100, 200 mM

KCl, 5 mMCDTA, 2 mMATP, 1 mMDTT, 0.01 mg/mL aprotinin, 0.01 mg/

mL leupeptin, and 1 mM PMSF) for 1 h, followed by incubation with 20 mM

Alexa 488-labeled human RLC (A488RLC) in wash buffer to allow the ex-

change to occur. The exchanged M2b-S1 was washed again to remove exog-

enous A488RLC and eluted with FLAG peptide. About 0.5–1 mg of protein

was obtainedper 20plates ofC2C12 cells.M2b-S1 used for the invitromotility

assays was biotinylated with BirA (10 mg/mL, Avidity Biosciences, La Jolla,

CA) as described, followed by ammonium sulfate precipitation (25). An

N-terminally His-tagged version of the human ventricular cardiac regulatory

light chain (hRCL) with a single reactive cysteine at position 105 was ex-

pressed using the pET15b vector in Escherichia coli cells. The cell lysate

was collected and hRLC purified with Talon-Affinity chromatography (His

tag). The purified hRLC was labeled with 5 molar excess Alexa Fluor 488

overnight at 4�C and dialyzed into wash buffer to remove excess dye. The

labeled A488RLCwas snap frozen in liquid nitrogen and kept at�80�C until

use. Actin was purified using acetone powder from rabbit skeletal muscle (39)

and labeled with pyrene iodoacetamide when needed (40). All proteins were

dialyzed in MOPS 20 buffer overnight before experiments.
Steady-state ATPase measurements

0.1 mMM2b-S1 in the presence of varying actin concentrations (0, 5, 10, 20,

40, and 60mM)was examined in actin-activatedATPase experiments using an

NADH-coupled ATP regenerating system as previously described (41,42).

Datawere acquired for 200 s (0.2 s intervals) at 25�C using anApplied Photo-

physics (Surrey, UK) stopped-flow device. The ATPase rate was plotted as a

function of actin concentration and fitted to the Michaelis-Menten equation

to determine the kcat and KATPase. Results of wild-type (WT) and two mutants

were reported as the average of three to six protein preparations. Statistical

analysis was done with unpaired Student’s t-tests to determine the impact of

A488RLC exchange and compare each mutant with WT.
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In vitro motility

The actin sliding velocity was measured as previously described (25). 1%

nitrocellulose-coated coverslips were incubated with streptavidin (0.1 mg/

mL) and blocked with bovine serum albumin (2 mg/mL). Biotinylated

M2b-S1 WT or R723G or F764L was attached to the surface at 0.24 mM

loading concentration. Sheared unlabeled actin (2 mM) followed by

2 mM ATP were added to block the dead myosin heads on the surface.

The activation buffer containing MOPS 20 buffer, 0.35% methylcellulose,

0.45 mM phosphoenolpyruvate, 45 units/mL pyruvate kinase, 0.1 mg/mL

glucose oxidase, 5 mg/mL glucose, 0.018 mg/mL catalase, and 2 mM

ATP was added right before video acquisition. Alexa 488 or Rhodamine

555 phalloidin-labeled actin was visualized with a Nikon TE2000 fluores-

cence microscope (Nikon, Tokyo, Japan). Videos were collected for 2 min

at a 1 s frame rate. The velocities were either manually analyzed by tracking

actin filaments using MTrackJ in ImageJ (43) or processed by the program

FAST (44). Unpaired Student’s t-tests were performed to compare each

mutant with WT and the impact of A488RLC exchange.

In the loaded invitromotility assay, theM2b-S1motor-deadmutant (E466A)

proteinwasmixedwithWT,R723G, or F764L before being added to the cover-

slip, and the total amount of M2b-S1 loaded remained constant at 0.6 mM.

Added load in the assaywas estimated byusing the equations outlined inGreen-

berg and Moore (45) and the myosin surface density estimated with NH4

ATPase assays (41). Relative velocities were normalized to the velocity at

0%motor dead to compare the relativedecrease invelocity as a functionof load.
Transient kinetic measurements

An Applied Photophysics stopped-flow device equipped with an excitation

monochromator, 1.2 ms dead-time, and a 9.3 nm band pass was used for

all transient kinetic experiments. Tryptophan fluorescence was excited at

290 nm and monitored with a 320 nm long-pass emission filter. The mant

fluorescence was examined with 290 nm excitation and a 395 nm long-

pass emission filter. Pyrene actin fluorescence was monitored with 365 nm

excitation and a 395 nm long-pass emission filter. MDCC-PBP was moni-

tored with a 380 nm excitation and a 425 nm long-pass emission filter. Fluo-

rescence transients were fitted to the sum of exponentials using the stopped-

flow program or GraphPad Prism. For example, the following function was

used to fit fluorescence enhancements: F(t) ¼ FN þ Pn
i¼1

Aie
�ki t, where F(t)

is the fluorescence as a function of time t, FN is the intensity at infinity, Ai

is the amplitude, ki is the observed rate constant characterized by the i-th tran-

sition, and n is the total number of observed transitions. To fit fluorescence

enhancement transients that contain a lag phase, a double-exponential func-

tion was used, but with the lag component given a positive amplitude (46,47).
FRET measurements

The steady-state FRETwas measured by exciting the sample at 460 nm and

measuring the fluorescence emission as a function of wavelength (480–

650 nm) using a PTI spectrofluorometer equipped with excitation and emis-

sion monochromators and a Peltier temperature control cuvette holder.

Stopped-flow FRETwas examined by monitoring the change in donor fluo-

rescence (Alexa 488) using an excitation wavelength of 470 nm and

measuring the emission with an interference filter (500–525 nm), which

eliminated background fluorescence from Cy3ATP or Cy3ADP. The

steady-state FRET efficiency (E) was calculated by examining donor

quenching using the following equation (48,49),

E ¼
�
1�FDA

FD

�
1

fD
;

where FDA is the donor fluorescence intensity in the presence of acceptor,

FD the donor fluorescence intensity in the absence of acceptor, and fD is the
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fractional labeling with donor. The fraction of M2b-S1 with Cy3 nucleotide

bound (fD) was determined from the KD, estimated from the stopped-flow

measurements (Fig. 1). The distance (r) between the donor and acceptor

was calculated based on the equation below (49),

r ¼ R0½ð1� EÞ=E�1=6;

where the Förster distance (R0), the distance at which energy transfer is 50%

efficient, was determined to be 67 Å (17). Unpaired Student’s t-tests were

performed to compare differences between the mutants and WT in the

FRET distance in each nucleotide state.
Kinetic modeling and duty ratio

The fluorescence transients of actin-activated power stroke and phosphate

release were fitted to kinetic models as shown in Scheme 1 using Kintek Ex-

plorer (50,51). The forward and reverse rates constants used for modeling

the steady-state ATPase and specific transient kinetics steps are listed in Ta-

ble S3. The duty ratio was estimated using the following equation (52):

duty ratio ¼
� ðkHk0PWÞ
ðkH þ k0PWÞ

��� ðkHk0PWÞ
ðkH þ k0PWÞþ k0�D

�
;

where kH is the maximal rate of ATP hydrolysis measured by intrinsic tryp-

tophan fluorescence, k0PW is the maximal rate of the fast power-stroke rate

constant, and k0�D is the ADP release rate constant monitored with pyrene

actin fluorescence.
RESULTS

Purification and preparation of cardiac myosin
constructs

M2b-S1 proteins were expressed and purified in C2C12 cells
as previously described (25). Purified M2b-S1 contained the
S1 fragment of human cardiac myosin heavy chain (amino
acids 1–841) and associated mouse ELCs and RLCs, which
are endogenously expressed in C2C12 cells. Our previous
work determined the sequences of the two mouse light
chains using liquid chromatography-tandemmass spectrom-
etry (LC-MS/MS) and demonstrated their degree of homol-
ogy compared to the human isoforms (41). To examine the
structural kinetics of the actin-activated power stroke by
FRET, we exchanged the mouse RLC with A488RLC
(labeled at V105C) during the M2b-S1 purification process
(see Materials and methods for details). For all M2b-S1 WT,
R723G, and F764L constructs, nonexchanged M2b-S1 pro-
tein was prepared in parallel with the exchanged protein and
served as a control in all FRET experiments. Human RLC
labeling and exchange efficiencies were determined by
examining Alexa 488 concentration by absorbance and uti-
lizing fluorescence gel quantitation methods (Fig. S1).
Briefly, M2b-S1 A488RLC complexed with actin was pel-
leted by ultracentrifugation and then released with ATP,
the amount of A488RLC in the supernatant was quantified
using an in-gel standard curve with an A488RLC standard.
The total concentration of M2b-S1 A488RLC in the
supernatant was determined by Bradford. We found that
the stoichiometry of A488RLC to M2b-S1 was close to
1:1 (1:1 5 0.2, for WT M2b-S1 A488RLC, N ¼ 3).
Steady-state motor properties of RLC-exchanged
constructs

We first examined the impact of exchanging A488RLC onto
M2b-S1 with steady-state ATPase and in vitro motility as-
says. The actin-activated ATPase activity was plotted as a
function of actin concentration and fitted to a Michaelis-
Menten equation to determine the maximal rate (kcat) and
FIGURE 1 Cy3-labeled nucleotide binding to

M2b-S1. The FRET change observed upon Cy3-

ATP or Cy3ADP binding to M2b-S1 was moni-

tored by mixing 1 mM M2b-S1 A488RLC with

varying concentrations of fluorescent nucleotide

and monitoring the decrease in donor fluorescence.

Fluorescence transients were best fitted by a dou-

ble-exponential function. (A) The observed fast

phase rate constant for Cy3ATP binding to M2b-

S1 was linearly dependent on Cy3ATP concentra-

tion, which allowed determination of the second-

order binding constant. (B) Similarly, the observed

fast phase rate constant for Cy3ADP binding to

M2b-S1 was also linearly dependent on Cy3ADP

concentration. (C) The amplitude of the FRET

signal in the Cy3ATP and Cy3ADP experiments

was plotted as a function of nucleotide concentra-

tion and was fitted to a hyperbolic function to

compare the relative amplitudes of the FRET signal

(Cy3ATP, AMax ¼ 0.69 5 0.04; Cy3ADP, AMax ¼
0.43 5 0.04). (D) Representative fluorescent tran-

sients from the Cy3ATP and Cy3ADP binding ex-

periments fitted to a double-exponential function

(Cy3ATP, kFast ¼ 8.85 0.1 s�1, AFast ¼ 0.52; Cy3-

ADP, kFast ¼ 8.4 5 0.1 s�1, AFast ¼ 0.54).
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actin concentration as which ATPase in one-half maximal
(KATPase) (Fig. S2; Table S1). The maximal rate was similar
in M2b-S1 A488RLC (4.4 5 0.6 s�1) compared with non-
exchanged controls (5.4 5 1.3 s�1) (Fig. S2 A; Table S1).
The average sliding velocity was examined in the in vitro
motility assay, and velocity values were analyzed manually.
The M2b-S1 A488RLC displays a slightly slower sliding
velocity compared with the M2b-S1 (p % 0.0001)
(Fig. S2 B; Table S1). We hypothesized the difference could
be due to the different RLC isoforms. We further examined
the actin-activated ATPase and sliding velocity of M2b-S1
exchanged with unlabeled human RLC (V105C), and we
found a slight decrease in actin sliding velocity (p ¼
0.0014) and no change in maximal ATPase rate (5.3 5
0.9 s�1) (Table S1). Overall, we conclude that the exchange
of labeled or unlabeled human RLC onto M2b-S1 only
causes minor changes in in vitro motility and no significant
changes in the steady-state ATPase properties of M2b-S1.
Steady-state and transient FRET measurements

Previously, Rohde et al. (17) demonstrated a method of
measuring the actin-activated power stroke using Cy3-
labeled nucleotides and A488RLC in bovine cardiac
myosin. In this work, we used a similar approach, and suc-
cessfully monitored the FRET signal associated with the
actin-activated power stroke in human M2b-S1 A488RLC.
Our transient kinetic results are interpreted in the context
of Scheme 1, which is similar to previous studies (25). We
observed different FRET efficiencies between Cy3ATP
(0.485 0.01) and Cy3ADP (0.405 0.02) when examining
0.5 mM M2b-S1 A488RLC in the presence of 1 mM Cy3-
labeled nucleotide under equilibrium conditions (corrected
for fraction bound, see Materials and methods) (Fig. 2;
Table 1). We calculated the average distance change be-
tween donor and acceptor in the Cy3ATP and Cy3ADP con-
ditions (DFRET ¼ 3.8 5 1.0 Å), which is similar to the
distance change expected from structural modeling in the
pre- and post-power stroke states (estimated distances of
84.3 and 86.9 Å, respectively) (Fig. 3; Table 1). Direct bind-
ing of Cy3ADP or Cy3ATP was monitored by mixing 1 mM
M2b-S1 A488RLC with varying concentrations of Cy3ATP
(0.1–2.5 mM) or Cy3ADP (0.5–5 mM) (Fig. 1, A and B) in
the stopped-flow apparatus. The second-order binding con-
stants were similar to published values for ATP and ADP
(Cy3ATP, 3.36 5 0.16 mM�1 s�1; Cy3ADP, 3.43 5
0.28 mM�1 s�1), respectively (25,53). Consistent with
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steady-state FRET, the maximal amplitude of the FRET
change was larger with Cy3ATP (0.69 5 0.04) than Cy3-
ADP (0.435 0.04) (Fig. 1 C), indicating our FRET method
monitors average lever arm position as a function of
nucleotide state.
Structural kinetics of lever arm rotation during the
actin-activated power stroke

A sequential-mix stopped-flow apparatus was used to mea-
sure the kinetics of lever arm rotation during the actin-acti-
vated power stroke (see Scheme 1 for the actin-activated
power stroke steps highlighted with a dotted line). M2b-
S1 A488RLC (0.25 mM) was first mixed with 0.2 mM Cy3-
ATP, aged for 10 s to allow ATP hydrolysis to occur, and
then mixed with varying concentrations of actin (5–30
mM) (Fig. 4 A). The traces (Fig. 4 B) were best fitted to a
double-exponential function. The rate constants of the two
phases (fast and slow) at different actin concentrations
were fitted to a hyperbolic function. We determined that
the fast phase of the actin-activated power stroke has a
maximal rate of 17.2 5 4.8 s�1 (Table 2). The slow phase
was also actin dependent but did not fit well to a hyperbolic
function (rate constant of 1.5 s�1 at 30 mM actin). The rela-
tive amplitude of the fast phase was 60% of the fluorescence
signal at 30 mM actin. To further characterize the fast and
slow phases of the actin-activated power stroke, we repeated
our measurements at 30 mM actin at different temperatures
and plotted the rate constants together with temperature-
dependent ATPase measurements (Fig. 4 C). We found the
fast phase of the actin-activated power stroke was faster
than the ATPase values and the slow phase slower than the
ATPase rate at all temperatures examined. The Eyring plot
comparing the fast and slow phases with ATPase values
(Fig. 4 D) showed that the three rate constants share a
similar temperature dependence (slope, kFast, �17.03 5
0.76; kSlow, �18.25 5 1.85; ATPase, �15.53 5 0.51).
Temperature dependence of actin-activated
phosphate release and power stroke

We performed sequential-mix experiments as described
above to measure actin activation of phosphate release and
the power stroke under identical conditions in the presence
of 30 mM actin at three temperatures: 25, 30, and 35�C
(Fig. 5; Table S2). In phosphate release experiments, a
lag was observed at 25�C (8.2 5 0.7 s�1) and 30�C
SCHEME 1 Overall actomyosin ATPase

pathway (dotted line highlights actin-activated po-

wer-stroke steps).



FIGURE 2 Examination of steady-state FRETas a function of nucleotide

state. Representative wavelength scans used to perform FRET efficiency

measurements of M2b-S1 A488 RLC with Cy3ATP and Cy3ADP. (A)

The fluorescence spectrum of donor-acceptor, donor only, and acceptor

only is shown. (B) The fluorescence spectrum of donor only compared

with donor-acceptor and comparing Cy3ATP and Cy3ADP. The FRET ef-

ficiency was calculated after correcting for the fraction of Cy3 nucleotide

bound, using the KD estimated from stopped-flow measurements (Fig. 1

C). A summary of the FRET efficiency measurements and associated dis-

tances is shown in Table 1.

TABLE 1 Steady-state FRET efficiency in different nucleotide

states

FRET parameter, N ¼ 6, 5 SEM WT R723G F764L

Mutations impair myosin power stroke
(21.6 5 6.2 s�1), with an observed Pi release rate of 3.0 5
0.1 and 7.15 0.1 s�1, respectively. The fast phase of the po-
wer stroke was very similar to the lag in the Pi release mea-
surements (7.3 5 0.3 s�1 at 25�C and 22.0 5 1.4 s�1 at
30�C), indicating that Pi release was rate limited by the po-
wer stroke at these two temperatures. No lag was observed
in the Pi release experiments at 35�C, and the Pi release rate
constant (19.2 5 0.1 s�1) was nearly 50% slower than the
fast power-stroke rate constant (36.5 5 1.3 s�1).
Cy3ATP FRET efficiency 0.48 5 0.01 0.45 5 0.01 0.48 5 0.01

Cy3ADP FRET efficiency 0.40 5 0.02 0.36 5 0.02 0.35 5 0.02

Cy3ATP FRET distance (Å) 67.9 5 0.5 69.3 5 0.5 67.9 5 0.5

Cy3ADP FRET distance (Å) 71.7 5 1.0 73.7 5 1.1 74.5 5 1.1

DFRET (Å)a 3.8 5 1.0 4.4 5 1.1 6.6 5 1.1

aDifference between the distances determined in the presence Cy3ATP and

Cy3ADP.
Impact of converter domain mutations on steady-
state motor properties

We previously reported the steady-state and transient kinetic
measurements of M2b-S1 F764L in our recent work (25). In
this work, we compared the steady-state motor properties of
the two mutants with WT in parallel. Both R723G (6.1 5
1.5 s�1) and F764L (6.4 5 1.4 s�1) have slightly slower
maximal ATPase rates compared with WT (8.3 5
1.1 s�1), but the difference is not significant (Fig. 6 A; Table
2). The average sliding velocities in the in vitro motility
assay were determined by pooling together 90 filaments
from three protein preparations (30 each) at 0.24 mM
loading concentration (Fig. 6 B). M2b-S1 R723G shows a
7% increase in average sliding velocity (1699 5 17 nm/s,
p< 0.0001) compared with WT (15915 16 nm/s), whereas
F764L causes about a 10% decrease in average sliding ve-
locity (1425 5 16 nm/s, p < 0.0001) (Table 2).
Transient kinetic measurements

We compared the transient kinetic parameters of M2b-S1
R723G and F764L mutants with WT (Table 2). The rate con-
stants of WTand F764L were published in our previous work
(25). We examined the ATP binding and hydrolysis steps in
R723G by monitoring tryptophan fluorescence. An enhance-
ment in fluorescence was observed upon mixing 1 mM
M2b-S1 R723G with varying concentrations of ATP
(2.5–1000 mM) (Fig. S3). The tryptophan fluorescence traces
were best fitted to a double-exponential function with relative
amplitude of the fast phase that was �60% of the signal at
saturating ATP concentrations. The fast phase rate constants
were hyperbolically dependent on ATP concentration, which
allowed us to determine the maximal rate of ATP hydrolysis
(231 5 12 s�1) and ATP concentration dependence
(K0.5¼ 485 9 mM) (Table 2). The second-orderATP binding
constant in R723G determined by the linear dependence at
low ATP concentrations was 3.9 5 0.1 mM�1 s�1. We also
measured ATP-induced dissociation from actomyosin by
mixing aM2b-S1/pyrene actin complexwith varying concen-
trations of ATP (2–125 mM) (Fig. S4). The pyrene fluores-
cence traces were best fitted to a double-exponential
function. The rate constant of the fast phase (amplitude was
�90% of the signal) plotted as a function of ATP concentra-
tion was fitted to a hyperbolic equation kobs ¼ K0

1k
0þ2T �

[ATP]/(1þK0
1� [ATP]) (25), which allowed us to determine

the maximal rate k0þ2T ¼ 668 5 121 s�1 and second-order
binding constant for ATPK0

1k
0þ2T¼ 8.25 0.1 mM (Table 2).

The ADP release rate constant was measured by mixing an
actomyosin-mantADP complex with 1 mM ATP (data not
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FIGURE 3 Structural alignment of M2b-S1 in pre- and post-power-

stroke conformations. The pre- (blue) and post-power-stroke (orange) ho-

mology structures of M2b-S1 were aligned using the structural alignment

feature in the program Chimera. Essential light chain (ELC) is shown in

tan, regulatory light chain (RLC) is shown in magenta, cysteine mutation

introduced at residue 105 (V105C) in the RLC is shown in green, and the

residue Asn238 (N238) in the active site, which is proposed to be close

to the Cy3 fluorophore, is shown in cyan. The distances between N238

and V105C were determined using the program Chimera. The M2b-S1

pre- and post-power-stroke homology structures are acquired from the Spu-

dich Lab website (http://spudlab.stanford.edu/homology-models).

Tang et al.
shown). The fluorescence transients from at least three sepa-
rate preparations were fitted to a single exponential function,
and the average and standard errors (SEMs) were compared
withWTand F764L (Table 2). The ADP release rate constant
was also examined by mixing M2b-S1 R723G-pyrene actin-
ADP complex (0.5 mM M2b-S1 R723G, 0.5 mM pyrene
actin, and 50 mM ADP) with varying concentrations of ATP
(10–2000 mM). The data were fitted to a hyperbolic
function, and themaximal ratewas defined as theADP release
rate constant as previously described (Table 2; (25)). Overall,
the rate constants measured for R723G were quite similar to
WT except for the ADP release rate constant. We did
not observe evidence for population of an off-pathway inter-
mediate in the ADP release experiments as was reported in
other myosins (54). The release of mantADP from acto-
M2b-S1 was faster than the measurements of ADP
release from pyrene acto-M2b-S1, which we also reported
in our previous work (41), and is likely due to a reduced
affinity for the mant-labeled nucleotide. Compared to WT
M2b-S1, ADP release from pyrene acto-M2b-S1 was 25%
faster in R723G and 24% slower in F764L, which follows a
similar trend to the more moderate changes observed in the
in vitro motility experiments (7% faster and 10% slower,
respectively).
Impact of mutations on actin-activated power
stroke

The steady-state FRET efficiency with Cy3ATP or Cy3ADP
was determined for WT, R723G, and F764L using M2b-S1
2228 Biophysical Journal 120, 2222–2236, June 1, 2021
A488RLC constructs. No significant difference in FRETeffi-
ciency orDFRET (difference between Cy3ADP and Cy3ATP
conditions) was found between R723G or F764L and WT
(Fig. 7; Table 1).Measurements of the fast and slowactin-acti-
vated power-stroke rate constants showed that R723G causes
a 37% decrease in the maximal rate of the fast phase (10.85
4.1 s�1), whereas the decrease was slightly larger (50%) for
F764L (8.7 5 4.5 s�1) (Fig. 8; Table 2). Student’s t-tests
were performed at each actin concentration to compare each
mutant with WT, and significant differences were found at
30 mM actin in R723G and 20 and 30 mM actin in F764L.
The slow phase in the actin-activated power-stroke experi-
ments was also actin-concentration dependent for R723G
and F764L and was slower in both R723G (0.9 5 0.2 s�1)
and F764L (0.8 5 0.3 s�1) compared with WT (1.5 5
0.3 s�1) at 30 mMactin (Table 2). In both mutants, the relative
amplitudes of the fast and slowphaseswere similar toWT.We
estimated the duty ratio for the mutant andWT constructs us-
ing an equation that assumes the hydrolysis and actin-acti-
vated power-stroke rate constants control the transition into
the strong binding states and the rate of ADP release from
actomyosin controls the transition into the weak-binding
states (see Materials and methods). We found that compared
toWTM2b-S1 (�0.08), the estimated duty ratio is decreased
in R723G (�0.05) and F764L (�0.06).
Impact of converter domain mutations on
mechanosensitivity

Additionally, we performed loaded in vitro motility assays to
measure the sliding velocity in the presence of an increasing
amount of tethering load induced by the presence of a mo-
tor-dead version of M2b-S1. We used a motor-dead mutant
(E466A) M2b-S1, which is known to inhibit ATP hydrolysis
in myosins (55) and movement of actin filaments in the
motility assay. The advantage of using M2b-S1 E466A is
that it has the same size and surface attachment strategy as
the M2b-S1 constructs examined. Based on calculations
outlined in Greenberg and Moore (45), we converted the mo-
tor-dead density into tethering load and plotted the data as a
force-velocity curve. Because the data set lacks data points
at higher loads, wewere not able to fit the data to the force-ve-
locity relationship. This is likely because E466A is predicted
to have relatively weak affinity for actin in the presence of
ATP (Kd �30 mM) (55). We also plotted relative velocity
(normalized to 0% motor dead) as a function of tethering
load for comparison. The relative reduction in sliding velocity
was more pronounced in R723G and F764L compared toWT
at the highest loads examined (�300pN) (based on three sepa-
rate protein preparations) (Fig. 9).
DISCUSSION

In this study, we successfully utilized a FRET technique
to monitor the structural kinetics of lever arm rotation

http://spudlab.stanford.edu/homology-models


FIGURE 4 Measurements of actin activation of

the power stroke in M2b-S1. The rate constants

of the actin-activated power stroke were measured

by monitoring the fluorescence enhancement of

Alexa 488 during actin-activated product release.

Sequential-mix stopped-flow experiments were

performed by mixing 0.25 mM M2b-S1

A488RLC with 0.2 mM Cy3ATP, aged for 10 s

for hydrolysis to occur, and then mixed with vary-

ing concentrations of actin (5–30 mM). The fluores-

cence transients were best fitted by a double-

exponential function. (A) The rate constants of

the fast phase were plotted as a function of actin

concentration and fitted to a hyperbolic function.

The slow phase was linearly dependent on actin

concentration and has a rate of 1.5 s�1 at 30 mM

actin. Data points at each actin concentration repre-

sent the average 5 SEM of three to seven experi-

ments from separate protein preparations. (B)

Representative fluorescence transient in the pres-

ence of 30 mM actin (average of two transients) is

shown fitted to a double-exponential function.

The donor-only and acceptor-only controls are

shown for comparison. (C) Experiments in (A)

were performed as a function of temperature, and

the rate constants of the fast and slow phases of the power stroke were plotted together with the actin-activated ATPase activity (10–35�C). (D) Eyring plots
of the power-stroke rate constants and corresponding ATPase activity demonstrate the temperature dependence of the different rate constants (slopes, kFast,

�17.03 5 0.76; kSlow, �18.25 5 1.85; ATPase, �15.53 5 0.51).

Mutations impair myosin power stroke
(actin-activated power stroke) in human cardiac myosin. We
determined the actin-activated power-stroke rate constants
in human cardiac myosin using sequential-mix stopped-
flow experiments, and the values agree well with the
previous measurements in bovine cardiac myosin. We
demonstrated clear evidence that the actin-activated power
stroke gates Pi release in human cardiac myosin; the
observed lag associated with Pi release was equivalent to
the actin-activated power-stroke rate constant at lower tem-
peratures (25 and 30�C). At near-physiological temperature
(R35�C), the power stroke was accelerated such that no lag
in Pi release was observed. We also measured the actin-acti-
vated power-stroke rate constants in two mutants, one asso-
ciated with HCM and another associated with DCM, and
measured their ability to slide actin filaments in the
in vitro motility assay. Surprisingly, both mutants slowed
actin activation of the power stroke as well as altered
in vitro actin gliding in the presence and absence of load.
Thus, our measurements have revealed critical mutation-
specific defects that provide important insights into the mo-
lecular mechanisms of inherited cardiomyopathies.
The actin-activated power stroke in human
cardiac myosin

In the actin-activated power-stroke measurements, two
phases of the FRET transients were observed: a fast phase
with a maximal rate constant of 17.2 5 4.8 s�1 and a
slow phase with a rate constant of 1.5 5 0.3 s�1 at
30 mM actin. By plotting the fast and slow phase rate con-
stants together with the ATPase rates in the presence of
30 mM actin at different temperatures (Fig. 4 B), we found
the fast power-stroke rate constant was faster than the
ATPase rate at all temperatures examined, and the slow
phase was slightly slower than the ATPase rate. Thus, we
concluded that the fast phase rate constant represents the
macroscopic rate constant associated with actin activation
of lever arm rotation (power stroke). The slow phase may
represent the flux through the actin-detached pathway or
prehydrolysis intermediates that transition through ATP hy-
drolysis weakly bound to actin, which has been suggested in
previous studies (17,36).

The maximal rate of the actin-activated power stroke in
human cardiac myosin determined in the current study
(17.2 s�1) agrees well with the power-stroke measurement
in bovine cardiac myosin (15.3 s�1) using a similar FRET
technique (17). However, Woody et al. (11) recently re-
ported a much faster working-stroke rate constant, >700
s�1, determined in an ultrafast-force-clamp-equipped sin-
gle-molecule optical trapping experiment. This technique
also allowed direct examination of the transition for weakly
to strongly attached myosin heads. They monitored the acto-
myosin attachment duration as well as the detachment rate
of human b-cardiac myosin heavy meromyosin under
loaded conditions ranging from 1.5 to 4.5 pN, and the rate
of the working stroke was found to be extremely fast
(700–5250 s�1) and increased with load. The mechanical
transients observed by optical trapping were characterized
by force-generating power strokes that were sometimes fol-
lowed by power-stroke reversals and rapid detachment from
Biophysical Journal 120, 2222–2236, June 1, 2021 2229



TABLE 2 Summary of steady-state and transient kinetic

results comparing WT and mutants

WT R723G F764L

Steady-state ATPase

values (5 SEM),

N ¼ 3–6

v0 (s
�1) 0.02 5 0.01 0.03 5 0.01 0.02 5 0.01

kcat (s
�1) 8.3 5 1.1 6.1 5 1.5 6.4 5 1.4

KATPase (mM) 78 5 16 60 5 26 70 5 25

In vitro motility value

(5 SEM), N ¼ 90

Mean velocity (nm/s) 1591 5 16 1699 5 17* 1425 5 16*

Rate/equilibrium

constants (5 SEM)

WTa R723G F764La

ATP binding/hydrolysis

(myosin), N ¼ 2b

K0.5 (mM) 48 5 6 48 5 9 79 5 6

K1Tkþ2T (mM�1 s�1) 2.8 5 0.1 3.9 5 0.1 1.9 5 0.1

kþH þ k-H (s�1) 182 5 6 231 5 12 166 5 6

ATP binding

(actomyosin), N ¼ 3c

K0
1Tk

0þ2T (mM�1 s�1) 9.6 5 0.2 8.2 5 0.1 9.4 5 0.2

K0.5 (mM) 31 5 9 42 5 22 24 5 8

k0þ2T (s�1) 512 5 47 668 5 121 409 5 42

Actin-activated Pi

release at 30 mMd

k0þPi (fast, s
�1) 20.7 5 0.9 ND 16.4 5 1.7

k0þPi (slow, s
�1) 1.86 5 0.02 ND 1.68 5 0.01

Actin-activated

power stroke, N ¼ 3–4e

k0þPW (fast phase,

maximal rate, s�1)

17.2 5 4.8 10.8 5 4.1 8.7 5 4.5

K0.5, fast (mM) 48 5 33 29 5 19 29 5 26

k0þPW (slow phase,

at 30 mM actin, s�1)

1.5 5 0.3 0.9 5 0.2 0.8 5 0.3

Actomyosin ADP releasef

k0þD (s�1), N ¼ 3–5f 332 5 57 380 5 55 290 5 46

k0þD (s�1), N ¼ 3c 174 5 12 218 5 15* 132 5 16*

*p < 0.05. ND, not determined.
aValues acquired from Tang et al. (25) except for the power-stroke param-

eters.
bIntrinsic tryptophan fluorescence.
cPyrene actin.
dMDCC-PBP fluorescence.
eFRET.
fmant-ADP fluorescence.

Tang et al.
actin. The power-stroke reversals were also increased by the
presence of load.

It is well established that myosin, with the hydrolyzed
products in its active site, first associates weakly with actin
and then transitions into a strong actin-attached state to
perform the power stroke. Woody et al. have proposed a
pre-force-generating actin-attached state that is populated
immediately before myosin transitions into the strong acto-
myosin state (11,56,57). The pre-force-generating state is
highly reversible (can rapidly detach from actin), but it is
proposed to be stereospecific in nature (11). Consequently,
we developed a kinetic model to evaluate our transient ki-
netic results in light of the recent optical trapping results.
Our modeling suggests that the actin-activated power stroke
2230 Biophysical Journal 120, 2222–2236, June 1, 2021
is highly reversible and followed by a more rapid irrevers-
ible phosphate release step (Scheme 2 A) under the condi-
tions of our experiments with no load and very low
inorganic phosphate concentrations. The model is compat-
ible with the slower actin-activated power-stroke data
(�17 s�1) in our work and the extremely rapid working-
stroke data (R700 s�1) from the optical trapping studies,
as the working-stroke rate constant measured in the optical
trapping assay is thought to be an ensemble of the forward
and reverse rate constants. A highly reversible conforma-
tional change before the power stroke, such as the transition
from the weak actin-binding to the pre-force-generating in-
termediate discussed above, is also a possible mechanism
(Scheme 2 B). The ability to examine structural changes
in the actin-binding region during the actin-activated power
stroke in cardiac myosin will be crucial for evaluating this
model. The implications for a highly reversible actin-acti-
vated power stroke in human cardiac myosin are that factors
that impact the forward or reverse rate constants can signif-
icantly alter the ATPase kinetics. Indeed, the actin regulato-
ry proteins troponin and tropomyosin enhance ATPase
activity and accelerate the rate of attachment to actin in skel-
etal or cardiac muscle myosin (58,59), although it is unclear
how they impact the power stroke.
The sequence of events of the power stroke and
Pi release in cardiac myosin

We observed a lag in the Pi release measurements that was
similar to the actin-activated power-stroke rate constant
measured by FRET at 25 and 30�C (Fig. 5; Table S2). These
results provide strong evidence that the actin-activated po-
wer stroke occurs before Pi release in human cardiac
myosin. To confirm this conclusion, we fitted our experi-
mental data to the proposed kinetic model of the ATPase
cycle described above. Our kinetic simulation of the actin-
activated power stroke and Pi release fluorescence transients
are best fitted to a model with an actin-activated power
stroke that occurs first and is followed by Pi release
(Fig. S5, A and B; Table S3). Thus, our results are consistent
with a model in which the actin-activated power stroke rate-
limits the release of Pi and causes the observed lag in the Pi
release transients. We found that at near-physiological tem-
perature (35�C), the lag disappeared, suggesting that the
actin-activated power stroke is no longer slow enough to
cause a lag in Pi release. Interestingly, the rate of actin
attachment measured with pyrene actin was found to be
highly temperature dependent in skeletal muscle myosin
(60), suggesting that the acceleration of actin attachment
may explain the faster actin-activated power stroke observed
at higher temperatures. Our proposed kinetic model
(including most steps in the ATPase cycle) was also used
to simulate the steady-state actin-activated ATPase data,
and it matches well with our experimental results (Fig. S5
C; Table S3; (25)). We acknowledge that there are



FIGURE 5 Temperature dependence of actin-

activated power stroke and phosphate release in

M2b-S1. The phosphate binding protein (MDCC-

PBP) was used to monitor the phosphate release

step using sequential-mix experiments similar to

that described in Fig. 4. 1–2 mM M2b-S1

A488RLC was mixed with substoichiometric

ATP, aged for 10 s, and then mixed with 30 mM

actin and MDCC-PBP. (A) Representative fluores-

cence transients (average of two to three normal-

ized transients) of the power stroke (blue) and Pi

release (red) in the presence of 30 mM actin are

shown at 25�C. (B) A comparison of the Pi release

transient (first 0.25 s) fitted to a single exponential

function with (c2¼ 0.12) and without (c2¼ 0.29) a

lag demonstrates an improved fit with the lag. The

inset demonstrates the fit to the entire time course.

A comparison of the power stroke and Pi release

transients measured at (C) 30�C and (D) 35�C is

given. The power-stroke experiments were best

fitted to a double-exponential function at all tem-

peratures. The Pi release experiments were best

fitted by a lag followed by a single exponential

fluorescence increase at 25 and 30�C, whereas the
transients were single exponential at 35�C. (25�C,

kFast ¼ 7.3 5 0.3 s�1, kSlow ¼ 1.3 5 0.1 s�1, kLag ¼ 8.2 5 0.7 s�1, kPi ¼ 3.0 5 0.1 s�1, AFast ¼ 0.5; 30�C, kFast ¼ 22 5 1.4 s�1, kSlow ¼ 3.7 5 0.2

s�1, kLag ¼ 21.6 5 6.2 s�1, kPi ¼ 7.1 5 0.1 s�1, AFast ¼ 0.5; 35�C, kFast ¼ 36.5 5 1.3 s�1, kSlow ¼ 5.0 5 0.2 s�1, no lag, kPi ¼ 19.2 5 0.1 s�1,

AFast ¼ 0.7).

Mutations impair myosin power stroke
alternative kinetic schemes that may explain our FRET and
phosphate release results (e.g., models in which Pi release is
released before lever arm rotation), but we favor the pro-
posed model because it is also consistent with the results
in the literature.

Woody et al. (11) observed no effect on the rate of the
ensemble average displacements with added 10 mM free
Pi, also suggesting that Pi release occurs after the power
stroke. Previous work found a two-step power stroke in
myosin V, one faster step before Pi release and one slower
step before ADP release (15). In both bovine (17) and hu-
man cardiac myosin, two phases were observed, with the
second slower phase proposed to be caused by noncanonical
pathways. Nevertheless, the observed fast phase of the actin-
activated power stroke that occurs before Pi release in car-
diac myosin is significantly slower than that observed in
myosin V and skeletal muscle myosin (14,15,19). We sug-
gest this could be due to the more rapid rate of attachment
to actin, especially in myosin V. Indeed, myosin V displays
a more rapid rate of attachment to actin compared to skeletal
muscle myosin in the absence of nucleotide (60). Cardiac
muscle is known to have a slow rate of force development
compared with skeletal muscle myosin at high Ca2þ con-
centrations, which suggests our actin-activated power-
stroke measurements may correlate with the slower force
development observed in cardiac muscle (61). However,
the rate of Pi release is thought to correlate with force devel-
opment in muscle fiber experiments, in which the Pi release
rate constant is equal to the sum of the forward and reverse
rate constants (62,63). Consequently, increases in phosphate
concentration are known to enhance the rate of force devel-
opment in muscle fiber experiments. Thus, the slowed actin-
activated power stroke in cardiac myosin, which occurs
before Pi release, may indirectly slow Pi release and force
development. The slower rate of force development may
be crucial for tuning cooperative activation of the thin fila-
ment in cardiac muscle. Interestingly, activation of cardiac
muscle is less dependent on Ca2þ concentrations compared
with skeletal muscle (64). Force development may be an
important regulatory step in cardiac muscle, which can be
modified by additional Ca2þ-independent thick-thin fila-
ment processes such as interactions with myosin binding
protein C.
Impact of mutations on the actin-activated power
stroke

Despite their clinical HCM and DCM phenotypes, both
R723G and F764L mutations cause a significant decrease
in the actin-activated power-stroke rate constant. Because
the actin-activated power stroke includes both the actin-
binding and lever arm rotation steps, it is possible that the
mutations could impact either of these steps. Most models
suggest that lever arm rotation and the weak to strong
actin-binding transition occur simultaneously (11,56).
Thus, we propose that the slowed actin-activated power
stroke is associated with an overall reduction in the rate of
transition into the strongly bound states. We have calculated
the duty ratio assuming the actin-activated power stroke rep-
resents the transition into the strong binding states and the
Biophysical Journal 120, 2222–2236, June 1, 2021 2231



FIGURE 7 Impact of R723G and F764L mutants on lever arm conforma-

tion monitored by FRET. Measurements of Cy3ATP and Cy3ADP binding

to M2b-S1 were examined as described in Fig. 1. The amplitude of the

FRET change was plotted as a function of Cy3ATP or Cy3ADP concentra-

tion and fitted to a hyperbolic function for (A) R723G and (B) F764L. (C)

Summary of steady-state FRET efficiency determined from measuring the

emission spectra of 0.5 mM M2b-S1 in the presence of 1 mM Cy3ATP or

Cy3ADP in WT, R723G, and F764L (average of six repeats from three pro-

tein preparations). The black bar represents the mean5 SD. Unpaired Stu-

dent’s t-tests were performed to compare each mutant with WT, and no

significant differences were found between the mutants and WT.

FIGURE 6 Steady-state ATPase and in vitro motility of M2b-S1 WT,

R723G, and F764L. (A) The actin-activated ATPase activity of purified

M2b-S1 WT, R723G, and F764L was determined as a function of actin

in MOPS 20 buffer at 25�C. The data points represent the average 5

SEM from three to six protein preparations. (B) The sliding velocity of

M2b-S1 WT, R723G, and F764L was measured (90 filaments in total, 30

filaments from each protein preparation) at 0.24 mM loading concentration

and analyzed manually, and velocities were pooled together to determine

the average velocity. The black bar represents the mean 5 SD. Unpaired

Student’s t-tests were done to compare each mutant with WT (***p <

0.0001).

Tang et al.
ADP release rate constant represents transition out of the
strong binding states. Our results suggest that both mutants
have a reduced duty ratio under unloaded conditions, which
is consistent with the previous kinetics studies (26,35).

Structural analysis of the local environment of R723G re-
vealed that it is a highly conserved arginine residue located
at an extended loop in the converter domain and is close to
the essential light chain (ELC) in the pre-power-stroke state
(Fig. S6). The positive charge of the Arg723 side chain
forms a salt bridge with the negatively charged side chain
of glutamic acid at residue 136 in the ELC. Altering this
interaction in myosin V impacts the ATP hydrolysis and re-
covery-stroke rate constants (14,65). The R723G mutation
abolishes the charge-charge interaction between the con-
verter domain and ELC, which may weaken the allosteric
coupling between the two domains. As described in our
recent work, Phe764 is located in a hydrophobic patch be-
tween the relay helix and the converter domain. The conver-
sion of leucine to phenylalanine at residue 764 likely
weakens the hydrophobic interaction and increases the flex-
ibility of the local environment, which may decrease the
communication efficiency between the converter domain
2232 Biophysical Journal 120, 2222–2236, June 1, 2021
and the active site. Overall, we predict that both mutations
would destabilize the pre-power-stroke state and disrupt
communication between subdomains within the motor,
which may contribute to its impairment of the structural ki-
netics of lever arm rotation during the actin-activated power
stroke.

We observed no significant difference in the steady-
FRET efficiency in either R723G or F764L, indicating
similar pre- and post-power-stroke conformations of the
lever arm in both R723G and F764L in the absence of actin



FIGURE 8 Impact of R723G and F764L mutants on the power-stroke

rate constant in M2b-S1. Sequential-mix stopped-flow experiments

were performed as described in Fig. 4. The rate constants of the fast

phase were plotted as a function of actin concentration and fitted to a

hyperbolic function to determine the maximal rate of power stroke

for (A) R723G, 10.8 5 4.1 s�1 or (B) F764L, 8.7 5 4.5 s�1. The

slow phase was also actin-concentration dependent for both mutants,

with a rate of 0.9 5 0.2 s�1 for R723G and 0.8 5 0.3 s�1 for

F764L at 30 mM actin. Data points at each actin concentration represent

the average 5 SEM of three experiments from separate protein prepa-

rations. The fast phase of the power stroke for WT is replotted from

Fig. 4 for comparison with the mutants. Student’s t-tests were per-

formed at each actin concentration to compare each mutant with WT,

and significant differences were found at 30 mM actin in R723G and

20 and 30 mM actin in F764L (*p < 0.05).

FIGURE 9 Loaded in vitro motility of M2b-S1 WT, R723G, and F764L.

The impact of a tethering load imposed by the presence of M2b-S1 E466A

(motor dead) was examined in WT, R723G, and F764L M2b-S1 from three

different protein preparations. The total concentration of M2b-S1 loaded

onto the motility surface was kept constant at 0.6 mM. Velocities were

analyzed by the program FAST (44). (A) The sliding velocity was expressed

relative to 0% motor dead and plotted as a function of the fraction of motor

dead present. (B) The sliding velocity was plotted as a function of the teth-

ering load produced by the presence of motor-dead myosin and converted to

force (piconewtons) as described in the Materials and methods. (N ¼ 6, er-

ror bars represent SEM). Unpaired Student’s t-tests were performed to

compare each mutant with WT at each [motor dead]% (*p < 0.05).

Mutations impair myosin power stroke
(Table 1). It would be interesting to investigate further
whether the two mutations shift the mole fraction of pre-
and post- power-stroke structural states in the presence
and absence of actin, which can be determined with
time-resolved FRET (14). In a previous study, we exam-
ined the corresponding mutations in myosin V using
time-resolved FRET (14). The F764L mutation (F750L in
myosin V) did decrease the mole fraction of the pre-po-
wer-stroke state in the presence of ATP, but the R723G
(R712G in myosin V) did not. In the same study, the
R712G mutation slowed the recovery stroke, whereas
F750L enhanced it, and both mutants did not alter the
actin-activated power stroke. Thus, destabilizing the pre-
power-stroke state does not necessarily accelerate the tran-
sition into the post-power-stroke state, suggesting that the
recovery- and power-stroke transitions are governed by a
complex set of allosteric interactions.
Impact of mutations on actin gliding in the
presence and absence of load

The mutations slightly altered the in vitro actin gliding ve-
locity in the absence of load, which correlated with their
changes in ADP release kinetics. The unloaded sliding ve-
locity is 7% faster in R723G, and 10% slower in F764L
compared with WT, respectively. The faster ADP release
rate constant (218 5 15 s�1) observed in R723G
generally correlates with its faster unloaded sliding velocity,
and the slower ADP release rate constant in F764L (132 5
16 s�1) also correlates with its slower sliding velocity
compared with WT (174 5 12 s�1) (Table 2).

The converter domain is the load-sensing region of the
myosin motor that is thought to communicate external load
to the nucleotide binding pocket, whichmediatesADP release
kinetics (12,66–69). Variations in the converter domain of
myosin have been shown to modulate the contractile proper-
ties of variousmuscle types (70). Interestingly, both converter
domainmutations R723G and F764L showed a reduced capa-
bility to overcome the tethering loads, only at the highest loads
measured. In our previous study that examined the two
Biophysical Journal 120, 2222–2236, June 1, 2021 2233
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correspondingmutations (R712G and F750L) inmyosinV, an
even larger differencewas observed in the ability of the muta-
tions to overcome resistive load (e.g., assessed by the number
of filamentsmoving as a function of percentmotor dead on the
surface). Furthermore, R723Gwas found to cause a reduction
in intrinsic force measured with single-molecule optical trap-
ping studies (34,35), and thus could also contribute to the
observed reduction in gliding velocity in the presence of
load. The results obtained in this study were performed at
low and intermediate loads, which prevented us from fitting
our data to the force-velocity and force-power relationships
and obtaining estimates of ensemble force and maximal po-
wer. Nevertheless, our work does demonstrate that both mu-
tants displayed a larger relative decrease in velocity at the
highest loads measured, indicating disrupted load sensitivity.
Potential disease-causingmechanisms for R723G
and F764L

The R723G mutation causes a reduced actin-activated po-
wer-stroke rate constant, reduced intrinsic force, lower
duty ratio, faster unloaded in vitro gliding velocity, and
greater sensitivity to load. All the changes together indicate
that R723G impairs motor contractility, which contrasts
with the proposed hypercontractility hypothesis of HCM
mutations (71). The F764L mutation has a reduced actin-
activated power stroke, reduced duty ratio, depressed un-
loaded actin sliding velocity, and enhanced load sensitivity
which agrees with the hypocontractility hypothesis for
DCM mutations. However, the changes in many of these pa-
rameters are relatively small.

A recent ‘‘mesa’’ theory proposes that residues located on
a plateau-like surface within the cardiac myosin motor
domain are important for forming an autoinhibited structure
called the interacting-heads motif (IHM) (72–74). Myosin
heads in the IHM contain head-head and head-tail interac-
tions that are proposed to cause a fivefold slower ATP turn-
over rate, referred to as the super-relaxed (SRX) state, and
inhibit interactions with actin until they transition out of
the SRX state. Mutations located on the mesa surface,
including R723G, may destabilize the IHM structure and in-
crease the number of active heads on thick filaments (34,72).
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Therefore, the R723G mutation may increase the total num-
ber of available myosin heads on the thick filaments and
thus increase overall isometric force produced in muscle,
despite its reduced intrinsic motor properties. Phe764 is
not predicted to be at the interface mediating the formation
of the IHM but may still indirectly promote the SRX state by
stabilizing a conformation required for entry into the IHM
(72). Interestingly, cardiac tissue from Myh6764/764 mice
demonstrated a slightly stabilized SRX state based on single
ATP turnover studies (75).
CONCLUSIONS

In conclusion, our work suggests the actin-activated power
stroke is highly reversible and may be an important regula-
tory step in the human cardiac myosin ATPase cycle. In
addition, cardiomyopathy mutants that are associated
with HCM and DCM phenotypes can directly alter the
actin-activated power-stroke rate constant, a key step in
the force-generating ATPase cycle of myosins. Future sin-
gle-molecule optical trapping experiments to characterize
the impact of these mutants under loaded conditions could
shed light on the importance of load sensitivity in HCM
and DCM. In addition, examining the impact of these two
converter domain mutations on the stability of the SRX state
with human b-cardiac myosin heavy meromyosin con-
structs, using single turnover and electron microscopy ex-
periments, will be extremely revealing. Overall, our
results provide evidence that examining the impact of muta-
tions on important conformational changes can uncover spe-
cific structural defects and may lead to novel insight into
disease mechanisms and therapeutic interventions.
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Table S1. ATPase and motility comparison of M2β-S1 A488RLC, Non-Ex and hRLC-
unlabeled (±SE) (**p≤0.0001, *p=0.0014 ).  

Steady-State ATPase 
Values, (Mean ± SEM) 

M2β-S1 Non-Ex 
N = 3 

M2β-S1 hRLC 
N = 1 

M2β-S1 A488 RLC 
N = 3 

v0 (s-1) 0.02 ± 0.01 0.03 ± 0.01 0.01 ± 0.01 
kcat (s-1) 5.4 ± 1.3 5.3 ± 0.9 4.4 ± 0.6 

KATPase (µM) 53 ± 22 31 ± 11 32 ± 9 
In vitro motility (Mean ± SEM) N = 50 
Mean Velocity (nm/s) 1520 ± 25 **1300 ± 14 *1394 ± 29 

 



  Table S2. Temperature dependence of actin-activated power stroke and Pi-release (±SE). 

 Power stroke (s-1) Pi release (s-1) 

Temperature (℃) kFast kSlow kLag kPi 

25 7.3 ± 0.3 1.3 ± 0.1 8.2 ± 0.7 3.0 ± 0.1 

30 22 ± 1.4 3.7 ± 0.2 21.6 ± 6.2 7.1 ± 0.1 

35 36.5 ± 1.3 5.0 ± 0.2 No lag 19.2 ± 0.1 
 



  

Table S3. Rate constants used for power stroke, Pi release, and ATPase simulations. 

Rate constants 
WT 

Forward Reverse 

1/K’1T  (µM) 50 

k’2T (s-1) 512 0.001 

kdissoc 1000 s-1 10  µM-1·s-1 

kH (s-1) 120 60 

kassoc 10 µM-1·s-1 1000 s-1 

k’PW (s-1) 28.5 500 

k’Pi (s-1) 322 0.1 

k’D (s-1) 180 1 

kcat (s-1) 5.8 ± 0.3 

KATPase (µM) 80.6 ± 6.5 

 



 
Figure S1. Exchange and labeling efficiency of M2β-S1 A488RLC. 

Representative SDS-PAGE and fluorescence imaging gel of M2β-S1 A488RLC used to examine exchange 
and labeling efficiency. M2β-S1 A488RLC was complexed with actin and spun down into a pellet, then 
released with excess ATP. The amount of A488RLC in the supernatant was quantified using a standard 
curve with a known concentration of A488RLC loaded on the gel. The total concentration of M2β-S1 
A488RLC in the supernatant was determined by Bradford. Order of samples on the gel: 1, molecular weight 
marker; 2, M2β-S1 A488RLC protein before spin-down; 3, supernatant containing unbound A488RLC; 4, 
the supernatant of M2β-S1 A488RLC released from actin in the presence of ATP; 5, the final pellet of 
M2β-S1 A488RLC:actin complex; 6-9, standard loading curve of A488RLC; 10, M2β-S1 A488RLC 
protein; 11, M2β-S1 Non-Ex protein. The stoichiometry of A488 RLC to M2β-S1 was close to 1:1 (1:1 ± 
0.2, for WT M2β-S1 A488RLC, N = 3). Molecular weight marker sizes (250, 150, 100, 75, 50, 37, 25, 15, 
10 kDa).  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S2. Steady-state ATPase and in vitro motility of non-exchanged and exchanged M2β-S1. 
(A) The actin-activated ATPase activity of purified M2β-S1 A488RLC, and a non-exchanged control 
(M2β-S1 Non-ex) examined in parallel, was determined as a function of actin in MOPS 20 buffer at 25 ℃. 
The data points represent the average ± SD from 2 protein preparations. (B) The sliding velocity of M2β-
S1 A488RLC and Non-Ex was measured in MOPS 20 buffer. 50 filaments in total at 0.4 µM loading 
concentration were analyzed manually, and velocities were pooled together to determine the average 
velocity. The black bar represents the mean ± SD. Data are summarized in Table S1. 
 
 
 
  



 
 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 

 

 

Figure S3. ATP binding and hydrolysis in M2β-S1 R723G. 

Tryptophan fluorescence enhancement was used to monitor ATP binding and hydrolysis by mixing 1µM 
purified M2β-S1 R723G with varying concentrations of ATP (2.5-1000 µM). The fluorescence transients 
were best fit to a double exponential function. (A) The fast phase of the transients was plotted as a function 
of ATP concentration and fit to a hyperbolic function to determine the maximum rate of ATP hydrolysis 
and dependence on ATP concentration. Rate constants at low ATP concentrations (2.5-12.5 µM) were fit 
to a linear function to determine the second-order binding constant for ATP (see Table 2). (B) 
Representative fluorescence transients at 10 and 50 µM ATP fit to a double exponential function (10 µM 
ATP, kFast = 47.0 ± 0.9 s-1, AFast = 0.58; 50 µM ATP, kFast = 102.2 ± 2.4 s-1, AFast = 0.60). 

  



 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure S4. ATP binding to acto-M2β-S1 R723G. 

ATP-induced dissociation from pyrene actin was performed by mixing a complex of M2β-S1 
R723G:pyrene actin (0.375 µM M2β-S1 and pyrene actin) with varying concentrations of ATP (2 to 250 
µM). The fluorescence transients were fit to a double exponential function. (A) Both fast and slow phase 
rate constants were plotted as a function of ATP concentration and fit to hyperbolic function to determine 
the maximum rate constant of the fast (668 ± 121 s-1) and slow phase (102 ± 28 s-1) and their dependence 
on ATP concentration. (B) Representative fluorescence transients at 10 and 25 µM ATP fit to a double 
exponential function (10 µM ATP, kFast = 43.3 ± 0.4 s-1, AFast = 0.97; 25 µM ATP, kFast = 166.7 ± 3.0 s-1, 
AFast = 0.95).  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure S5. Comparison of experimental and simulated data.  

(A) Representative experimental trace (red) of Pi release at 30 µM actin is compared with the simulated 
trace of Pi release (black). (B) Representative experimental trace (blue) of the power stroke at 30 µM actin 
is compared with the simulated trace of the power stroke (black). (C) Simulated ATPase activity using the 
rate constants listed in Table S3. Simulations were performed in Kintek Explorer. 
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Figure S6. Structure of M2β-sS1 highlighting the Arg-723 residue.  

Arg-723 (R723, blue) is located in the converter domain (green), close to the ELC (oxblood) associated 
with the lever arm. Arg-723 forms a salt-bridge with Glu-136 (E136, red) in the ELC. Structural modeling 
was done using the program Chimera. (PDB ID: 5N69) 
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