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Actin–myosin mediated contractile forces are crucial for
many cellular functions, including cell motility, cytokinesis,
and muscle contraction. We determined the effects of ten
actin-binding compounds on the interaction of cardiac myosin
subfragment 1 (S1) with pyrene-labeled F-actin (PFA). These
compounds, previously identified from a small-molecule high-
throughput screen (HTS), perturb the structural dynamics of
actin and the steady-state actin-activated myosin ATPase ac-
tivity. However, the mechanisms underpinning these pertur-
bations remain unclear. Here we further characterize them by
measuring their effects on PFA fluorescence, which is
decreased specifically by the strong binding of myosin to actin.
We measured these effects under equilibrium and steady-state
conditions, and under transient conditions, in stopped-flow
experiments following addition of ATP to S1-bound PFA. We
observed that these compounds affect early steps of the myosin
ATPase cycle to different extents. They increased the associa-
tion equilibrium constant K1 for the formation of the strongly
bound collision complex, indicating increased ATP affinity for
actin-bound myosin, and decreased the rate constant k+2 for
subsequent isomerization to the weakly bound ternary com-
plex, thus slowing the strong-to-weak transition that actin–
myosin interaction undergoes early in the ATPase cycle. The
compounds’ effects on actin structure allosterically inhibit the
kinetics of the actin–myosin interaction in ways that may be
desirable for treatment of hypercontractile forms of cardio-
myopathy. This work helps to elucidate the mechanisms of
action for these compounds, several of which are currently
used therapeutically, and sets the stage for future HTS cam-
paigns that aim to discover new drugs for treatment of heart
failure.

Actin is abundant in eukaryotic cells and is involved in
many important cellular processes such as movement, cell
division, maintenance of cellular shape, transport of vesicles,
phagocytosis, and contractility (1). Actin interacts with and is
regulated by many actin-binding proteins, such as capping and
severing proteins, nucleating proteins, and stabilizers. Actin
interacts with myosin to generate force and movement, which
is regulated in the muscle by proteins such as tropomyosin,
troponin, and myosin-binding protein C.
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In striated muscle contraction, actin and myosin in-
teractions are nucleotide-dependent, as the hydrolysis of ATP
by myosin provides energy for the structural and affinity
changes that result in force. In rigor, actin (A) and myosin (M)
bind strongly (S) in a stereospecific manner in the absence of
ATP to form the actin–myosin complex (A.M), in which the
myosin head (catalytic domain, CD, and light-chain domain,
LCD, also called lever arm) is straight (Fig. 1). This changes
upon ATP (T) binding to the myosin active site (A.M.T),
which induces weak binding (W) in the strong-to-weak
(S→W) transition, resulting in dissociation of myosin from
actin (M.T) (Fig. 2). Subsequent structural changes in myosin
reorient the LCD to produce a bent myosin head and ATP
hydrolysis (producing M.D.Pi) primes myosin for weak-
binding (W) reattachment to actin (A.M.D.Pi) (2). This in-
duces the reorientation of the LCD (bent-to-straight) to pro-
duce the force-generating powerstroke and subsequent release
of Pi to produce the strongly bound (S) A.M.ADP state (3). The
release of ADP to form the A.M complex completes the actin–
myosin ATPase cycle (4, 5). Thus, the key actin–myosin
interaction during force production, involving the weak-to-
strong transition (W→S), can be fine-tuned by changes in
either LCD structure (flexibility or axial rotations) or equilib-
rium/rate constants leading to this transition (6–8).

Actin has clinical relevance, as both skeletal and cardiac
actin isoforms have mutations that cause human diseases (9).
Skeletal muscle actin mutations account for about 20% of
congenital myopathies and occur as nemaline, intranuclear rod
and/or actin myopathy, and congenital fiber-type dispropor-
tion (9, 10). Even more importantly, cardiac actin mutations
that appear in the myosin or tropomyosin-binding regions
cause either hypertrophic (HCM) or dilated (DCM) cardio-
myopathies (11), increasing the motivation to discover small
molecules that target actin for therapeutic treatment of actin-
related diseases (12, 13).

Small molecules have recently been investigated as potential
therapeutic agents for myosin mutations that cause inherited
heart disease, with particular focus on hypertrophic cardio-
myopathy (HCM). These potential drugs include omecamtiv
mecarbil (OM) (14, 15) and mavacamten (Mava), formerly
known as MYK461 (16), both of which were developed from
HTS screens targeting myosin. It was shown that OM in-
creases contractility of the cardiac muscle and is an activator of
actin-activated myosin ATPase (2, 13–15). More specifically,
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Figure 1. Actin (PFA) binding to and dissociation from myosin S1. The
equilibrium constant for dissociation, KA, was determined from the ratio of
the rate constants k−A/k+A (Equation 9).
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OM increases the equilibrium constant for ATP hydrolysis by
myosin (17), increases phosphate release (14), and slows the
powerstroke or LCD rotation (2). Also, structural studies show
that OM binds to stabilize myosin in a pre-powerstroke state
in which the LCD is primed to transition into the powerstroke,
which results in an increase in the number of myosins that are
actin-attached in a force-producing state (18) and thus, mak-
ing OM a potential activator candidate for therapeutics of
heart failure. Mava inhibits the actin-activated rates of myosin
ATPase activity and phosphate release (12, 16, 19, 20) and is
hypothesized to stabilize the autoinhibited state of two-headed
myosin that represents the interacting heads motif (IHM), the
structural basis of the super-relaxed state of myosin in muscle
fibers (6, 20, 21). Mava is in the third phase of clinical trials as a
therapeutic for hypercontractility in HCM caused by myosin
mutations (22). Recently, Mava was also proposed for treat-
ment of HCM caused by mutations in the calcium regulatory
thin filament protein troponin (23). However, the results of
that study were mixed, suggesting that for those troponin-
based HCM mutations, Mava would not be a suitable thera-
peutic candidate.

Small-molecule compounds designed for use as drugs to
manage specific human diseases may affect other systems in
the body, including the cardiovascular system. Therefore, it is
important to determine the effects of these compounds on the
contractility of cardiac and skeletal muscle. Because actin’s
role in muscle contractility (both striated and smooth) is
regulated by many other proteins such as those in the thin
Figure 2. ATP (T)-induced dissociation of the actin (A)–myosin (M)
complex. The strongly bound conformation of the myosin head is shown in
green and the weakly bound or detached conformation is shown in red. Kα
is the association equilibrium constant for the isomerization of actin–
myosin from the closed (A.M) to open (A.M0) conformation of the
nucleotide-binding site. K1 (Equation 10) is the association equilibrium
constant for ATP binding to myosin that is strongly bound to actin
(sometimes referred to as KT), k+2 (Equation 11) is the forward rate constant
for isomerization of the collision complex (A.M.T) to the weakly bound
ternary complex (A�M.T), and kdissoc is the rate constant for dissociation of
that complex. This paper focuses on the effects of compounds on K1 and k+2
described before the dashed line in the scheme.
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filament (e.g., tropomyosin, troponin, and caldesmon) or the
thick filament (e.g., myosin heavy chain, myosin light chains,
and myosin binding protein C), it is also important to
determine the effects of the actin-binding compounds on the
functions of these associated proteins. The focus of the pre-
sent study is to determine how previously identified actin-
binding compounds affect the kinetics of the actin–myosin
interaction.

A recently engineered biosensor consisting of donor-labeled
actin and an acceptor-labeled peptide derived from the N ter-
minus of the myosin essential light chain (ELC) was used in a
fluorescence resonance energy transfer (FRET) high-throughput
screen (HTS) of the NIH Clinical Collection (NCC), a library of
compounds with a history of use and safety in human clinical
trials (24, 25). In that study, ten “hit” compounds (Fig. 3) were
found to affect actin–myosin function. These ten compounds
were FDA-approved drugs for therapeutic treatment in diverse
human diseases (Fig. 3). Car is used as a β-blocker for treatment
of hypertension, Dan is used as a skeletal muscle relaxant, and
Mef is used as an antimalarial. Thi, Flu, and Phn are used as
antipsychotics. Flp, Hon, and Mit are used to treat cancer. Teg
has beenused to treat irritable bowel syndrome and constipation.
However, Thi and Flp are no longer in common use because they
cause liver toxicity. Dan also causes hepatoxicity at varying
dosage and is under FDA caution for usage (26).Mit is also under
FDA caution as it may contribute to heart failure, and Teg is no
longer in use because it can contribute to heart failure. All ten of
these compounds significantly decreased the FRET efficiency in
the above-described HTS, indicating decreased myosin–actin
interaction. Some of the compounds also had significant effects
on actin filament flexibility and on steady-state actin-activated
myosin S1 ATPase activities (24, 25).

A subsequent study by the same authors showed that some
of these actin-binding compounds have distinct effects on the
polymerization properties of skeletal and cardiac actin isoforms
and on the steady-state ATPase activities of skeletal and cardiac
myofibrillar ATPase activity (27). Given the very small sequence
differences in structure between cardiac and skeletal muscle
actin, this is a surprising finding. This is important because it
provided motivation to further investigate the transient kinetics
of the actin–myosin interaction, as steady-state kinetics does
not provide direct information about fundamental rate and
equilibrium constants, which are important for determining
therapeutic relevance and providing insights into muscle
mechanisms in health and disease.

In the present study, we investigate in more detail the
mechanisms of action for these actin-binding compounds,
focusing on cardiac muscle because of its high-potential
therapeutic significance. Specifically, we ask the following
question: Which steps early in the actin–myosin ATPase re-
action do these compounds affect? A key tool in answering this
question is the fluorescence of pyrene-labeled actin, which has
been well characterized for detecting the kinetics of strong-
binding myosin heads on actin (28).

Pyrene iodoacetamide (PIA) covalently binds to cysteine
374 (C374) in F-actin, which is proximal to, but not within,
the myosin interaction sites on actin. C374 does not appear



Figure 3. Chemical structures for ten actin-binding compounds discovered from an HTS FRET assay. The drugs are categorized by their intended
application for treatment of human disease (see text for usage and warnings). The drugs will be referred to below by the indicated abbreviations.
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to be directly involved in the myosin–actin interaction (29),
but it might be important for monomer-to-monomer contact
in the actin filament, because deletion of C374 destabilizes F-
actin (30). Labeling of C374 with PIA, producing pyrene-
labeled F-actin (PFA), has no significant effects on the
equilibrium or dynamics of myosin’s interaction with actin,
but when S1 binds to PFA in a strong-binding state, the
fluorescence is decreased (quenched) because a local
conformational change causes the pyrene moiety to become
more accessible to the solution (31, 32). The decrease of PFA
fluorescence in the presence of a compound indicates that
the compound induces a conformational change that in-
creases solvent exposure to the actin-bound pyrene, due to a
decreased fraction of actin monomers occupied by strongly
bound myosin.

In the present study, we first measured the impact of each
compound on PFA fluorescence under equilibrium and
steady-state conditions, in the absence and presence of bovine
cardiac ventricular myosin S1 (β-S1) and ATP. We then used
stopped-flow fluorescence to study the transient-state kinetics
of the formation of the PFA-S1 complex and the effects of ATP
binding to the myosin active site in the presence and absence
of the compounds. Specifically, we determined how the com-
pounds affect the binding affinity of actin and S1 in rigor
(Fig. 1), the ATP affinity for myosin in the myosin–actin
complex, and the subsequent rate of isomerization of the
collision complex (A.M.T) to the ternary complex (A�M.T)
(Fig. 2), all of which were monitored by PFA fluorescence. We
found that several of these compounds weaken the actin–
myosin interaction in rigor, increase the ATP affinity for
myosin, and decrease the rate constant of the subsequent
isomerization step in the early phase of the ATPase cycle.
These results support the hypothesis that actin-binding com-
pounds allosterically affect the actin–myosin interaction by
perturbing kinetic constants early in the myosin ATPase cycle.
Results

Characterization of pyrene-labeled actin

The ratio of bound pyrene to F-actin was 0.95–1.1, consis-
tent with complete and specific reaction at Cys374 (28). Bovine
ventricular myosin S1 (0.1 μM) had Mg-ATPase activity of
0.009 ± 0.04 s−1 in the absence of actin and 1.15 ± 0.03 s−1 in
the presence of 15 μM phalloidin-stabilized F-actin, consistent
with previous results (20, 33).

Steady-state: pyrene-actin detects the strongly bound actin–
myosin interaction

As shown previously (28, 31), phalloidin-stabilized PFA has
high fluorescence intensity with a maximum at 407 nm
(Fig. 4A, black spectrum), and the addition of myosin S1 to
pyrene-labeled F-actin linearly decreases the fluorescence in-
tensity (Fig. 4A, green spectrum) until the molar ratio of S1 to
Actin is 1, and then it becomes independent of [S1] (Fig. 4B),
quenching the fluorescence to �23% of the control (no S1).
When saturating MgATP binds to myosin’s active site, it
weakens the interaction of myosin S1 with actin, which results
in restoring pyrene fluorescence (Fig. 4, red).

Vanadate is a phosphate analog that, together with ADP
(when vanadate is added during ATP cycling), traps myosin
heads in a weak-binding state similar to the M**.ADP.Pi state
(34, 35). The addition of saturating vanadate (VO4) to ac-
tin.S1, under conditions used in the present study, dissociates
most of myosin from actin (35). The formation of the
ADP.VO4-S1 complex relieved the S1-induced inhibition of
pyrene fluorescence, increasing the value to 85 ± 0.3% of the
myosin-free control (Fig. 4B, ). Similarly, the addition of
10 mM potassium pyrophosphate (PPi) to the PFA-S1 almost
completely restored pyrene fluorescence (Fig. 4B, ). Pyro-
phosphate is known to dissociate the rigor actin–myosin
complex almost as effectively as MgATP (36, 37). Thus PFA
J. Biol. Chem. (2021) 296 100471 3
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Figure 4. Effects of S1 binding to pyrene-labeled F-actin (PFA) in the
absence and presence of nucleotides. A, fluorescence spectra of 2 μM PFA
(black) as a function of [S1] in the absence (green) and presence (red) of
1 mM Mg.ATP. B, inhibition of PFA fluorescence (at 407 nm) as a function
of [S1] ( ) and restoration by 1 mM MgATP (�). We also show the effects of
forming the Mg.ADP.VO4 ( ) and Mg.PPi ( ) complexes in equimolar PFA-S1
(2 μM). The PFA fluorescence of S1:Actin (0.7:1 M ratio) is shown as a green
data point ( ).
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displays high fluorescence in the absence of strong-binding
myosin.

Steady-state: controls with myosin-specific binding
compounds: OM and Mava

OM and Mava, which bind specifically to myosin (16), were
used as controls to demonstrate that changes in pyrene fluo-
rescence are due to changes in actin–myosin interaction. The
addition of 5 μM OM or Mava did not induce significant
changes in the PFA fluorescence, (4% and 1%), respectively
(Fig. 5, left, purple and pink bars). When S1 was added
(equimolar to actin), the expected decrease in pyrene fluo-
rescence was observed (Fig. 5, middle, green bar), with no
effect of OM or Mava (Fig. 5, middle, purple and pink bars).
Addition of MgATP restored PFA fluorescence, to 95% in the
absence of compound and to 65% in the presence of OM and
to 97% in the presence of Mava (Fig. 5), suggesting that OM
partially stabilizes the strong-binding state of myosin and
actin, while Mava did not. These results are consistent with
previous studies showing that OM stabilizes the strong-
binding state of myosin to actin during force generation (2,
14, 18) and Mava stabilizes the SRX state, in which myosin is
4 J. Biol. Chem. (2021) 296 100471
associated with the myosin filament and not the actin filament
(6, 20, 21).

Steady-state: effects of compounds on PFA fluorescence

Control experiments with the compounds (100 μM) showed
minimal emission at 407 nm (0–1.6%), suggesting that the
compounds do not contribute to PFA fluorescence emission at
407 nm. The dose–response curves of the compounds in the
range of 2.5–150 μM compound show that Car, Teg, Phe, and
Hon have minimal effects on the pyrene fluorescence, therefore
the Kd was not determined for these compounds. However,
Mef, Flp, Thi, Flu, Dan, and Mit decreased PFA fluorescence
with hyperbolic dependence (Fig. 6, A and B), so the apparent
dissociation equilibrium constant, Kd, was determined from fits
to the Hill equation (Experimental procedures, Equation 3), as
shown for six compounds (Fig. 6, A and C). Mit, Flp, Dan, and
Mef had the smallest Kd (7.2 ± 1.2 μM, 16.8 ± 2.8 μM, 17.5 ±
6 μM, 20 ± 10 μM, respectively), indicating strong binding to
actin. Thi and Flu had Kd values of 40 ± 10 μM and 39.6 ±
22 μM respectively. The addition of 200-500 μM MgATP had
minimal effects on the fluorescence of PFA–compound com-
plexes, except for in the presence of Flp, Mef, and Mit, which
showed increased PFA fluorescence in the presence of MgATP.
Higher [MgATP] (up to 500 μM) was required to partially
restore PFA fluorescence in high [Mit] (100–150 μM), where
the Kd increased from 7.2 ± 1.2 μM to 24.7 ± 5.8 μM, suggesting
weaker binding of Mit in the presence of excess ATP (Fig. 6D).
Similarly, [MgATP] also increased the Kd of Flp to 25.8 ±
4.2 μM and Mef to 89 ± 28.4 μM.

The addition of 100 μM compounds to 2 μM PFA decreased
the steady-state pyrene fluorescence to varying extents (Fig. 7),
indicating that these compounds affect the structure and/or
motion of actin (Fig. 7, inset) in the C-terminal region, as
previously observed with other optical probes attached to
C374 (24). The following experiments were conducted using
[compound] that was at least twice the Kd value: 100 μM
compound except for Mit (10 μM), Flu, and Dan (50 μM).
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Figure 6. Effects of compounds on the fluorescence of PFA (2 μM). A, dose response of compounds on PFA fluorescence. B, the hyperbolic fits of the
fraction of actin with bound compound (fb, Equation 1) versus [compound] for some of the compounds. C, the dissociation equilibrium constant, Kd
determined from Hill’s plots (Equation 3). D, fb versus [Mit] showing the hyperbolic dependence on Mit in the absence ( ) and presence ( ) of 200–500 μM
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Steady-state: effects of the compounds on S1 binding and
dissociation from F-Actin

To determine the effect of each compound (C) on S1
binding and ATP-induced dissociation from actin, the strategy
was to first create the PFA.C complex and measure PFA
fluorescence (Fig. 8, gray bar), then create the PFA.C.S1
complex by adding a substoichiometric ratio amount (0.7:1) of
cardiac S1, and measure PFA fluorescence again (shown in
Fig. 8A, pink bar). We then added Mg.ATP and measured PFA
fluorescence (Fig. 8B, peach bars). As shown in Figure 4B
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Figure 7. The effects of compounds on pyrene-labeled F-actin (PFA)
fluorescence. Normalized fluorescence of 2 μM PFA in the absence (dark
gray) and presence (gray) of 100 μM compound. Inset, possible conforma-
tional changes in actin because of the compound.
(green circle), the addition of cardiac S1, at a molar ratio of
0.7:1 with actin, induced a 46 ± 0.1% decrease in pyrene
fluorescence intensity (Fig. 8, “S1”). Comparison of the
calculated PFA fluorescence (Fcalc, Equation 5) (Fig. 8A,
hatched bars) and experimental values (Fig. 8A, green bars) of
the compound and S1 shows that some of the compounds
(Teg, Flp, Flu, Mef, Mit, and Dan) induced a smaller decrease
in PFA fluorescence than expected, suggesting a decrease of
the fraction of strong-binding myosin. Other compounds (Car,
Thi, and Phe) induced a greater decrease in PFA fluorescence,
suggesting stronger binding of S1 to actin in the presence of
these compounds, and Hon had no effect.

The addition of 500 μM MgATP to the PFA-S1 rigor
complex (Fig. 8B, peach bars), in the absence of the compound,
dissociated the bound S1 and induced nearly full recovery of
the PFA fluorescence (Fig. 8B, pink bar). However, in the
presence of all the compounds except Car, the addition of
MgATP to the PFA.C.S1 rigor complex prevented full resto-
ration of PFA fluorescence, indicating that there was strongly
bound actin.S1 complex in the presence of the compound
(Fig. 8B, peach bars).

Transient-state kinetics: rigor binding of actin–compound
complex to S1

The rate constant for binding of actin and S1, k+A, was
determined by varying the PFA concentration (0.04–0.24 μM)
in the presence of S1 (0.02 μM), in the absence (control) and
presence of the compound (used in the same molar ratio to
actin as in the steady-state experiments; PFA: compound for
J. Biol. Chem. (2021) 296 100471 5
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Figure 8. The effects of S1 binding to the actin–compound complex in
the presence and absence of MgATP. Normalized fluorescence of 2 μM
pyrene-labeled F-actin (PFA) (gray) with S1 (0.7 S1/actin) only (pink). A,
calculated (using Equation 5, hatched bars) and experimental (green) fluo-
rescence of PFA.compound.S1 complex. B, the effect of 0.5 mM MgATP
(peach) on the PFA.compound.S1 complex (green). [Compound] was 100 μM
except for Flu and Dan (50 μM) and Mit (10 μM).
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Figure 9. The effects of rigor binding of S1 to the actin–compound
complex. A, normalized fluorescence transients of varying [PFA] mixed with
0.02 μM S1 in the absence of compounds. B, effects of compounds on
dissociation equilibrium constant KA for PFA binding to S1. The molar ratio
of compound to PFA was 5 for Mit and 25 for Flu and Dan.
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Mit was 1:5, and for Dan and Flu 1:25). The fluorescence of the
PFA in the presence of S1 decreased as a function of time and
was fitted to a single exponential (Fig. 9A). The experiments
were done in the presence of apyrase, which removed the fast
component that may be due to any residual ATP (see Exper-
imental procedures: Rigor binding of S1 to actin) (28, 38). The
rate constant, kobs, was linearly dependent on [actin], and the
slope of the plot of kobs versus [actin] yielded the second-order
rate constant k+A, while the intercept gave the rate constant for
dissociation, k−A. The dissociation equilibrium constant, KA,
was determined from k−A/k+A.

Despite the addition of apyrase to remove any contaminating
nucleotide, Dan and Mit induced second component with a
slower rate, kobs, slow, that was insensitive to the [actin]. For PFA
binding to β-S1, the dissociation equilibrium constant, KA, was
15 ± 1 nM, which increased in the presence of Mit and Dan, to
48 ± 2 nM and 57 ± 2 nM respectively, suggesting that these
compounds decreased the affinity of rigor actin binding to S1
more significantly than Flu, which induced a dissociation
equilibrium constant of 13 ± 1 nM (Fig. 9B). This is consistent
6 J. Biol. Chem. (2021) 296 100471
with the above steady-state results under Effects of the
compounds on S1 binding and dissociation from F-Actin that
showed a decrease of the fraction of strong-binding myosin in
the presence of Mit and Dan. KA was not determined in the
presence of the other compounds.

The rate of dissociation of S1 from the rigor actin-S1
complex was also determined by the increase of pyrene fluo-
rescence in the presence of three compounds (Mit, Dan, and
Flu) in a chase experiment where 20-fold unlabeled F-actin
was rapidly mixed with the PFA.C.S1complex (0.25 μM
PFA.S1) and monitored for 20 min. The transient curve was
best fitted to a double exponential equation to yield a fast and
slow rate constant of 0.01 ± 5E-4 s−1 and 0.003 ± 4E-4 s−1,
respectively. No significant change in the rate of dissociation of
S1 in the presence of higher [actin] was observed for any of the
compounds compared with control PFA-S1 in the absence of
compound.

Transient-state kinetics: ATP binding and isomerization step

To determine the equilibrium constant K1 for the formation
of the collision complex, A.M.T, the rigor complex of PFA and
myosin-S1 complex was formed in one syringe and the
Mg.ATP placed in another syringe. Rapid mixing results in a
rapid increase of pyrene fluorescence as ATP dissociates the S1
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Figure 10. ATP-induced dissociation of the actin–S1 complex. A, tran-
sient kinetics of dissociation of the complex of 0.05 μM PFA +0.05 μM
cardiac myosin S1 by 25 μM MgATP. B, kobs versus [MgATP] in the absence
(green) and presence (pink) of 0.25 μM Mit. Fast and slow rate constants are
kobs1 (filled circles) and kobs2 (open circles). Nonlinear fit to a hyperbolic
equation yields k+2 (Table 1).
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(Fig. 10A). This biphasic transient curve is best fitted to a
double exponential equation to yield a fast rate constant kobs1
and slow kobs2, with corresponding large amplitude, A1 and
small amplitude A2. For the transient curve in Figure 10A,
50 nM PFA and S1 (1:1) in 25 μM MgATP (final concentra-
tions) has a fast phase and large amplitude (118 ± 7 s−1, 80%)
and slow phase with a small amplitude (20 ± 3.5 s−1, 20%). The
kobs2 (k+α) and the amplitude A2 did not show significant
dependence on the varying [ATP]. The slow phase had a kobs2
of 63 ± 13 s−1 (Table 1). The kobs1 showed hyperbolic depen-
dence on [ATP] with myosin S1 in the absence (control)
(Fig. 10B, green, filled circles) and in the presence of Mit
(Fig. 10B, pink, filled circles), but kob2 is relatively independent
of [MgATP] for control and Mit and saturates at 118 ± 79 s−1

and 79 ± 20 s−1, respectively (Fig. 10B, open circles). The kobs1
for the other nine compounds showed similar hyperbolic
dependence on [MgATP] that ranged between the control and
that observed for Mit (Fig. 10B). At low concentrations of
MgATP, the observed rate constant kobs1 shows linear
dependence, typical of a pseudo second-order reaction, and
describes the second-order rate constant for nucleotide bind-
ing to the actin–myosin complex, K1k+2, which is obtained
from the slope of the linear plot of kobs1 versus low [MgATP]
(Equation 10). The rate constant k+2 was determined from
hyperbolic plots of kobs1 versus [MgATP] (Equation 11) for
ATP binding to the rigor actin-S1 complex (Fig. 2). The as-
sociation equilibrium constant K1 was determined from the
ratio of K1k+2/k+2.

For the control sample of actin and S1, we determined
K1k+2, 1/K1, and k+2 values of 3.83 ± 0.25 μM−1s−1, 421 ±
34 μM, and 1621 ± 78 s−1 (Table 1), respectively, which are
consistent with that observed previously for cardiac β-S1
where K1k+2, 1/K1, and k+2 were 4.4 ± 0.3 μM−1s−1, 328 ±
53 μM, and 1543 ± 100 s−1 (8). All the compounds except Car
and Hon induced modest increases in the range of 1.34–1.76-
fold in the second-order rate constant K1k+2 for ATP binding
(Table 1).

All of the compounds induced decreases to varying extents
in 1/K1 and k+2 (Table 1, Fig. 11, A and B). Compared with the
control values, we defined mild effects to be <1.5-fold, mod-
erate effects to be within 1.5–3-fold, and severe effects to be
>3-fold. Thus effects of Car and Hon on K1 are mild (Fig. 11A;
shown as 1/K1 in Table 1, blue), while those of the other
compounds are severe (Fig. 11A, shown as 1/K1 in Table 1,
pink). The increased K1 values indicate increased affinity of
ATP for actin-bound myosin.

The rate constant, k+2, for the isomerization of the strong-
binding collision complex (A.M.T) to the weak-binding
ternary complex (A�M.T) was determined from hyperbolic
fits of kobs1 versus [MgATP] (Equation 10) in (shown in
Fig. 11). Dan and Mit showed the largest decrease (>2.5-fold)
(Fig. 11B, violet; Table 1) compared with the control sample
(Fig. 11B, gray). Flp, Phn, and Flu also induced moderate de-
creases (1.8–1.9 fold) (Fig. 11A, violet). Thi, Mef, and Teg also
induced moderate decreases (2–2.4 fold) (Fig. 11A, violet),
while Car and Hon did not induce significant changes (<1.5
fold) (Fig. 11B, blue; Table 1).

We categorize the effect of the compound as severe if at
least one parameter (K1 or k+2) was affected >3-fold. There-
fore, Mit, Dan, Phn, Thi, Teg, Flu, Mef, and Flp were deter-
mined to induce severe effects to varying degrees, and Car and
Hon induced mild effects.

The compounds did not significantly affect the average rate
constant of the slow component, kobs2 (k+α) or the ratio of the
amplitudes A1 and A2 (the equilibrium constant, Kα), for the
isomerization of actin-bound myosin from the closed (A.M) to
open (A.M0) configuration (Fig. 2) to allow ATP binding to
myosin (Table 1).

In terms of the extent of compound effects, our steady-state
kinetics results (Fig. 8) are consistent with the transient-state
results (Fig. 11). Both studies show that Car and Hon
induced mild effects. Phn, Flp, Flu, Thi, Mef, and Teg induced
severe effects to varying degrees, while Dan and Mit induced
the most severe effects on rigor actin-S1 binding and release
with MgATP.

Discussion

Pyrene-actin fluorescence

The steady-state results show that the binding of cardiac S1
to F-actin linearly decreased the pyrene fluorescence up to a
J. Biol. Chem. (2021) 296 100471 7



Table 1
Kinetic parameters (defined in Fig. 2) for the effects of compounds on ATP binding and isomerization in the actin–compound-S1 complex

Experimental conditions for stopped-flow experiments: F-Mg buffer, 25 �C. Values are mean ± SEM for four to seven replicates. ORIGIN fitting errors are reported for calculated
equilibrium and rate constants. The effects for 1/K1 and k+2 are categorized as mild (blue): <1.5-fold; moderate (violet): 1.5- to 3-fold; and severe (pink): >3-fold.
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molar ratio of 1:1, as we previously showed (20). The inhibition
of fluorescence is relieved by MgATP and nucleotide analogs
that induce the weak binding or dissociated myosin (Fig. 4).

The addition of the compounds to PFA decreased the pyr-
ene fluorescence to varying extents (Fig. 6). The dissociation
equilibrium constant Kd was determined from the change in
PFA fluorescence as a function of [compound]. Mit, Flp, Dan,
Thi, Mef, and Flu had a Kd that ranged from � 5 to 50 μM,
compared with the compounds that likely had a Kd > 100 μM.
The compounds that showed tighter binding to actin (Kd <
50 μM) (Fig. 6) are the compounds that induced the largest
perturbation in the actin–myosin interaction (Fig. 11, Table 1).
Our observation that the compounds directly affect the pyrene
fluorescence of F-actin suggests that the binding of the com-
pounds to actin induces a conformational change that exposes
the pyrene moiety to the solvent, rendering it susceptible to
collisions with other molecules that decrease its fluorescence.
Our observation that MgATP relieves the fluorescence inhi-
bition for some compounds (Mit, Flu, and Mef) suggests that
those compounds probably bind near the nucleotide pocket in
F-actin, which induces a conformational change that perturbs
the bound compound, therefore, relieving the conformational
change imposed at C374 in actin. In fact, Mit was identified in
another HTS screen, which showed that Mit prevents GTPase
binding to RhoGTApases (RhoA/RacA/Cdc42) and that Mit
binds close to the GTP active site (39). It is unknown whether
the compounds completely dissociate from F-actin in the
presence of MgATP.

Rigor binding of actin and S1

Some of the compounds inhibited the S1-induced decrease
of PFA fluorescence in the absence of ATP (rigor) (Fig. 8A),
suggesting decreased affinity of S1 for actin. We determined
the rigor binding of actin to S1 by varying [actin] in the range
of 2–12-fold in excess of S1 during the stopped-flow fluores-
cence transient kinetic experiments. The equilibrium dissoci-
ation constant, KA, for S1 was 15 ± 2 nM (Fig. 11). This is
consistent with previous reports of cardiac S1 from various
species; for tissue-purified bovine cardiac β-S1 KA was 6.3 nM
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(40), for tissue-purified human cardiac (HC) S1 KA was 8 ±
2 nM or 10 ± 1.8 nM (8), and for bovine masseter β-S1 KA was
7 nM (41). The dissociation equilibrium constant, KA, for actin
binding to S1 in the presence of Mit and Dan, was 3-fold and
3.8-fold higher, respectively (Fig. 11), suggesting that these
compounds decreased the binding or association of the
PFA.compound complex with S1, which is consistent with the
fluorescence results (Fig. 8B) that showed incomplete S1
decrease of pyrene fluorescence in the presence of the com-
pounds, implying a smaller fraction of actin containing
strongly bound myosin. Flu induced a smaller inhibition of the
S1-induced decrease in the pyrene fluorescence, and the
measured KA was near normal values.

ATP binding and actin-S1 isomerization

All of the compounds except Car prevented the full resto-
ration of PFA fluorescence (Fig. 8B) by ATP-induced dissoci-
ation of the actin-S1 complex, indicating that the compounds
induce conformational changes in actin that affect the myosin
ATPase cycle. The steady-state and transient-state results are
consistent with each other in that they both show an increase
in the population of actin that is strongly bound to myosin in
the presence of saturating ATP. This was confirmed by
transient-state kinetics measurements showing that several of
the compounds increased the second-order rate constant
K1k+2, increased the affinity K1 of ATP for actin-bound S1, and
decreased the subsequent rate constant k+2 for the isomeri-
zation of the collision complex (A.M.T) to the ternary complex
(A�M.T) (Figs. 2 and 11). Therefore, we conclude that several
of the compounds shift the equilibrium (K1 in Fig. 2) toward
stronger ATP binding in the myosin active site and subse-
quently decrease the rate (k+2) of the strong-to-weak transition
that actin–myosin interaction undergoes early in the ATPase
cycle. This is in contrast to control myosin where the tighter a
nucleotide binds to S1, the more the equilibrium moves to-
ward weaker actin binding (42).

We categorized the compounds into three groups based on
the extent of the effects: mild (Car and Hon) and severe to
varying degrees (Flp, Thi, Teg, Mef, Phn, Flu, Mit, and Dan).
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Figure 11. The effects of compounds on MgATP binding and the subsequent isomerization step in the actin–S1 complex. A, normalized equilibrium
constant K1 (Fig. 2) for ATP binding to S1 in the rigor PFA.S1 complex (0.05 μM) in the absence (Con) and presence of each compound. B, normalized rate
constant k+2, for the isomerization to the weak-binding state. Before normalization, the Con values are K1 = 2.4 ± 0.03 nM−1 and k+2 = 1620 ± 80 s−1

(Table 1). The effects for K1 and k+2 are categorized as mild (blue, <1.5-fold), moderate (violet, 2–3-fold), or severe (pink, >3-fold). [Compound] was 100 μM,
except Mit was 5-fold and Flu and Dan were 25-fold over [PFA].
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Interpretation and relevance of results

Although the second-order rate constant, K1k+2, changed by
a factor of less than 2 for these compounds, in several cases K1

and/or k+2 changed by more than a factor of 2, so it is
important to consider these rate constants individually. At
least eight compounds (Phn, Flp, Flu, Thi, Mef, Teg, Dan, and
Mit) increased K1 and decreased k+2 by at least a factor of 2 (up
to a factor of 4 in some cases), thus increasing the affinity of
ATP and slowing the rate of isomerization, respectively.
Similar effects have been observed for myosin HCM mutations
that showed little or no change in K1k+2 or kcat, but showed
significant decreases in k+2 or 1/K1 (8). For several of those
HCM mutations, these were among the most significant ef-
fects, and it was pointed out that changes greater than 20% can
be important (8). We observed changes greater than 20% for
K1k+2, 1/K1, and k+2 (Table 1).

The relevance of incremental small changes is important, as
discussed by Spudich (6) with respect to HCM and DCM
myosin mutations. Spudich’s premise is that HCM hyper-
contractility could be the result of small changes in one or
more kinetic steps that lead to “more myosin heads being in the
A.M.ADP state or remaining in the A.M.ADP state longer than
normal, resulting in an increase in ensemble force in the
muscle.” While the changes we observe are not in the rate-
limiting step for cardiac S1 in solution, changes in kinetic
steps preceding (early steps such as ATP binding and isom-
erization) the rate-limiting step can influence changes in this
step. Spudich further acknowledges that despite the delete-
rious effects of the HCM or DCM phenotypes, the expected
changes in A.M.ADP may be small (10–30% for HCM) since
“primary contractility changes are relatively small” (6). Simi-
larly, Geeves and coworkers (43) state, “Note that for these
ATPase cycles, the concept of a simple rate-limiting step does
not apply, as has been recognized in enzymology for a number
of years. Multiple states contribute to the overall balance of the
cycle, and small changes in any step can and will alter the
balance of events in the cycle.” This is also applicable when
studying the mechanism of action of compounds as potential
drug candidates.
Mechanism of compound inhibition

Because these compounds increase the equilibrium associ-
ation constant K1, and decrease the rate constant k+2 (kmax),
their mode of action is uncompetitive inhibition, in which the
inhibitor binds to and stabilizes the enzyme–substrate com-
plex allosterically (44). These allosteric effects are likely, as
actin is known to act in a cooperative manner to affect either
other actin monomers or myosin (45). It was previously shown
that the myosin steady-state ATPase activity is unaffected by
the presence of the compounds in the absence of actin (24), so
inhibition is through conformational changes in actin that
affect the M.ATP and M.ADP.P complex while bound to actin.
This supports our hypothesis that the actin-binding com-
pounds allosterically affect the actin–myosin interaction by
perturbing kinetic constants early in the myosin ATPase cycle.

Relationship to other work

Previous work in this laboratory showed that FRET from a
fluorescent donoron theC terminus of actin to anacceptor on the
N-terminal extension of the cardiac ventricular myosin ELC is
sensitive to disease-causing mutations in myosin ELC (33). A
subsequent study showed that a 12-amino-acid peptide derived
fromtheELCN-terminal extension, also labeledwithanacceptor,
is sufficient to detect this interaction for the purposes of HTS (24,
25). This led to the discovery of the ten actin-binding compounds
studied in this paper, each of which causes a decrease in FRET
efficiency, indicating that these compounds weaken the binding
of cardiac myosin-derived peptide to actin (24). This was
confirmedby the observation that the steady-state actin-activated
myosin ATPase activity was decreased by several of the com-
pounds (24). In a subsequent study, they showed that several of
these compounds induce significantly different effects on the
Ca2+-dependence of steady-state ATPase activities of cardiac and
skeletalmyofibrils (27).Our steady- and transient-state results are
essentially consistent with these perturbations in the steady-state
actin-activated myosin ATPase activities.

Some of the compounds (Flp, Car, Mit, and Thi) reduced the
polymerization rate (increased the half time (t1/2)) of skeletal
and cardiac actin, but only Phn, Teg, and Thi showed isoform-
J. Biol. Chem. (2021) 296 100471 9
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specific differences, while Hon, Dan, and Mef did not have
significant effects (27). Also, the compounds did not affect the
depolymerization rate of either skeletal or cardiac actin (27).

Structural mechanism of action of the compounds

Holmes and co-workers (46) showed that the lower 50kd
domain of myosin initially binds in a weak stereospecific
interaction with actin (46) and that during this process the
myosin nucleotide cleft is closed. On subsequent strong bind-
ing of myosin, the upper 50kd domain seems to swing round so
that the cardiomyopathy loop comes into contact with the actin
surface (46). The switch 1 element of the nucleotide-binding
site is anchored in the upper 50kd domain, so that the strong
binding to actin results in a 6–9 Å movement of switch 1 (46)
that appears to open the nucleotide-binding pocket to allow
binding of the nucleotide, which then closes and induces the
50kd cleft to open, thus weakening the actin–myosin interac-
tion to dissociate the complex (4) (Fig. 2).

Our steady-state results show that some of the compounds
(Mit, Dan, Mef, Flu, Flp, and Teg) decrease the effect of S1 on
PFA fluorescence, suggesting weaker actin binding, while other
compounds (Phn, Thi, and Car) increase the effect of S1,
suggesting stronger actin binding.

The compounds that decreased strong binding of S1 to actin
also significantly increased the equilibrium constant K1 for ATP
binding to actin-S1. These compounds also decreased the sub-
sequent rate of isomerization from the collision complex (A.M.T)
to the ternary complex (A�M.T), thus slowing the S→W tran-
sition that myosin undergoes early in the ATPase cycle. There-
fore, it is likely that structural changes induced by these
compounds in actin allosterically affect the myosin kinetics.

Potential therapeutic applications

Two compounds that we categorized as severe (Mit, Teg)
have been shown to induce heart failure. Thi and Flp (mod-
erate-to-severe effects in the present study) were removed
from clinical use because they caused liver toxicity, and Dan
(severe effect in this study) is under FDA caution because it
causes hepatoxicity. The other five compounds induce either
mild (Car and Hon) or varying severe (Flu, Phn, and Mef)
effects. Although most of the compounds in the present study
have been used to treat noncontractile dysfunction in humans
(as anticancer, antipsychotic, and antimalarial agents), it is
possible that some of them, or derivatives of them, have
therapeutic potential for cardiomyopathy where attenuation of
contractility is beneficial, as in a hypercontractile state caused
by HCM mutations in myosin or actin (6, 47). Regulation of
striated muscle contractility is not only thin-filament-
dependent, but also thick-filament-dependent, whereby the
myosin-binding affinity to actin is attenuated via phosphory-
lation of the light chains (48) and myosin-binding protein C
(49, 50), changes in flexibility and conformation (LC domain
(51), converter region (52), actin-binding region (7, 53)), and
small molecules (Mava and OM) (47) that affect the myosin
ATPase cycle. In the present study, we have shown that the
compounds increase ATP affinity and decrease the rate
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constant for the subsequent isomerization step in ternary
complex formation (and hence the release of S1 from actin),
which is likely to produce actin-bound nonforce-producing
heads, resulting in decreased myosin ATPase activity. It is
possible that some of these actin-binding compounds will
prove to be useful in decreasing hypercontractility in the HCM
disease, caused by either actin or myosin mutations, by
attenuating the binding affinities of myosin for actin.

Conclusions

Starting from compounds previously identified from high-
throughput screening, we have shown that pyrene-labeled
actin is sensitive to conformational changes that these com-
pounds induce in F-actin and that these conformational
changes affect the strong-binding state of myosin to actin.
Some of these compounds prevent cardiac myosin S1 from
decreasing pyrene-actin fluorescence in the absence of ATP,
implying that they decreased the fraction of strongly bound
myosin in rigor. Many of the compounds prevent full resto-
ration of fluorescence from the actin-S1 complex in ATP,
implying that they decrease the fraction of nucleotide-bound
myosin or that the actin-attached states are more populated
in the presence of ATP.

Transient kinetics shows that the affinity for actin binding to
S1 in rigor is weaker (increased equilibrium constant, KA) in the
presence of Mit and Dan. In addition, the binding affinity of
ATP for myosin in the rigor actin–myosin complex is increased
for most of the compounds (possibly enhancing the formation
of the collision complex, A.M.T), which then induces a subse-
quent decrease in the rate constant for the isomerization of the
collision complex to the ternary complex, A�M.T. Most of the
other compounds show a large increase in K1, but a smaller
decrease in k+2, thus revealing enhanced affinity for ATP in the
actin–myosin complex and decreased rate of the subsequent
isomerization step that results in impaired actin-activated
myosin ATPase activity. Therefore, the present study shows
that the early steps of the cardiac myosin ATPase kinetics cycle
are affected by myosin structural changes induced by com-
pounds binding to actin. To gain further insight into the
mechanisms of action of these compounds, studies are needed
to resolve the kinetics of the later steps (e.g., ATP hydrolysis and
product release). Most importantly, this research also sets the
stage for studying the mechanism of action of actin-binding
compounds discovered in future HTS studies.

Experimental procedures

Preparations and assays

Acetone powder was prepared from young female New Zea-
land White rabbit skeletal muscle (54). Rabbit skeletal F-actin
was prepared as described previously from acetone powder (55).
Bovine cardiac β-myosin and α-chymotryptic S1 were prepared
from bovine left ventricular muscle (Pelfreez Biologicals) (2, 56)
and stored in sterile 150mMsucrose at −80 �Cuntil needed. The
actin-activated myosin S1 steady-state MgATPase activity was
measured using the NADH-coupled assay at 25 �C using 15 μM
phalloidin-stabilized F-actin and 0.1 μM cardiac β-S1 in F-Mg
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buffer (10 mM Tris (pH 7.5), 3 mM MgCl2) (20, 33). ATPase
activity was reported as the mean ± SEM s−1 (n = 4).

The ten compounds were obtained from Target Molecule
Corp and stored at –20 �C as 10 mM stock solutions in DMSO
until use. OM and Mava were obtained from Selleck Chemicals
and stored as 10mM stock solutions at –20 �C until use. Sodium
vanadate (NaVO4) and potassium pyrophosphate (PPi) were ob-
tained from Sigma-Aldrich, and stock solutions of 50 mM and
1 M, respectively, were prepared as described previously (36).
Since vanadate does not bind significantly to actin-S1 (A.M)
complex (57), to form the vanadate complex withmyosin S1, first
0.3 mM MgATP was added to an equimolar PFA.S1 (2 μM)
complex and allowed to hydrolyze, then 0.3 mM NaVO4 was
added to the complex (58). To study the effect of pyrophosphate,
10 mM PPi was added to an equimolar PFA.S1 (2 μM) complex.
These ligand concentrations were saturating.

Labeling F-Actin

F-actin was labeled with N-(1-pyrene) iodoacetamide (PIA)
(Invitrogen, Thermo Fisher Scientific) essentially as described
previously (28, 31). Briefly, F-actin (1 mg/ml) in F-Mg buffer +
0.2 mM MgATP was mixed with PIA at a molar ratio of 1:10
and left overnight at room temperature in the dark. Then,
10 mM DTT was used to stop the reaction, and the labeled F-
actin was sedimented at 80K for 45 min at 4 �C. The pellet was
resuspended with a dounce homogenizer in G-buffer (5 mM
Tris [pH 7.5], 0.5 mM ATP, 0.2 mM MgCl2), centrifuged for
10 min at 70K to remove the PIA precipitate. The supernatant
was repolymerized with 3 mM MgCl2, and the labeled F-actin
was collected in the pellet after centrifugation at 80K for
45 min, then resuspended with a dounce homogenizer with F-
Mg buffer. The pyrene concentration on F-actin was deter-
mined by absorbance (344 nm) and extinction coefficient of
2.2 × 104 M−1 cm−1. The labeled actin concentration was
determined by Bradford assay (Biorad). A typical dye:protein
ratio of 0.9 to 0.95 was obtained for pyrene-labeled actin. The
PFA was stabilized with phalloidin (Sigma-Aldrich) at a 1:1 M
ratio, stored on ice, and used within a week.

Fluorescence spectroscopy

Fluorescence spectra of 2 μM PFA in F-Mg buffer were
acquired with a Cary spectrophotometer. The sample was
placed in a cuvette in a temperature-controlled holder and
excited with a Xenon flash lamp at 365 nm with 5 nm slit
width. Emission fluorescence intensity was acquired and
averaged for 30 s at 407 nm with a 10 nm slit width. A final
concentration of 2 μM PFA in F-actin buffer was used. Fluo-
rescence intensity (F) was corrected for each compound’s
emission at 407 nm. Control experiments with the compounds
in the absence of PFA showed minimal fluorescence emission
(<1%) at 407 nm. Control experiments with 1–1.5% DMSO
showed negligible effect on PFA fluorescence.

The binding of a compound to PFA was determined from
the dose-dependent change of fractional fluorescence ff (F/F0),
where F and F0 are PFA fluorescence in the presence and
absence of compound, respectively, in the range of 0–150 μM
compound concentration [C]. The fraction of actin bound to
the compound (fb, Equation 1) was determined for the com-
pounds that showed hyperbolic dependence (Equation 2) of
PFA fluorescence (F0) as a function of [C]. The dissociation
equilibrium constant (Kd) for the compound binding to PFA
was determined from nonlinear fits to Hill’s equation (Equa-
tion 3) for plots of ff versus [C] using the program ORIGIN
(OriginLab Corp., MA), where fStart and fEnd are the maximum
and minimum values of ff, and n is the Hill’s coefficient of
cooperativity (59).

fb ¼ 1−ðF = F0Þ (1)

fb ¼ fmax½C� = ðKd þ ½C�Þ (2)

ff ¼ fðStartÞþðfEnd − fStartÞCn
� ðKdn þCnÞ (3)

The fractional saturation of pyrene actin fluorescence due to
S1 binding to actin (fb) was determined by normalization rela-
tive to the PFA fluorescence, as described in Equation 4 (38):

fb ¼ðF0 − FÞ = ðF0 − F∞Þ (4)

F0 is the PFA fluorescence in the absence of S1, F∞ is the
PFA fluorescence at infinite [S1], and F is the PFA fluorescence
in the presence of S1 and/or compound.

Rigor binding of S1 to F-actin-compound complex

To determine whether a compound affected the binding of
S1 to F-Actin in rigor (the absence of nucleotide), the expected
decrease in SS fluorescence intensity (Fcalc) was calculated
from experimental values of FCompound and F0.7:S1 (Equation 5).
To ensure that a negative fluorescence intensity was not
induced by the additive effect of the compound and S1, a ratio
of 0.7:1 of S1:actin was used in the experiment. Fcalc was
determined from normalized fluorescence intensity:

Fcalc ¼
�
FCompound þ F0:7S1

�
(5)

Transient-state fluorescence spectroscopy

Transient kinetics experiments to detect the total fluores-
cence intensity were performed using an applied photophysics
stopped-flow spectrophotometer that is capable of single-mix
and sequential-mix experiments with temperature control
(20). Experiments were performed at 25 �C with filtered and
degassed solutions. The instrument dead time for single-mix
experiments was 1.3 ms. Samples were excited at 365 nm,
and pyrene emission fluorescence was acquired with a 2 mm
path length and 400 nm long-pass filter. Data analysis was
done using the program, ORIGIN (OriginLab Corp).

Analysis of stopped-flow fluorescence data

Fluorescence decays from the transient kinetics measure-
ments were fitted to single (Equation 6) and double
J. Biol. Chem. (2021) 296 100471 11
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(Equation 7) exponential equations. The best fit was evaluated
by the lowest χ2 value of the fit compared with the experi-
mental data.

ΔFðtÞ¼ΔA1 expð−k1tÞþF∞ (6)

ΔFðtÞ¼ΔA1 expð−k1tÞþΔA2 expð−k2tÞþF∞ (7)

ΔF is the change in PFA fluorescence, F∞ is the fluorescence
at infinite [substrate], A and k are the observed amplitude and
rate constant of the fluorescence change, respectively.
Rigor binding of S1 to actin

As PFA fluorescence is very sensitive to rigor binding of
myosin, we determined the effect of the compound on the
binding of S1 to actin. The rate of binding, k+A was determined
by varying the PFA concentration (0.04–0.24 μM) in the pres-
ence of 0.02 μM S1 in F-Mg buffer. To remove effects of ATP or
ADP, the mixed actin-S1 samples were treated with three units
of apyrase per mL for 5 min at room temperature before fluo-
rescence acquisition. Addition of apyrase removed contami-
nating nucleotide, resulting in single-exponential decays for the
control experiments with cardiac S1 only (28, 38). To determine
the effect of the compounds on S1 binding to actin, PFA was
mixed with the compound in one syringe and rapidly mixed
with S1 from the second syringe to obtain kobs. The com-
pound:PFA ratios from the steady-state experiments were used:
[Mit] was 5-fold and [Flu] and [Dan] were 25-fold over the
[PFA]. The linear plot of kobs versus [PFA] yielded a slope that
described the second-order rate constant (k+A) of S1 binding to
actin, while the intercept described the rate constant rate of S1
dissociation (k−A) (Fig. 1, Equation 8). The equilibrium constant
for dissociation, KA, was determined from the ratio of the rate
constants k-A/k+A (Fig. 1, Equation 9).

kobs ¼ kþA½PFA�þk−A (8)

KA ¼ k−A=kþA (9)

MgATP binding and isomerization step

The detachment of S1 from actin involves the binding of
ATP (T) to the open configuration of A.M (Fig. 2), which is
controlled by the diffusion-limited association equilibrium
constant K1, in the formation of the collision complex (A.M.T),
which is followed by the (k+2) isomerization to A�M.T, in
which actin is weakly bound and ATP is more strongly bound
to myosin (Fig. 2) (28). This is rapidly followed by dissociation
of myosin S1 from actin at a rate of kdissoc.

kobs;fast ¼K1kþ2½ATP� = ð1þ K1½ATP�Þ (10)

kobs;fast ¼ kþ2½ATP� = ðK0:5 þ ½ATP�Þ (11)
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K1 was determined by mixing the rigor complex of PFA.S1
(A.M) (final concentration of 0.05 μM) with varying final
concentrations of MgATP (12.5–1000 μM) in F-Mg buffer in
the absence and presence of the compounds, whereby the
PFA.compound complex was first made, then mixed with S1,
and placed in one syringe, and MgATP solution was placed in
the other syringe. The transient curves were fitted to rate
constants, kobs, fast and kobs, slow, and with corresponding am-
plitudes A1 and A2. At low concentrations of ATP (K1.MgATP
<< 1), the plot of the observed rate constant (kobs, fast) versus
[MgATP] shows a linear dependence that is typical of a pseudo
second-order reaction, from which the slope is the apparent
second-order rate constant, K1k+2 (Equation 10). However, at
higher concentrations of MgATP, the relationship becomes
hyperbolic (as described in Equation 11) in which a plot of kobs
versus [Mg.ATP] plateaus at kmax, which corresponds to rate
constant k+2. The dissociation equilibrium constant of the
actin-S1 complex K0.5 (= 1/K1) is determined from k+2/K1k+2
and is the ATP concentration at half saturation that describes
the binding affinity of ATP for the actin–myosin complex.

Data availability

All data described are contained within the article.

Acknowledgments—Spectroscopic instrumentation was provided by
the Biophysical Technology Center (BTC) at UMN. We thank Dr
John D. Lipscomb at UMN for use of the stopped-flow fluorescence
instrument and Dr Rahul Banerjee and Dr Melanie Rogers for
technical assistance with that instrument and for helpful
discussions on kinetics experiments and data analysis.

Author contributions—O. R. designed the research, prepared the
samples, performed the experiments, analyzed and interpreted the
data, and wrote the article. O. R. and D. D. T. edited and revised the
article.

Funding and additional information—This work was supported in
part by National Institutes of Health grants to D. D. T. (R01AR032961
and R37AG026160) and toO. R. (R01AR052360).The content is solely
the responsibility of the authors and does not necessarily represent the
official views of the National Institutes of Health.

Conflict of interest—D. D. T. holds equity in, and serves as President
of, Photonic Pharma LLC. This relationship has been reviewed and
managed by the University of Minnesota. Photonic Pharma had no
role in this study. The authors declare no conflicts of interest in
regard to this article.

Abbreviations—The abbreviations used are: DCM, dilated cardio-
myopathy; ELC, essential light chain; FRET, fluorescence resonance
energy transfer; HCM, hypertrophic cardiomyopathy; HTS, high-
throughput screen; Mava, mavacamten; OM, omecamtiv mecarbil;
PFA, pyrene-labeled F-actin; PIA, pyrene iodoacetamide.

References

1. Lee, S. H., and Dominguez, R. (2010) Regulation of actin cytoskeleton
dynamics in cells. Mol. Cells 29, 311–325

http://refhub.elsevier.com/S0021-9258(21)00245-3/sref1
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref1


Compounds that affect actin–myosin ATPase kinetics
2. Rohde, J. A., Thomas, D. D., and Muretta, J. M. (2017) Heart failure drug
changes the mechanoenzymology of the cardiac myosin powerstroke.
Proc. Natl. Acad. Sci. U. S. A. 114, E1796–E1804

3. Muretta, J. M., Rohde, J. A., Johnsrud, D. O., Cornea, S., and Thomas, D. D.
(2015) Direct real-time detection of the structural and biochemical events
in themyosin power stroke.Proc. Natl. Acad. Sci. U. S. A. 112, 14272–14277

4. Geeves, M. A. (2016) Review: The ATPase mechanism of myosin and
actomyosin. Biopolymers 105, 483–491

5. Squire, J. (2019) Special issue: The actin-myosin interaction in muscle:
Background and overview. Int. J. Mol. Sci. 20

6. Spudich, J. A. (2019) Three perspectives on the molecular basis of
hypercontractility caused by hypertrophic cardiomyopathy mutations.
Pflugers Arch. 471, 701–717

7. Thomas, D. D., Prochniewicz, E., and Roopnarine, O. (2002) Changes in
actin and myosin structural dynamics due to their weak and strong in-
teractions. Results Probl. Cell Differ 36, 7–19

8. Vera, C. D., Johnson, C. A., Walklate, J., Adhikari, A., Svicevic, M.,
Mijailovich, S. M., Combs, A. C., Langer, S. J., Ruppel, K. M., Spudich, J.
A., Geeves, M. A., and Leinwand, L. A. (2019) Myosin motor domains
carrying mutations implicated in early or late onset hypertrophic car-
diomyopathy have similar properties. J. Biol. Chem. 294, 17451–17462

9. Parker, F., Baboolal, T. G., and Peckham, M. (2020) Actin mutations and
their role in disease. Int. J. Mol. Sci. 21, 3371

10. Marston, S. (2018) The molecular mechanisms of mutations in actin and
myosin that cause inherited myopathy. Int. J. Mol. Sci. 19, 2020

11. Despond, E. A., and Dawson, J. F. (2018) Classifying cardiac actin mutations
associated with hypertrophic cardiomyopathy. Front. Physiol. 9, 405

12. Alsulami, K., and Marston, S. (2020) Small molecules acting on myofil-
aments as treatments for heart and skeletal muscle diseases. Int. J. Mol.
Sci. 21

13. Marston, S. (2019) Small molecule studies: The fourth wave of muscle
research. J. Muscle Res. Cell Motil 40, 69–76

14. Malik, F. I., Hartman, J. J., Elias, K. A., Morgan, B. P., Rodriguez, H.,
Brejc, K., Anderson, R. L., Sueoka, S. H., Lee, K. H., Finer, J. T., Sakowicz,
R., Baliga, R., Cox, D. R., Garard, M., Godinez, G., et al. (2011) Cardiac
myosin activation: A potential therapeutic approach for systolic heart
failure. Science 331, 1439–1443

15. Mamidi, R., Li, J., Gresham, K. S., Verma, S., Doh, C. Y., Li, A., Lal, S., Dos
Remedios, C. G., and Stelzer, J. E. (2017) Dose-dependent effects of the
myosin activator omecamtiv mecarbil on cross-bridge behavior and force
generation in failing human myocardium. Circ. Heart Fail 10

16. Green, E. M., Wakimoto, H., Anderson, R. L., Evanchik, M. J., Gorham, J.
M., Harrison, B. C., Henze, M., Kawas, R., Oslob, J. D., Rodriguez, H. M.,
Song, Y., Wan, W., Leinwand, L. A., Spudich, J. A., McDowell, R. S., et al.
(2016) A small-molecule inhibitor of sarcomere contractility suppresses
hypertrophic cardiomyopathy in mice. Science 351, 617–621

17. Liu, Y., White, H. D., Belknap, B., Winkelmann, D. A., and Forgacs, E.
(2015) Omecamtiv Mecarbil modulates the kinetic and motile properties
of porcine beta-cardiac myosin. Biochemistry 54, 1963–1975

18. Planelles-Herrero, V. J., Hartman, J. J., Robert-Paganin, J., Malik, F. I., and
Houdusse, A. (2017) Mechanistic and structural basis for activation of car-
diac myosin force production by omecamtivmecarbil.Nat. Commun. 8, 190

19. Kawas, R. F., Anderson, R. L., Ingle, S. R. B., Song, Y., Sran, A. S., and
Rodriguez, H. M. (2017) A small-molecule modulator of cardiac myosin
acts on multiple stages of the myosin chemomechanical cycle. J. Biol.
Chem. 292, 16571–16577

20. Rohde, J. A., Roopnarine, O., Thomas, D. D., and Muretta, J. M. (2018)
Mavacamten stabilizes an autoinhibited state of two-headed cardiac
myosin. Proc. Natl. Acad. Sci. U. S. A. 115, E7486–E7494

21. Anderson, R. L., Trivedi, D. V., Sarkar, S. S., Henze, M., Ma, W., Gong,
H., Rogers, C. S., Gorham, J. M., Wong, F. L., Morck, M. M., Seidman, J.
G., Ruppel, K. M., Irving, T. C., Cooke, R., Green, E. M., et al. (2018)
Deciphering the super relaxed state of human beta-cardiac myosin and
the mode of action of mavacamten from myosin molecules to muscle
fibers. Proc. Natl. Acad. Sci. U. S. A. 115, E8143–E8152

22. Fumagalli, C., De Gregorio, M. G., Zampieri, M., Fedele, E., Tomberli, A.,
Chiriatti, C., Marchi, A., and Olivotto, I. (2020) Targeted medical ther-
apies for hypertrophic cardiomyopathy. Curr. Cardiol. Rep. 22, 10
23. Sparrow, A. J., Watkins, H., Daniels, M. J., Redwood, C., and Robinson, P.
(2020) Mavacamten rescues increased myofilament calcium sensitivity
and dysregulation of Ca(2+) flux caused by thin filament hypertrophic
cardiomyopathy mutations. Am. J. Physiol. Heart Circ. Physiol. 318,
H715–H722

24. Guhathakurta, P., Prochniewicz, E., Grant, B. D., Peterson, K. C., and
Thomas, D. D. (2018) High-throughput screen, using time-resolved
FRET, yields actin-binding compounds that modulate actin-myosin
structure and function. J. Biol. Chem. 293, 12288–12298

25. Guhathakurta, P., Prochniewicz, E., and Thomas, D. D. (2018) Actin-
myosin interaction: Structure, function and drug discovery. Int. J. Mol.
Sci. 19, 2628

26. Utili, R., Boitnott, J. K., and Zimmerman, H. J. (1977) Dantrolene-asso-
ciated hepatic injury. Incidence and character. Gastroenterology 72, 610–
616

27. Guhathakurta, P., Phung, L. A., Prochniewicz, E., Lichtenberger, S.,
Wilson, A., and Thomas, D. D. (2020) Actin-binding compounds,
previously discovered by FRET-based high-throughput screening,
differentially affect skeletal and cardiac muscle. J Biol Chem. 295, 14100–
14110

28. Adamek, N., and Geeves, M. A. (2014) Use of pyrene-labelled actin to
probe actin-myosin interactions: Kinetic and equilibrium studies. Exp.
Suppl. 105, 87–104

29. Onishi, H., Mikhailenko, S. V., and Morales, M. F. (2006) Toward un-
derstanding actin activation of myosin ATPase: The role of myosin sur-
face loops. Proc. Natl. Acad. Sci. U. S. A. 103, 6136–6141

30. O’Donoghue, S. I., Miki, M., and dos Remedios, C. G. (1992) Removing
the two C-terminal residues of actin affects the filament structure. Arch.
Biochem. Biophys. 293, 110–116

31. Criddle, A. H., Geeves, M. A., and Jeffries, T. (1985) The use of actin
labelled with N-(1-pyrenyl)iodoacetamide to study the interaction of actin
with myosin subfragments and troponin/tropomyosin. Biochem. J. 232,
343–349

32. Kouyama, T., and Mihashi, K. (1981) Fluorimetry study of N-(1-pyrenyl)
iodoacetamide-labelled F-actin. Local structural change of actin protomer
both on polymerization and on binding of heavy meromyosin. Eur. J.
Biochem. 114, 33–38

33. Guhathakurta, P., Prochniewicz, E., Roopnarine, O., Rohde, J. A., and
Thomas, D. D. (2017) A cardiomyopathy mutation in the myosin essential
light chain alters actomyosin structure. Biophys. J. 113, 91–100

34. Goodno, C. C. (1979) Inhibition of myosin ATPase by vanadate ion. Proc.
Natl. Acad. Sci. U. S. A. 76, 2620–2624

35. Goodno, C. C., and Taylor, E. W. (1982) Inhibition of actomyosin ATPase
by vanadate. Proc. Natl. Acad. Sci. U. S. A. 79, 21–25

36. Roopnarine, O., and Thomas, D. D. (1996) Orientation of intermediate
nucleotide states of indane dione spin-labeled myosin heads in muscle
fibers. Biophys. J. 70, 2795–2806

37. Taylor, E. W. (1991) Kinetic studies on the association and dissociation of
myosin subfragment 1 and actin. J. Biol. Chem. 266, 294–302

38. De La Cruz, E. M., and Ostap, E. M. (2009) Kinetic and equilibrium
analysis of the myosin ATPase. Methods Enzymol. 455, 157–192

39. Bidaud-Meynard, A., Arma, D., Taouji, S., Laguerre, M., Dessolin, J.,
Rosenbaum, J., Chevet, E., and Moreau, V. (2013) A novel small-molecule
screening strategy identifies mitoxantrone as a RhoGTPase inhibitor.
Biochem. J. 450, 55–62

40. Siemankowski, R. F., and White, H. D. (1984) Kinetics of the interaction
between actin, ADP, and cardiac myosin-S1. J. Biol. Chem. 259, 5045–5053

41. Bloemink, M. J., Adamek, N., Reggiani, C., and Geeves, M. A. (2007)
Kinetic analysis of the slow skeletal myosin MHC-1 isoform from bovine
masseter muscle. J. Mol. Biol. 373, 1184–1197

42. Geeves, M. A., Jeffries, T. E., and Millar, N. C. (1986) ATP-induced
dissociation of rabbit skeletal actomyosin subfragment 1. Characteriza-
tion of an isomerization of the ternary acto-S1-ATP complex. Biochem-
istry 25, 8454–8458

43. Mijailovich, S. M., Nedic, D., Svicevic, M., Stojanovic, B., Walklate, J.,
Ujfalusi, Z., and Geeves, M. A. (2017) Modeling the Actin.myosin ATPase
cross-bridge cycle for skeletal and cardiac muscle myosin isoforms. Bio-
phys. J. 112, 984–996
J. Biol. Chem. (2021) 296 100471 13

http://refhub.elsevier.com/S0021-9258(21)00245-3/sref2
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref2
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref2
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref3
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref3
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref3
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref4
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref4
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref5
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref5
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref6
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref6
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref6
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref7
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref7
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref7
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref8
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref8
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref8
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref8
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref8
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref9
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref9
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref10
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref10
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref11
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref11
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref12
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref12
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref12
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref13
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref13
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref14
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref14
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref14
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref14
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref14
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref15
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref15
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref15
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref15
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref16
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref16
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref16
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref16
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref16
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref17
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref17
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref17
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref18
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref18
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref18
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref19
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref19
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref19
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref19
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref20
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref20
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref20
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref21
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref21
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref21
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref21
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref21
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref21
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref22
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref22
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref22
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref23
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref23
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref23
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref23
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref23
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref24
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref24
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref24
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref24
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref25
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref25
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref25
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref26
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref26
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref26
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref27
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref27
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref27
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref27
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref27
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref28
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref28
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref28
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref29
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref29
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref29
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref30
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref30
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref30
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref31
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref31
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref31
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref31
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref32
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref32
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref32
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref32
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref33
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref33
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref33
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref34
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref34
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref35
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref35
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref36
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref36
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref36
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref37
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref37
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref38
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref38
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref39
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref39
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref39
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref39
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref40
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref40
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref41
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref41
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref41
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref42
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref42
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref42
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref42
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref43
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref43
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref43
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref43


Compounds that affect actin–myosin ATPase kinetics
44. Ring, B., Wrighton, S. A., and Mohutsky, M. (2014) Reversible mecha-
nisms of enzyme inhibition and resulting clinical significance. Methods
Mol. Biol. 1113, 37–56

45. Prochniewicz, E., and Thomas, D. D. (1997) Perturbations of functional
interactions with myosin induce long-range allosteric and cooperative
structural changes in actin. Biochemistry 36, 12845–12853

46. Holmes, K. C., Angert, I., Kull, F. J., Jahn, W., and Schroder, R. R. (2003)
Electron cryo-microscopy shows how strong binding of myosin to actin
releases nucleotide. Nature 425, 423–427

47. Yotti, R., Seidman, C. E., and Seidman, J. G. (2019) Advances in the ge-
netic basis and pathogenesis of sarcomere cardiomyopathies. Annu. Rev.
Genomics Hum. Genet. 20, 129–153

48. Gordon, A. M., Homsher, E., and Regnier, M. (2000) Regulation of
contraction in striated muscle. Physiol. Rev. 80, 853–924

49. Colson, B. A., Thompson, A. R., Espinoza-Fonseca, L. M., and Thomas,
D. D. (2016) Site-directed spectroscopy of cardiac myosin-binding protein
C reveals effects of phosphorylation on protein structural dynamics. Proc.
Natl. Acad. Sci. U. S. A. 113, 3233–3238

50. Wang, L., Geist, J., Grogan, A., Hu, L. R., and Kontrogianni-Kon-
stantopoulos, A. (2018) Thick filament protein network, functions, and
disease association. Compr. Physiol. 8, 631–709

51. Savich, Y., Binder, B. P., Thompson, A. R., and Thomas, D. D. (2019)
Myosin lever arm orientation in muscle determined with high angular
14 J. Biol. Chem. (2021) 296 100471
resolution using bifunctional spin labels. J. Gen. Physiol. 151, 1007–
1016

52. Gunther, L. K., Rohde, J. A., Tang, W., Walton, S. D., Unrath, W. C.,
Trivedi, D. V., Muretta, J. M., Thomas, D. D., and Yengo, C. M. (2019)
Converter domain mutations in myosin alter structural kinetics and
motor function. J. Biol. Chem. 294, 1554–1567

53. Colson, B. A., Gruber, S. J., and Thomas, D. D. (2012) Structural dynamics
of muscle protein phosphorylation. J. Muscle Res. Cell Motil 33, 419–429

54. Pardee, J. D., and Spudich, J. A. (1982) Purification of muscle actin.
Methods Enzymol. 85 Pt B, 164–181

55. Prochniewicz, E., Zhang, Q., Howard, E. C., and Thomas, D. D. (1996)
Microsecond rotational dynamics of actin: Spectroscopic detection and
theoretical simulation. J. Mol. Biol. 255, 446–457

56. Margossian, S. S., and Lowey, S. (1982) Preparation of myosin and its
subfragments from rabbit skeletal muscle. Methods Enzymol. 85 Pt B,
55–71

57. Geeves, M. A., and Jeffries, T. E. (1988) The effect of nucleotide upon a
specific isomerization of actomyosin subfragment 1. Biochem. J. 256, 41–46

58. Xu, J., and Root, D. D. (2000) Conformational selection during weak
binding at the actin and myosin interface. Biophys. J. 79, 1498–1510

59. Hulme, E. C., and Trevethick, M. A. (2010) Ligand binding assays at
equilibrium: Validation and interpretation. Br. J. Pharmacol. 161, 1219–
1237

http://refhub.elsevier.com/S0021-9258(21)00245-3/sref44
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref44
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref44
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref45
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref45
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref45
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref46
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref46
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref46
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref47
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref47
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref47
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref48
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref48
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref49
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref49
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref49
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref49
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref50
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref50
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref50
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref51
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref51
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref51
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref51
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref52
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref52
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref52
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref52
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref53
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref53
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref54
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref54
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref55
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref55
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref55
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref56
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref56
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref56
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref57
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref57
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref58
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref58
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref59
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref59
http://refhub.elsevier.com/S0021-9258(21)00245-3/sref59

	Mechanistic analysis of actin-binding compounds that affect the kinetics of cardiac myosin–actin interaction
	Results
	Characterization of pyrene-labeled actin
	Steady-state: pyrene-actin detects the strongly bound actin–myosin interaction
	Steady-state: controls with myosin-specific binding compounds: OM and Mava
	Steady-state: effects of compounds on PFA fluorescence
	Steady-state: effects of the compounds on S1 binding and dissociation from F-Actin
	Transient-state kinetics: rigor binding of actin–compound complex to S1
	Transient-state kinetics: ATP binding and isomerization step

	Discussion
	Pyrene-actin fluorescence
	Rigor binding of actin and S1
	ATP binding and actin-S1 isomerization
	Interpretation and relevance of results
	Mechanism of compound inhibition
	Relationship to other work
	Structural mechanism of action of the compounds
	Potential therapeutic applications

	Conclusions
	Experimental procedures
	Preparations and assays
	Labeling F-Actin
	Fluorescence spectroscopy
	Rigor binding of S1 to F-actin-compound complex
	Transient-state fluorescence spectroscopy
	Analysis of stopped-flow fluorescence data
	Rigor binding of S1 to actin
	MgATP binding and isomerization step

	Data availability
	Author contributions
	Funding and additional information
	References


