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Discovery of a novel cardiac-specific myosin
modulator using artificial intelligence-based
virtual screening

Priyanka Parijat1, Seetharamaiah Attili1, Zoe Hoare 2, Michael Shattock 2,
Victor Kenyon 3 & Thomas Kampourakis 1

Direct modulation of cardiac myosin function has emerged as a therapeutic
target for both heart disease and heart failure. However, the development of
myosin-based therapeutics has been hampered by the lack of targeted in vitro
screening assays. In this study we use Artificial Intelligence-based virtual high
throughput screening (vHTS) to identify novel small molecule effectors of
human β-cardiac myosin. We test the top scoring compounds from vHTS in
biochemical counter-screens and identify a novel chemical scaffold called ‘F10’
as a cardiac-specific low-micromolar myosin inhibitor. Biochemical and bio-
physical characterization in both isolated proteins andmuscle fibers show that
F10 stabilizes both the biochemical (i.e. super-relaxed state) and structural (i.e.
interacting heads motif) OFF state of cardiac myosin, and reduces force and
left ventricular pressure development in isolated myofilaments and
Langendorff-perfused hearts, respectively. F10 is a tunable scaffold for the
further development of a novel class of myosin modulators.

The contractile myofilaments drive and regulate the cardiac
contraction-relaxation cycle. Ca2+-activation of the actin-containing
thin filaments leads to exposure of myosin binding sites on actin,
which subsequently allows myosin head or motor domains from the
neighboring thickfilaments to strongly attach to actin andundergo the
power-stroke fueled by the hydrolysis of ATP. The power-stroke leads
to either nm-scale displacement of the thin filaments towards the
centre of the sarcomere or the production of pN-scale forces, leading
either to muscle shortening or force development on the cellular and
organ level1 (Fig. 1a). Conversely, Ca2+-dissociation from the thin fila-
ments triggers the detachment of myosin heads from actin and the
onset of mechanical relaxation.

However, in addition to the classical Ca2+-dependent thin fila-
ment regulatory pathway described above, activation of the thick
filaments themselves has emerged as a second regulatory step that
controls myofilament contractile function2,3. Similar to the thin
filaments, thick filaments are believed to exist in both a diastolic
OFF and systolic ON state, and the rate of transition between those

states are likely rate-limiting for force development and mechanical
relaxation4.

The thick filament OFF state is structurally characterized by
myosin heads sequestered onto the surface of the thick filaments in
quasi-helical tracks, which is stabilized by both intra-molecular inter-
actions between the twomyosinheads of the dimericmyosinmolecule
and interactions between myosin heads and their coiled-coil tail
domains, and intermolecular interactions between myosin heads on
adjacent crowns5,6. Dimeric myosin molecules fold into an asymmetric
conformation called the interacting-heads motif (IHM), with the so-
called ‘free head’ sitting on top of the ‘blocked head’, obstructing its
actin binding site and reducing its ATP hydrolysis rate7–9 (Fig. 1a).
Moreover, various intermolecular interactions with thick filament
accessory proteins such as titin and cardiac myosin binding protein-C
(cMyBP-C) have been shown to further stabilize the IHM and thick
filament OFF state, and thereby regulate the number of myosin
heads available for contraction6,10. For example, phosphorylation of
cMyBP-C has been shown to increase the rate of ventricular force
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development during isovolumetric contraction likely by controlling
the number ofmyosin heads available contraction and their associated
cycling kinetics11–13.

In addition to the structural OFF state, myosin heads can also
adopt a functional or biochemical OFF state termed the ‘super-relaxed
state’ (SRX), characterizedby a very low intrinsic ATPase turn-over that
is 10-100 lower compared to the rate observed for isolated myosin
heads14,15, potentially acting as an energy saving mechanism in the
heart. However, the mechanistic link between the structural and
functional OFF states of cardiac myosin remains to be established and
recent studies suggested that interventions can modify one without
affecting the other16.

The functional significance of myosin filament-based regulation
for the normal performance of the heart is further underlined by the
fact that about 50%of patients suffering from inheritableHypertrophic
Cardiomyopathy (HCM) carry mutations in the genes encoding for
either cardiac myosin (MYH7) or cardiac myosin binding protein-C
(MYBPC3)17. In good agreement, ablation of either cMyBP-C or its
phosphorylation has been shown to lead to heart disease and heart
failure in transgenic animal models18,19, likely by dysregulation of the
thick filaments.

It is therefore not surprising that direct modulation of cardiac
myosin function has emerged as a promising new route for the
development of novel classes of therapeutic interventions for both
heart disease and heart failure20–22. In contrast to classical pharmaco-
logical heart failure therapies based on neurohumoral modulation,
directly changing myosin filament function is thought to be a more
efficient therapy, targeting the underlying etiologies rather than
focusing on symptomatic relief. Moreover, direct myosin modulation
potentially circumvents some of the side effects associated with cur-
rent therapies such as increased energy wastage and oxygen con-
sumption of the myocardium, as well as arrythmias and bradycardias/
tachycardias23,24. The broad spectrum of disease-related mutations in
sarcomeric proteins and associated disease mechanisms further sug-
gests that myosin-targeted therapies can be developed towards a
personalized medicine approach.

In agreement, cardiac myosin modulators with both activating
and inhibiting effects have been developed for the treatment of both
systolic and diastolic heart failure20,21. Omecamtiv Mercarbil (OM) was

developed as a cardiac myosin activator for the treatment of systolic
heart failure. OM has been shown to increase actomyosin attachment
rate by stabilizing the functional ON state of the myosin motors and
thick filament, which in turn increases the calcium sensitivity of the
myofilaments by cooperative thin filament activation25,26. However,
OM treatment has been associated with increased resting myocardial
oxygen consumption and energywastage27. Recently, the FDA rejected
the approval of OM for heart failure with reduced ejection fraction
(HFrEF). In contrast, Mavacamten (Mava; now called ‘Camzyos’) was
approved by the FDA as the first cardiac myosin inhibitor for the
treatment of obstructive Hypertrophic Cardiomyopathy subtype.
Mava has been shown to reduce cardiac contractility by stabilizing
both the biochemical and structural OFF state of cardiacmyosin28, and
treatment can prevent the onset of HCM disease in animal models21.

In the current study we use Artificial Intelligence-based virtual
screening to identify new compounds that can modulate cardiac
myosin function. We screen a large virtual library of millions of
compounds against the determined OM-binding site on human
cardiac myosin and identify a novel chemical scaffold (called ‘F10’)
in a biochemical counter-screen as a cardiac-specific myosin mod-
ulator. Surprisingly, F10 acts as a cardiac-myosin specific inhibitor
that, similar to Mava, stabilizes both the biochemical and structural
OFF state of the cardiac myosin motor domains, and reduces
force production and calcium sensitivity of cardiac muscle in vitro.
Moreover, F10 acts as a negative inotrope in isolated Langendroff-
perfused rat hearts. Using computational docking we show that
F10’s hydrophobic head group binds deep within the proposed OM
binding site, whereas its hydrophilic tail can form interactions with
various sub-domains of the myosin motor domain including the
converter and N-terminal domain. We propose that F10 is a new
tuneable scaffold for the development of novel myosin modulators.

Results
Artificial intelligence-based virtual screen for cardiac myosin
effectors
We searched the PDB archive for suitable starting structures for the
virtual high throughput screen (vHTS) against the motor domain of
human β-cardiac myosin (MYH7). Holo-structures of protein-ligand
complexes are preferred targets over protein apo structures in vHTS

Fig. 1 | Artificial Intelligence-based high throughput screen for cardiac myosin
modulators. a Cardiac myosin heads can either undergo their mechano-chemical
cycle that produces force or muscle shortening (top), or can be sequestered into
the functional OFF state (interacting heads motif, bottom). b Surface structure of
human cardiac myosin S1 bound to Omecamtiv Mecarbil (OM, purple). Individual

sub-domains of the myosin catalytic domain are labeled accordingly. c Artificial
intelligence-based virtual screen for novel cardiacmyosinmodulators targeting the
Omecamtiv Mecarbil-binding site. Several million compounds were virtually
screened against the OM-binding site using AtomNet® technology. Top ranking 84
compounds were chosen for further investigation.

Article https://doi.org/10.1038/s41467-023-43538-y

Nature Communications |         (2023) 14:7692 2



because of a better-defined binding geometry which increases the
probability of identifying biologically active molecules29,30. We there-
fore chose the nucleotide free-structure of human β-cardiac myosin
bound to Omecamtiv Mecarbil (OM; PDB entry 4PA0) as the starting
template31 (Fig. 1b). The OM-binding site is solvent accessible and at
sufficient distance to both the ATP- and actin-binding sites, making it
an ideal target for the AI-based virtual screen for an allosteric effector.
Moreover, the binding site shows a variety of probable hydrogen bond
donors and acceptors, as well as hydrophobic characteristics,
increasing the likelihood of identifying a specific molecular binder.

To identify novel myosin modulators, a virtual library of
approximately four million compounds was evaluated, classified,
and ranked according to probability of binding to the Omecamtiv
Mercarbil binding site on the human β-cardiac myosin motor domain.
The top ranked compounds were filtered to remove molecules with

undesirable properties (e.g., fragments, fused ring systems, logP > 5)
and selected for purchase. Of the top 200 ranked molecules, 84
compounds and two negative DMSO controls were shipped for
empirical validation in a blindedmanner, with only the well location as
an identifier (Fig. 1c).

Identification of F10 as a novel cardiac-specific myosin inhibitor
86blinded samples, including the84 highest ranking compounds from
the AI-based virtual screen and two DMSO controls, were tested in a
single dose screening assay measuring the ATPase activity of isolated
bovine β-cardiac myosin S1 in the presence of 10 μmol L−1 F-actin
(Fig. 2a). Sequence analysis showed that the OM binding site is highly
conserved between human and bovine β-cardiac myosin (Fig. S1),
suggesting that the bovine isoform is a suitable replacement for the
human protein in the screening assays.

Fig. 2 | Identification of F10 as a cardiac-specific allosteric myosin inhibitor.
a Single dose acto-myosin S1 ATPase activity screen of the 84 top ranking com-
pounds from AI-based virtual screen. Hit thresholds are shown as red dashed lines.
Means ± s.e.m. for n = 4 independent repeats, except for compounds #46 and #49
with n = 3 independent repeats. bDose-response analysis for hit compound F10 on
acto-myosin S1 ATPase activity. Means ± s.e.m., n = 6 independent repeats.
c Chemical structure and physico-chemical properties of F10 (MW – molecular
weight; log PO/W – partition coefficient octanol/water; LE – ligand efficiency).
d F-Actin concentration-dependent bovine cardiacmyosin S1 ATPase activity in the

absence (black, vehicle control) and in the presence of 100μmol/L F10 (red).Means
± s.e.m., n = 3 independent repeats for control and n = 9 independent repeats in the
presence of F10. e ATPase activity of myofibrils isolated from cardiac, and fast and
slow skeletal muscle in the absence (black) and in the presence of 20 μmol L-1 F10.
Means ± s.e.m. for n = 20-23 experiments from n = 3 independent myofibril pre-
parations. Statistical significance between control and drug treatment group was
assessed with a two-tailed, unpaired student’s t-test for parametric data or Mann-
Whitney test for non-parametric data sets. Source data are provided as a Source
Data file.
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We identified one compound, subsequently referred to as F10,
that reproducibly reduced the F-actin stimulated ATPase activity of
bovine β-cardiac myosin S1 by 44 ± 2% (mean ± s.e.m., n = 4 for inde-
pendent repeats) at a concentration of 10μmol L−1. The positive hit was
further confirmed by dose-response analysis, showing that F10 maxi-
mally decreased the actomyosin ATPase activity by 89 ± 5% with an
IC50 of 21 ± 3 μmol L−1 (means ± s.e.m., n = 6) (Fig. 2b). The chemical
structure of F10 is shown in Fig. 2c.

We searched both the PubChem and ChEMBL databases for any
known biological activity of F10 without, however, any result32,33. We
therefore compared F10 to structures of knownmyosin-directed small
molecule effectors using a multi-dimensional scaling approach in
ChemMineTools34 (Fig. S2). Intriguingly, F10 didnot cluster with any of
the published structures, suggesting that it might represent a novel
chemical scaffold. The highest similarity was observed for Mava-
camten with a Tanimoto coefficient of about 0.22. Moreover, F10 has
excellent predicted ADMET properties and drug likeness35 (Fig. S3).

To further test for the effects of F10 on the steady-state ATPase
activity, we measured the dependence of the ATPase activity of β-
cardiac myosin S1 on the F-actin concentration in the absence and in
the presence of the F10 compound (Fig. 2d). F10 significantly reduced
the maximal rate of ATP hydrolysis (kcat) from about 1.3 s−1 head−1 to
about 0.5 s−1 head−1, without, however, affecting the apparent dis-
sociation equilibrium constant for F-actin binding (Kapp of about 20
μmol L−1 in the absence and in the presence of F10). This suggests that
although F10 reduced the maximum rate of ATP hydrolysis, it did not
affect the affinity of myosin S1 for F-actin per se.

Nextwe tested themyosin isoformspecificity of F10 bymeasuring
its effect on the ATPase activity of myofibrils isolated from ventricle,
and fast (Tiberialis Anterior) and slow skeletal muscles (Soleus) isolated
from marmoset (Callithrix jacchus). As shown in Fig. 2e, 20 μmol L−1

F10 significantly reduced the ATPase activity of fully Ca2+-activated
cardiac myofibrils by about 25% but had no effect on the ATPase of
myofibrils isolated from fast skeletal muscle. In contrast, F10 had an
intermediate effect on myofibrils isolated from soleus muscle, corre-
sponding to a decrease in ATPase activity by about 10%. This is in very
good agreement with the distribution of the myosin heavy chain iso-
forms in the different striated muscle types36, suggesting that F10 is a
MYH7/6-specific inhibitor.

F10 slows nucleotide release from cardiac myosin motors
As a step towards elucidating the molecular mechanism behind F10’s
inhibitory effect on the actin-activated ATPase activity of cardiac
myosin, we performed single nucleotide turnover experiments using
the mant-ATP chase assay14 (Fig. 3). We used systems of increasing
complexity ranging from the isolated cardiac myosin motor domains
(Fig. 3a) to synthetic thick filaments formed from purified full-length
bovine cardiac myosin (Fig. 3b) and bovine cardiac myofibrils as sub-
strates in the chase assays (Fig. 3c). In contrast to the isolated myosin
motors, synthetic thick filaments contain two myosin head domains
per molecule connected via their coiled-coil tail. Both head-head and
head-tail interactions have been shown to be a requirement for the
myosin heads to adopt the folded OFF conformation, also called the
interacting heads motif (IHM), as shown by electron microscopy
reconstructions of isolated native thick filaments5. Moreover, myofi-
brils contain intact thin and thick filaments organized in the native
myofilament lattice, and thick filament accessory proteins like cardiac
myosin binding protein-C (cMyBP-C) and titin have been shown to be
able to control the regulatory state of the myosin motors37.

Chase of mant-ATP loaded cardiac myosin S1 with ATP leads to a
decrease in the mant fluorescence intensity which is best described by
a bi-exponential decay function with an initial fast phase followed by a
second slower phase, corresponding to the so-called disordered (DRX)
and super-relaxed state (SRX) of myosin, respectively. In the absence
of compounds, the majority of myosin motor domains (79 ± 2%, mean

± s.e.m., n = 5) are found in theDRX statewith anATP hydrolysis rate of
0.05 ±0.01 s−1 (Fig. 3a, Supplementary Table 1). The remaining ~20% of
myosinmotors occupy the SRX state with an about ten-fold lower ATP
turn-over rate (0.006 ±0.001 s−1), in good agreement with previously
published results38.

Mavacamten (Mava) has previously been shown to stabilize the
SRX state of isolated cardiac myosin and we used the compound as a
positive control in our assays28. Addition of Mava increased the
amplitude of the slow phase to 71 ± 6% (mean s.e.m., n = 6) and
decreased its ATP hydrolysis rate by a factor of about two
(0.0035 ± 0.0002 s−1; Supplementary Table 1). Mava had no effect on
the rate of the fast DRX phase. Similar results were obtained in the
presence of F10 with a slow phase amplitude of 70 ± 5% (mean s.e.m.,
n = 6). However, F10 had a significantly stronger effect on the rate of
the slow phase with a more than four-fold reduction compared to the
control in the absence of compounds (0.0014 ± 0.0002 s−1). This sug-
gests thatMava and F10might stabilize the SRX state of cardiacmyosin
S1 via distinct mechanisms.

Similar results were obtained using synthetic thick filaments
formed from purified full-length bovine β-cardiac myosin (Fig. 3b).
Mava and F10 increased the amplitude of the slow SRX phase from
about 23% under control conditions to about 71% and 63%, respec-
tively. As before, both Mava and F10 had no effect on the rate of the
fast DRX phase but decreased the rate of the slow phase, which how-
ever did not reach statistical significance (Supplementary Table 1).

Mava and F10 also increased the amplitude of the slow phase in
isolated bovine cardiacmyofibrils (Fig. 3c and Supplementary Table 1).
However, the effect on the slow phase amplitude was significantly
weaker for Mava compared to F10, with an increase from about 25%
under control conditions to about 47% and 68%, respectively. As
before, Mava and F10 reduced the rate of the slow phase by about a
factor of two but had no effect on the rate of the fast phase.

Functional characterization of F10 in demembranated cardiac
muscle fibers
The results presented above show that F10 is an allosteric inhibitor of
isolated cardiac myosin that stabilizes its biochemical OFF or SRX
state. Next, we tested for the functional effects of F10 in demem-
branated rat ventricular trabeculae with intact thick and thin filaments
organized into the native myofilament lattice. Similar to bovine β-
cardiac myosin, the OM-binding site is highly conserved between
human β- and rat α-cardiac myosin (Fig. S1).

Although 20μmol L−1 F10, a concentration close to the IC50 for the
ATPase activity of the isolatedmyosinmotor domain, had no effect on
the passive tension of demembranated rat trabeculae during relaxing
conditions at pCa 9 (pCa = -log10[Ca

2+]), it decreased the maximal
active isometric tension at full Ca2+-activation (pCa 4.5) by more than
75% from 69.6 ± 2.6 mN mm−2 to 15.6 ± 1.8 mN mm−2 (means ± s.e.m.,
n = 5 trabeculae) (Fig. 4a. Supplementary Table 2). In a subset of tra-
beculae, we replaced the endogenous myosin regulatory light chain
(RLC) with a recombinant cardiac RLC crosslinked to a bifunctional
sulforhodamine (BSR) along its E-helix (BSR-cRLC-E)39,40. This allowed
us to determine the orientation of the RLC-region of myosin in
demembranated trabeculae using polarized fluorescence (Fig. 4b;
Supplementary Table 2). The order parameter <P2> describes the
orientation of the probe fluorescence dipole with respect to the
filament axis41 and decreases for BSR-cRLC-E going from the relaxed
(pCa 9) to the fully Ca2+-activated state (pCa 4.5), suggesting that the
myosin heads becomemoreperpendicularwith respect to thefilament
axis39,40. In contrast, F10 increased <P2> for the E-helix probe, under
both relaxing and activating conditions, and abolished the orientation
change in the myosin heads associated with Ca2+-activation of the
myofilaments. This suggests that F10 stabilizes the parallel orientation
of the myosin motors as seen in electron microscopy reconstructions
of isolated thick filaments in the OFF state5. As a step towards
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Fig. 3 | F10 slows nucleotide release from bovine β-cardiac myosin. a Left: SDS-
PAGE of isolated bovine cardiac myosin S1 with essential light chain (ELC) and
myosin heavy chain (MHC) labeled accordingly. Middle: Representative traces of
mant-ATP chase experiments in the presence of vehicle control (gray), 2 μmol L-1

Mavacamten (purple) or 20μmol L-1 F10 (red). Bi-exponential fits to data are shown
as black continuous lines. Right: Fraction of slow phase nucleotide release for the
three conditions. Means ± s.e.m., n = 5 independent repeats for control, and n = 6
independent repeats in the presence of F10 or Mavacamten. b Left: SDS-PAGE of
isolated bovine cardiac myosin with regulatory light chain (RLC), essential light
chain (ELC) and myosin heavy chain (MHC) labeled accordingly. Middle: Repre-
sentative traces of mant-ATP chase experiments in the presence of vehicle control
(gray), Mavacamten (purple) and F10 (red). Bi-exponential fits to data are shown as
black continuous lines. Right: Fraction of slow phase nucleotide release. Means ±

s.e.m., n = 5 independent repeats for control, and n = 7 independent repeats in the
presence of F10 or Mavacamten. c Left: SDS-PAGE of isolated bovine cardiac
myofibrilswithmainproteins labeled accordingly (MHC–myosin heavy chain,MyC
– myosin binding protein-C, Tm – tropomyosin, TnI – troponin I, ELC – essential
light chain, RLC – regulatory light chain, TnC – troponin C). Middle: Representative
traces of mant-ATP chase experiments in the presence of vehicle control (gray), 2
μmol L−1 Mavacamten (purple) or 20 μmol L−1 F10 (red). Bi-exponential fits to data
are shown as black continuous lines. Right: Fraction of slow phase nucleotide
release for the three conditions. Means ± s.e.m., n = 5 independent repeats for
control, n = 6 independent repeats in the presence of F10 and n = 6 independent
repeats in the presence of Mavacamten. Statistical significance of differences
between groups were assessed with a one-way ANOVA followed by Tukey’s post-
hoc test. Source data are provided as a Source Data file.
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elucidating themolecularmechanismbehindF10’s stabilizing effect on
the myosin head OFF conformation, we measured the affinity of iso-
latedbovineβ-cardiacmyosin S1 in thepresenceof various nucleotides
and F10 for the myosin S2 tail domain using Microscale Thermo-
phoresis (Fig. S4). Surprisingly, F10 had no effect on the myosin S1-S2
binding affinity with steady state dissociation constants Kd of about 15
μmol L−1 under all conditions tested.

Modulation of the thick filament regulatory state has been pre-
viously shown to change myofilament calcium sensitivity25. In good
agreement, F10 treatment decreased the calcium sensitivity of force
development of rat ventricular trabeculae as indicated by a change in
the pCa50 (pCa that produces half-maximal force) from 5.88± 0.02 to
5.69 ±0.01 (means ± s.e.m., n = 3 trabeculae) (Fig. 4c; Supplementary
Table 2). F10 decreased active isometric force at pCa 5.9 (corre-
sponding to about 50% maximal activation) in a concentration-
dependent manner, which can be described by a sigmoidal dose-
response with an IC50 of about 9 μmol L−1 (Fig. S5). Moreover, drug
treatment slightly reduced the steepness of the force-pCa relation as
indicated by a decrease in the Hill coefficients (nH) from about 7.6
under control conditions to about 5.6 in the presence of F10 (Sup-
plementary Table 2).

We measured the effect of F10 on crossbridge kinetics using a
slack-re-stretch protocol (Fig. 4d; Supplementary Table 2). In the
absence of drug, force re-develops after the re-stretch with an expo-
nential time-course and a rate constant (ktr) of 12 ± 2 s−1 (mean ± s.e.m,
n = 3 trabeculae). Strikingly, F10 significantly increased ktr to 35 ± 1 s−1,
suggesting about three-times faster crossbridge kinetics.

Functional effects of F10 in Langendorff-perfused rat hearts
Next, we tested for the functional effects of F10 in isolated
Langendorff-perfused rat hearts. Hearts were initially stabilized in
modified Krebs-Henseleit (KH) solution for about 25–30min and
subsequently perfusedwith KH solution containing 20μmol L−1 F10 for
5mins to reach a new steady state. As shown in Fig. 5, perfusion with
F10 rapidly decreased left ventricular systolic pressure (LVSP) by about
65% from about 170mmHg to 60mmHg within 2–3mins without,
however, affecting either heart rate (HR) or coronary perfusion (CP)
(Table S3). Moreover, F10 perfusion significantly reduced both the
maximum and minimum rate of pressure development (dP/dtmax and
dP/dtmin, respectively), suggesting a slowed time-course of pressure
development (Fig. 5 and Supplementary Table 3). Strikingly, the effect
of F10 is completely reversible and perfusion with KH solution in the
absence of F10 restores haemodynamic parameters of the isolated
heart preparation to baseline values within three minutes.

We compared the effects of F10 to the FDA-approved myosin
inhibitorMavacamtenbyperfusing isolated rat heartswithKH solution
containing 1 μmol L−1 Mavacamten (Fig. 5, right column), a con-
centration close to reported IC50 for force inhibition in isolated cardiac
muscle fibers21. Similar to F10, Mavacamten reduced LVSP, and dP/
dtmax anddP/dtmin,without affecting either heart rate or coronaryflow.
Interestingly, however, Mavacamten did not affect the left ventricular
end-diastolic pressure (LVEDP), which was slightly increased in the
presence F10. More strikingly, however, both the ON and OFF rate for
the effect of Mavacamten on left ventricular systolic pressure (LVSP)
were vastly slower compared to F10. The changes of LVSP in the

Fig. 4 | Effect of F10 on cardiacmusclemechanics and thick filament structure.
a Isometric force of demembranated rat ventricular trabeculae during relaxing
conditions (pCa 9) and full Ca2+ activation (pCa 4.5) in the absence (gray) and in the
presence of 20 μmol L−1 F10. Means ± s.e.m., n = 5 trabeculae. b Order parameter
<P2> determined from polarized fluorescence of BSR-cRLC-E exchanged demem-
branated rat trabeculae during relaxing conditions (pCa 9) and full Ca2+ activation
(pCa 4.5) in the absence (gray) and in the presence of 20 μmol L−1 F10. Means ±
s.e.m., n = 3 trabeculae. Pictograms indicate the orientation of the BSR probe (red
double arrow) and myosin heads (CD, catalytic domain; LCD, light chain domain,

BSR – Bifunctional sulforhodamine) with respect to the thick filament axis (black
arrow). c Normalized force-pCa relation of demembranated trabeculae in the
absence (gray) and in thepresenceof F10 (red). Inset: ExtractedpCa50 values before
and after F10 treatment. Means ± s.e.m., n = 3 trabeculae. d Example traces of force
re-development of demembranated trabeculae following a slack-stretch protocol
in the absence (gray) and in the presence of F10. Inset: Rates of force re-
development (ktr). Means ± s.e.m., n = 3 trabeculae. Statistical significance of dif-
ferences between values before and after drug treatment were assessed with a
paired, two-tailed student’s t-test. Source data are provided as a Source Data file.
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presence of either F10 or Mavacamten were well described by a
Boltzmann sigmoidal function (Fig. S6) and allowed us to determine
the half-time for bothONandOFF rate. F10 decreased LVSPwith a half-
time of about 45 s, which is about three times faster compared to
Mavacamten with a half-time of 120 s. Similarly, the Mavacamten OFF
rate was about four-times slower compared to F10 ( ~ 200 s vs ~50 s for
Mavacamten and F10, respectively).

Taken together, these results suggests that F10 exhibits a strong
negative inotropic effect on heart muscle function with fast pharma-
codynamics, which is in excellent agreement with the acto-myosin
ATPase anddemembranated trabeculae experiments described above.

Structure-activity relationship analysis of F10 gives insights into
its molecular mechanism of action
The results shown above suggest that F10 is a potent inhibitor of car-
diac myosin that can stabilize both its biochemical (i.e. the SRX state)
and structural OFF state (i.e. interacting heads motif), and reduces
both isometric force and its calcium sensitivity in isolated muscle
fibers and acts as a negative inotrope in Langendorff-perfused hearts.
To better understand the molecular mechanism of action of F10 on

cardiac myosin motor domain function, we performed computational
docking of F10 into the OM-binding site using AutoDock Vina42. The
five highest scoring docking poses are shown superimposed onto the
β-cardiac myosin S1 structure in Fig. 6a. The ethyl-group connected to
the pyrimidine moiety of F10 binds deep within the hydrophobic
pocket formed by the N-terminal (NTD) and lower 50 kDa domain
(L50D) in all docking poses, suggesting a likely representation of the
bound conformation. In contrast, the orientation of F10’s thiourea-
based tail is less well defined and varies significantly between the five
docking poses, likely associated with the higher flexibility of this
region of the molecule. This suggests that F10 might interact with the
myosin motor in more than one conformation, each making contact
with different residues on the NTD (Ala91), L50D (Glu496 and L497)
and converter domain (Pro710 and Lys712), and that those interactions
are responsible for its functional effect on the myosin motor.

We tested this idea by purchasing commercially available deriva-
tives of F10 with different modifications to its thiourea moiety (Fig. 6b)
and used these compounds in dose-dependent activity screens mea-
suring the ATPase activity of bovine cardiac myofibrils (CMF) at sub-
optimal Ca2+-activation, corresponding to about 70%maximal activation

Fig. 5 | Effect of F10 and Mavacamten on haemodynamic parameters of
Langendorff-perfused rat hearts. a Left ventricular systolic pressure (LVSP),b left
ventricular end-diastolic pressure (LVEDP), c maximum and minimum rate of
pressuredevelopment (dPdt−1max anddPdt-1min, respectively),dheart rate (HR) and

e coronary flow (CF) in the absence of compounds (open circles) and in the pre-
sence of either 20 μmol L−1 F10 (left) or 1 μmol L-1 Mavacamten (right), and after
washout. Data represent means ± s.e.m. with n = 4 rat hearts for F10 and n = 5 rat
hearts for Mavacamten. Source data are provided as a Source Data file.
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(Fig. 6c). The parent compound F10 inhibited the ATPase activity of
bovine CMF with an IC50 of about 24 μmol L−1, in very good agreement
with the results for the acto-myosin ATPase described above, and a
maximal inhibition of about 60%. A shorter variant without the thiourea
moiety had no activity in the concentration range tested. Similarly,
replacing the terminal isopropyl with a methyl group resulted in com-
plete loss of activity, suggesting that a larger hydrophobic terminal
group is required for F10’s inhibitory activity. In good agreement,
replacing the isopropyl group with a larger hydrophobic methox-
yphenyl moiety decreased the IC50 for CMF ATPase activity by about a
factor of ten (IC50 of about 3 μmol/L), albeit with a lower maximal
inhibition of about 40%.

Taken together, these results suggest that the OM binding site in
cardiac myosin can be targeted for the development of myosin-based
small molecule effectors, and that F10 is a tuneable scaffold for the
development of a new class of myosin modulators.

Discussion
The results presented above show that Artificial Intelligence-based
virtual screening for cardiac myosin modulators is a viable alternative
to traditional phenotypical or target-based screening campaigns43,44.
Not only are virtual screensmore time- and cost-efficient but also have
access to a larger chemical space, increasing the probability of finding

biologically-active molecules45. Although currently only one out of 84
top-scoring compounds identified from a library of about 4.25 million
showed a desirable biological activity, the availability of ultra-large
virtual libraries with several billions of compounds suggests that
potentially hundreds of new chemical scaffolds can be discovered in
future virtual screening campaigns46,47. Moreover, vHTS campaign are
not limited to known binding sites and tools for the identification of
functionally important binding pockets are readily available48.

In the present study, we identified F10 as a cardiac-specificmyosin
modulator using an AI-based virtual screen against the Omecamtiv
Mecarbil-binding pocket in the nucleotide-free human β-cardiac
myosin motor domain (Fig. 1). The identified compound exhibits
IC50 for both myosin, acto-myosin and myofibrillar ATPase in the low
micromolar range, comparable to the efficacy and potency of myosin-
targeted small molecule effectors identified in traditional wet lab-
based primary screens43,44. Moreover, F10 shows excellent drug-
likeness and predicted ADMET properties (Fig. S3).

Perhaps themost surprising aspect of the current results, however,
is that althoughOMisgenerally considereda cardiacmyosin activator20,
F10 acts as an allosteric inhibitor of the cardiac myosin and actomyosin
ATPase, and reduces force production and calcium sensitivity in iso-
lated cardiac myofilaments (Figs. 3 and 4). Moreover, F10 reduces left
ventricular pressure development and slows its timecourse in isolated

Fig. 6 | Structure-activity relationship of F10. a Left: Top five highest scoring
docking poses of F10 (stick representation) in the OM-binding site of human car-
diac myosin S1 created using AutoDock Vina. The N-terminal domain (NTD), con-
verter and lower 50kDa domain (L50D) are shown in green, pink and yellow,
respectively. Right: Schematic showing the proposed main interactions of F10

within themyosin catalytic domain. Potential hydrogenbonds are indicted by black
dashed lines. b Chemical structures of tested F10 derivatives. c Dose-response
analysis for the effect of F10 derivatives on bovine cardiac myofibrillar ATPase
activity. Means ± s.e.m., n = 7 independent experiments. Source data are provided
as a Source Data file.
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Langendorff-perfused rat hearts (Fig. 5), suggesting a strong negative
inotropic effect on heartmuscle function. Strikingly, F10 exhibits a very
high ON and OFF rates in Langendorff-perfused hearts, which are sev-
eral folds faster than the FDA-approved myosin inhibitor Mavacamten,
suggesting potentially faster clinical action and washout.

We show that F10 slows the nucleotide release rate from isolated
cardiac myosin motors, synthetic thick filaments and relaxed myo-
fibrils, strongly suggesting that it stabilizes the so-called super-
relaxed state of cardiac myosin associated with the switch-2
closed conformation of the myosin catalytic domain in the ADP.Pi
conformation14,15 (Fig. 3). F10 therefore likely increases the fraction of
myosin motors in the ADP.Pi low force/weak binding state and pre-
vents their transition into the strong-bound force-generating states
(Fig. 7), consistent with the unaltered apparent affinity of the myosin
motors for actin in the presence of F10 but strong reduction in
ATPase activity and force generation (Fig. 2d). In agreement, our
fluorescence polarization data show that F10 stabilizes the parallel
orientation of the myosin motors suggesting that it favors the for-
mation of the IHM state of the double headed myosin molecule and
the thick filament OFF state (Fig. 4b). The increased fraction of
myosin motors in the SRX and IHM state leads to depressed force
generation and pressure development in isolated cardiac muscle
fibers and Langendorff-perfused hearts, respectively.

Although the mechanistic link between the super-relaxed
state and the IHM motif has not been established, previous studies
suggested that structural changes in the catalytic domain of the
myosin heads associated with the SRX might promote the formation
of the structural OFF state14,28,49. Recent cryo-electron microscopy

reconstructions of mammalian cardiac thick filaments showed a mul-
titude of inter- and intra-molecular interactions that stabilize the
structural OFF state6, suggesting that myosin head SRX/ADP.Pi con-
formation might stabilize these interactions.

We tested this idea by measuring the affinity of the myosin
motors for their S2 tail domains in the absence and in the presence of
F10 and various nucleotide analogues using Microscale Thermo-
phoresis (Fig. S4). Neither change in the nucleotide derivative nor
presence of F10 had an effect on the steady-state affinity of the iso-
lated myosin head domain for the S2 tails, suggesting that stabili-
zation of the myosin head SRX state does not increase its affinity for
the tail domain in vitro.

Our fluorescence polarization data show that F10 prevents the
Ca2+-activation dependent re-orientation of the myosin motors
towards a more perpendicular orientation, strongly suggesting that it
decouples thick filament conformational changes from calcium acti-
vation of the thin filament, which was previously also seen for other
myosin inhibitors such as Blebbistatin (BS) and Mavacamten25,28.
Interestingly, BS treatment of ventricular trabeculae strongly reduced
the steepness of the force-calcium relation25. In contrast, F10 and
Mavacamten had only modest effects50,51, suggesting a different
mechanism of force inhibition. BS bound myosin head are likely per-
manently locked into the OFF state, whereas F10 (and Mavacamten)
binding only reduces the likelihood of transition into the strong actin-
bound state and F10-bound myosin heads can therefore contribute to
myofilament activation via cooperative cross-bridge recruitment. In
good agreement, BS has been recently shown to not stabilize the SRX
state and induce a different myosin conformation than Mavacamten52.

Fig. 7 | Proposed mechanism for the effect of F10 on cardiac myosin function.
F10 accelerates myosin head detachment from actin and prevents the transition

from weakly- to strongly-bound crossbridges, and stabilizes its structural (inter-
acting heads motif) and functional OFF state (super-relaxed state).
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Surprisingly, however, in contrast to its inhibiting effect on iso-
metric force andATPase, F10 increases crossbridge kinetics as indicated
by an increase in the rate of force re-development ktr following a slack-
stretchprotocol (Fig. 4d). A similar effectwasobserved forMavacamten
using isolated ventricular myofibrils53. However, others have reported
that Mavacamten slows force development in permeabilized myo-
cardial strips50,51. Although the molecular mechanism is currently
unknown, it is likely that F10 increases the detachment kinetics of
myosin from actin which is not balanced by an equal decrease in the
attachment rate (Fig. 7). However, the higher compliance at lower levels
of activation might have also affected the rate of force redevelopment.
Moreover, cooperative activation of cross-bridges has been proposed
to slow the rate of force redevelopment54. It follows that F10 might
accelerate ktr by stabilizing the myosin head OFF conformation
(Fig. 4b), which reduces the intrinsic cooperativity of thick filament
activation.

Although no high-resolution structural data are available for
Mavacamten bound to the cardiac myosin motor domain, the similar
functional and structural effects, as well as the myosin isoform selec-
tivity and chemical similarity of both F10 and Mavacamten suggests
that both compounds might bind to the same binding pocket origin-
ally identified for Omecamtiv Mecarbil. We have used AutoDock Vina
to predict potential binding poses for the F10-derivative R4, Mava-
camten and Aficamten in the OM-binding pocket (Fig. S7). All com-
pounds bind deeply into the pocket formed by the converter,
N-terminal and lower 50kDa domain via their terminal Alkyl-groups,
and form extensive interactions with both the relay-helix and NTD.
Interestingly, a similar docking pose has been predicted for F10
(Fig. 5a), suggesting that these interactions are responsible for the
inhibitory effect of cardiac myosin inhibitors. Moreover, the predicted
binding affinities of R4,Mavacamten andAficamten for the OMpocket
are significantly higher than that for F10, in good agreement with their
lower EC50 for inhibiting cardiac myosin function21,44.

Similar toOM,Mava andAficamten, F10 shows good selectivity of
cardiac over skeletal muscle with no effect on fast skeletal and low to
intermediate effect on slow skeletal muscle myofibrillar ATPase20,21,44.
Although the majority of the residues constituting the OM binding
site are highly conserved between the different myosin isoforms,
specific residues in converter, L50D and NTD diverge between fast
and slow myosin isoforms. Moreover, our docking studies suggest
that these residuesmight bedirectly involved in interactingwith F10’s
thiourea moiety. In fact, removal of these interactions by truncating
the hydrophobic tail completely abolishes the inhibitory effect of
F10 (Fig. 6c).

Taken together, our results suggests that the OM-binding pocket
can be utilized to modulate myosin motor function to either increase
or decrease contractility by small molecule effectors that have differ-
ent effects on its ATPase cycle. In very good agreement, our limited
SAR analysis showed that finely tuned interactions of small molecule
effectors occupying the OM-binding site can be utilized to modify
myosin function. F10 is a tuneable scaffold for the further develop-
ment of a novel class of myosin modulators. However, further in vivo
testing in animal models are required to establish both the pharma-
codynamic and pharmacokinetic profile of F10, followed by optimi-
zation of its chemical structure to increase both its bio-availability and
potency.

Methods
Artificial intelligence-based virtual high throughput screen
The small molecule Virtual High-Throughput Screen (VHTS) was per-
formed aspreviously described using Atomwise’s proprietary AI-based
AtomNet® screening platform55–60. Briefly, a curated library of small
molecules (Mcule_v20201015 containing 4,251,237 compounds), was
ranked to identify potential myosin modulators using the Omecamtiv
Mercarbil binding site on the human beta-cardiac myosin motor

domain (PDB 4PA0)61 defined by the amino acid residues A91, M92,
T94, L96, S118, G119, F121, F489, M493, E497, V698, G701, I702, C705,
P710, N711, and R712.

Physicochemical properties were calculated with ICM (Molsoft)
and the top ranked 200 molecules were reduced to a list of 84 com-
pounds with drug-like properties (e.g., Lipinski’s rule of 5). The
84 selected compounds from the vHTS, along with two negative
vehicle controls, were purchased for testing at stock concentrations of
10mmol L−1 in DMSO and validated to be ≥ 85% purity via LC-MS at
Mcule. Compoundswereblinded during themyosin biochemical assay
screening and compound identity and structures were revealed after
data were returned to Atomwise. Structural figures were prepared in
PyMol v2.4.1.

Cardiac actomyosin and myofibrillar ATPase measurements
Bovine cardiac myosin S1 was prepared from bovine ventricle as pre-
viously described62. Rabbit skeletal F-actin was purchased from
Cytoskeleton Inc. and prepared for experiments according to manu-
facturer’s instructions.

20 μL of enzyme mix in buffer A (composition in mmol L−1: 10
MOPS, 0.1 EGTA, 1 DTT, pH 7) containing 500 nmol L−1 bovine cardiac
myosin S1, 40UmL−1 lactate dehydrogenase and 400UmL−1 pyruvate
kinase were dispensed into a black 96-well half area plate (Greiner).
For compound screening 40 nL drug stock (10mmol L−1 in DMSO)
were added to eachwell using aMosquito liquid handler system. Each
assay plate contained five wells with DMSO only (negative control)
and five wells with 10 μmol L−1 Blebbistatin (positive control). Plates
were incubated on a plate shaker at 30 °C for 10min at 2000 rpm.
Reactions were started by adding 20 μL substrate mix in buffer B
(composition in mmol L−1: 4 MOPS, 9.1 EGTA, 2 MgCl2, 3 NaN3, 1 DTT,
pH 7.0) containing 20 μmol L−1 F-actin, 440mmol L−1 NADH,
4mmol L−1 2-phosphoenolpyruvate and 4mmol L−1 ATP using a GIL-
SON PLATEMASTER 96-channel pipette. Plates were briefly mixed by
shaking at 5000 rpm on a plate shaker and spun down at 3000g for
10 s. NADH fluorescence intensity wasmeasured for each well using a
ClarioStar Plate Reader for 10min every 30 sec at 30 °C with the
following settings: excitation at 380 nm with a 10 nm bandwidth and
emission at 470 nm with a 24 nm bandwidth. Data were recorded
with BMG Labtech Reader Control Software v6.20. ATPase activity
was extracted by linear regression to changes in fluorescence inten-
sity and normalized to DMSO control using BMG Labtech MARS
Analysis Software and GraphPad Prism 10.

Demembranated myofibrils were freshly prepared from bovine
ventricle on the day of the experiments as previously described25,63.
Marmoset ventricular and skeletal muscle tissue was kindly provided
by the Biological Service Unit of King’s College London. Steady-state
myofibrillar ATPase activity was measured using an identical protocol
as described above but inmyofibril assay buffer (composition inmmol
L−1: 20 MOPS pH 7, 50 KCl, 0.1 CaCl2, 1 DTT) with a final bovine CMF
concentration of 1mgmL−1.

Single nucleotide turnover experiments
Synthetic thick filaments were freshly prepared by diluting full-
length bovine cardiac myosin stock into assay buffer (composition in
mmol L−1: 15 PIPES pH 7, 5 MgCl2, 1 DTT) and incubation on ice for 2 h.
Bovine myosin S1 and synthetic thick filament concentrations were
adjusted to 0.4 μmol L−1 with assay buffer and 40 μL aliquoted into
individual wells of a black 384-well plate (Greiner). Mant-ATP (Jena-
Bioscience) was added to each well to a final concentration of 0.4
μmol L−1 using an automated injector unit in a ClarioStar Plate Reader
(BMG LabTech) and the system was allowed to age for 1min. The
chase phase was started by adding a final concentration of 2mmol L−1

ATP using a second automated injector unit. Fluorescence intensity
from each well was constantly measured for 15min every 1 sec at
25 °C with the following settings: excitation at 360 nm with a 20 nm
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bandwidth and emission at 450 nm with a 20 nm bandwidth. For
experiments with cardiac myofibrils the concentration was adjusted
to 1mgm L−1, and the mant-ATP and ATP concentrations were
increased to 20 μmol L−1 and 20mmol L−1, respectively.

Preparation of cardiac trabeculae
All animals were treated in accordance with the guidelines approved
by theUKAnimal Scientific procedures Act (1986) and EuropeanUnion
Directive 2010/63/EU. All procedures were performed according to
Schedule 1 of the UK Animal Scientific Procedure Act, 1986, which do
not require ethical approval. All procedures compliedwith the relevant
ethical regulations and were carried out in accordance with the
guidelines of the Animal Welfare and Ethical Review Body (AWERB,
King’s College London).

Wistar rats (Rattus norvegicus, male, 200–250g, 7weeks old) were
killed by cervical dislocationwithout the use of anesthetics (Schedule 1
procedure in accordance with UK Animal Scientific Procedure Act,
1986) and demembranated right ventricular trabeculae were prepared
as described previously39. Briefly, free-running, unbranched trabeculae
were carefully removed from the right ventricle in oxygenated Krebs-
Henseleit solution (composition in mmol L−1: 114 NaCl, 5.9 KCl, 1.16
MgSO4, 25 NaHCO3, 0.48 EDTA, 2.2 CaCl2, 5 glucose, pH 7.4) contain-
ing 25mmol L−1 2,3-Butanedione-monoxime (BDM) and demem-
branated in relaxing buffer (composition in mmol L−1: 25 Imidazole, 15
Na2Creatine phosphate (Na2CrP), 78.4 KPropionate (KPr), 5.65Na2ATP,
6.8 MgCl2, 10 K2EGTA, 1 DTT, pH 7.1) containing 1 % (v/v) Triton X-100.

Mechanical and fluorescence polarization experiments
Trabeculae were mounted between a strain gauge force transducer
(KRONEX, Oakland, California 94602, USA; model A-801, resonance
frequency ~2 kHz) and motor (Aurora Scientific, Dublin, D6WY006,
Ireland; Model 312 C). BSR-cRLCs were exchanged into demem-
branated trabeculae by extraction in CDTA-rigor solution (composi-
tion in mmol L−1: 5 CDTA, 50 KCl, 40 Tris-HCl pH 8.4, 0.1% (v/v) Triton
X-100) for 30min followed by reconstitution with 40μmol L−1 BSR-
cRLC in relaxing solution (composition in mmol L−1: 25 Imidazole, 15
Na2Creatine phosphate (Na2CrP), 78.4 KPropionate (KPr), 5.65Na2ATP,
6.8 MgCl2, 10 K2EGTA, 1 DTT, pH 7.1) for 1 h, replacing ~50% of the
endogenous cRLC40,64.

Composition of experimental solutions and activation protocols
were identical to those described previously for fluorescence polar-
ization experiments40. Fluorescence emission from BSR-cRLCs in tra-
beculaewerecollectedbya0.25N.A. objective using anexcitation light
beam in line with the emission path. The polarization of the excitation
beam was switched at 1 kHz by a Pockels cell (Conoptics) between the
parallel and perpendicular directions with respect to the muscle fiber
long axis. The fluorescence emission was separated into parallel and
perpendicular components by polarizing beam splitters, and its
intensity measured by two photomultipliers, allowing determination
of the order parameter <P2> that describes the dipole orientations in
the trabeculae41. Force, muscle length and photomultiplier signals
were constantly sampled at 10 kHz using dedicated programs written
in LabView 2014 (National Instruments). Data were analyzed using
Microsoft Excel for Microsoft 365 MSO (Version 2308 Build 16.0) and
GraphPad Prism 10.

The sarcomere length of trabeculae was adjusted to 2.1μmby laser
diffraction in relaxing solution prior to each activation. Activating
solution contained (in mmol L−1): 25 Imidazole, 15 Na2CrP, 58.7 KPr, 5.65
Na2ATP, 6.3 MgCl2, 10 CaCl2, 10 K2EGTA, 1 DTT, pH 7.1. Each activation
was preceded by a 2-min incubation in pre-activating solution (compo-
sition in mmol L−1: 25 Imidazole, 15 Na2CrP, 108.2 KPr, 5.65 Na2ATP, 6.3
MgCl2, 0.2K2EGTA, 1DTT,pH7.1). Solutionswith varyingconcentrations
of free [Ca2+] were prepared by mixing relaxing and activating solutions
using MAXCHELATOR software (maxchelator.stanford.edu). Isometric
force and steady-state fluorescence polarization values were measured

once steady force had been established. The dependence of force and
order parameters on free calcium concentration was fitted to data from
individual trabeculae using non-linear least-squares regression to the
modified Hill Eq. (1):

F = Y0 +A � ð½Ca2+ �nHÞ=ð� log10½pCa50�nH + ½Ca2+ �nHÞ ð1Þ

where pCa50 is the negative logarithm of [Ca2+] corresponding to half-
maximal change in F, nH is the Hill coefficient, Y0 is the baseline, and A
is the amplitude (for normalized force data: Y0 = 0 and A= 1).
Trabeculae which showed a decline in maximal calcium activated
force of more than 15% after the experiments were discarded.

Microscale thermophoresis
Microscale thermophoresis (MST) experiments were performed as
described previously65. Briefly, MST experiments were performed on a
Monolith NT.115 instrument (NanoTemper) in interaction buffer con-
taining 20mmol L−1 Mops, pH 7, 1mmol L−1 MgCl2, 50mmol L−1 KCl,
1mmol L−1 DTT, and 0.05% (v/v) Tween-20. Proteins were labeled with
Alexa 647-NHS (Molecular Probes, Inc; Thermo Fisher Scientific)
according to the manufacturer’s instructions, and dye incorporation
(efficiency of >80%) was confirmed by HPLC and ESI–MS. All proteins
were either gel-filtered into and/or extensively dialyzed against inter-
action buffer. Titration experiments were performed with a fixed
concentration of 100 nmol L−1 of Alexa647-labeled proteins in pre-
mium capillaries.

Langendorff-perfused rat hearts
Rat hearts were Langendorff-perfused as described previously66.
Briefly, Wistar rats (Rattus norvegicus, male, 200–250g, 7 weeks old)
were anesthetized by injection of 0.9mL sodium pentobarbitone 20%
(w/v). Hearts were removed immediately and washed free of blood in
ice-cold Krebs-Henseleit solution (composition in mmol L−1: 114 NaCl,
5.9KCl, 1.16MgSO4, 25NaHCO3, 0.48 EDTA, 2.2CaCl2, 5 glucose, 1Na L-
lactate, 0.1 Na-pyruvate, 0.5 L-glutamic acid, 4 hydroxybutyrate, pH
7.4) supplemented with 10 μmol L−1 insulin and 0.04% (v/v) intralipid.
The aorta was cannulated and secured with sutures (Mersilk 3‐0;
Ethicon, Somerville, NJ, USA). Hearts were perfused at a constant
perfusion pressure of 70 ± 2mmHg using a peristaltic pump (Gilson
Minipuls 4, Middleton, WI, USA) and a feedback control system (STH
Pump Controller; AD Instruments, Oxford, UK). Buffer was equili-
brated with 95% O2–5% CO2 using a custom‐made counter‐current
membrane oxygenator consisting of spirally wound Silastic tubing
(1.47mm i.d., 1.96mm o.d.; VWR International, Lutterworth, UK) con-
tinually flushed with gas at 37 °C. A fluid‐filled balloon, attached to a
pressure transducer, was inserted into the left ventricle and inflated to
give an end‐diastolic pressure between 3 and 8mmHg. Left ventricular
pressure (LVP), perfusion pressure, coronary flow and arterial and
venous oxygen tensionswere recorded using a PowerLab recorder and
LabChart 8.0 software (ADInstruments). Functional parameters were
averaged for ∼80 cardiac cycles at 5min intervals.

All animals were treated in accordance with the guidelines
approved by the UK Animal Scientific procedures Act (1986) and Eur-
opean Union Directive 2010/63/EU. All procedures were performed
according to Schedule 1 of the UK Animal Scientific Procedure Act,
1986, which do not require ethical approval. All procedures complied
with the relevant ethical regulations and were carried out in accor-
dance with the guidelines of the Animal Welfare and Ethical Review
Body (AWERB, King’s College London).

Statistical analysis
Data are expressed as mean ± standard error (s.e.m.) with the number
of independent experiments indicated by n. Normal distribution of
data were assessed by Shapiro-Wilks test in GraphPad Prism 8. Statis-
tical significance of differences before and after drug treatment were
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assessedwith a two-tailed, paired student’s t-testorMann-Whitney test
for parametric and non-parametric data, respectively. Non-paired data
sets for control and drug group were analyzed using the appropriate
non-paired tests. Statistical significance of differences between three
or more groups were assessed with a one-way ANOVA followed by
Tukey’s multiple comparison test.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Thedata supporting thefindings of the study are available in the article
and its Supplementary Information.The structure of Omecamtiv
Mecarbil bound to human β-cardiac myosin (PDB code 4PA0) was
retrieved from Protein Data Bank. Source data are provided with
this paper.

Code availability
All generated custom written LabView control programs are available
from the corresponding author upon request.

References
1. Gordon, A. M., Homsher, E. & Regnier, M. Regulation of contraction

in striated muscle. Physiol. Rev. 80, 853–924, https://doi.org/10.
1152/physrev.2000.80.2.853 (2000).

2. Irving,M. Regulation of contraction by the thickfilaments in skeletal
muscle. Biophys. J. 113, 2579–2594, https://doi.org/10.1016/j.bpj.
2017.09.037 (2017).

3. Piazzesi, G., Caremani, M., Linari, M., Reconditi, M. & Lombardi, V.
Thick filament mechano-sensing in skeletal and cardiac muscles: a
common mechanism able to adapt the energetic cost of the con-
traction to the task. Front. Physiol. 9, 736, https://doi.org/10.3389/
fphys.2018.00736 (2018).

4. Brunello, E. et al. Myosin filament-based regulation of the dynamics
of contraction in heart muscle. Proc. Natl Acad. Sci. USA 117,
8177–8186, https://doi.org/10.1073/pnas.1920632117 (2020).

5. Al-Khayat, H. A., Kensler, R.W., Squire, J. M., Marston, S. B. &Morris,
E. P. Atomic model of the human cardiac muscle myosin filament.
Proc. Natl Acad. Sci. USA 110, 318–323, https://doi.org/10.1073/
pnas.1212708110 (2013).

6. Dutta, D., Nguyen, V., Campbell, K. S., Padron, R. & Craig, R. Cryo-
EM structure of the human cardiac myosin filament. bioRxiv,
https://doi.org/10.1101/2023.04.11.536274 (2023).

7. Alamo, L. et al. Effects ofmyosin variants on interacting-headsmotif
explain distinct hypertrophic and dilated cardiomyopathy pheno-
types. Elife 6, https://doi.org/10.7554/eLife.24634 (2017).

8. Nag, S. et al. The myosin mesa and the basis of hypercontractility
caused by hypertrophic cardiomyopathy mutations. Nat. Struct.
Mol. Biol. 24, 525–533, https://doi.org/10.1038/nsmb.3408 (2017).

9. Robert-Paganin, J., Auguin, D. & Houdusse, A. Hypertrophic cardi-
omyopathy disease results from disparate impairments of cardiac
myosin function and auto-inhibition.Nat.Commun.9, 4019, https://
doi.org/10.1038/s41467-018-06191-4 (2018).

10. Sarkar, S. S. et al. The hypertrophic cardiomyopathy mutations
R403Q and R663H increase the number of myosin heads available
to interact with actin. Sci. Adv. 6, eaax0069, https://doi.org/10.
1126/sciadv.aax0069 (2020).

11. Korte, F. S., McDonald, K. S., Harris, S. P. & Moss, R. L. Loaded
shortening, power output, and rate of force redevelopment are
increased with knockout of cardiac myosin binding protein-C. Circ.
Res. 93, 752–758, https://doi.org/10.1161/01.RES.0000096363.
85588.9A (2003).

12. Sadayappan, S. et al. Cardiac myosin binding protein-C phos-
phorylation in a beta-myosin heavy chain background. Circulation

119, 1253–1262, https://doi.org/10.1161/CIRCULATIONAHA.108.
798983 (2009).

13. Colson, B. A. et al. Differential roles of regulatory light chain and
myosin binding protein-C phosphorylations in the modulation of
cardiac force development. J. Physiol. 588, 981–993, https://doi.
org/10.1113/jphysiol.2009.183897 (2010).

14. Hooijman, P., Stewart, M. A. & Cooke, R. A new state of cardiac
myosin with very slow ATP turnover: a potential cardioprotective
mechanism in the heart. Biophysical J. 100, 1969–1976, https://doi.
org/10.1016/j.bpj.2011.02.061 (2011).

15. Stewart, M. A., Franks-Skiba, K., Chen, S. & Cooke, R. Myosin ATP
turnover rate is a mechanism involved in thermogenesis in resting
skeletal muscle fibers. Proc. Natl Acad. Sci. USA 107, 430–435,
https://doi.org/10.1073/pnas.0909468107 (2010).

16. Chu, S., Muretta, J. M. & Thomas, D. D. Direct detection of the
myosin super-relaxed state and interacting-headsmotif in solution.
J. Biol. Chem. 297, 101157, https://doi.org/10.1016/j.jbc.2021.
101157 (2021).

17. Marian, A. J. Molecular genetic basis of hypertrophic cardiomyo-
pathy. Circ. Res. 128, 1533–1553, https://doi.org/10.1161/
CIRCRESAHA.121.318346 (2021).

18. Sadayappan, S. et al. Cardiac myosin-binding protein-C
phosphorylation and cardiac function. Circ. Res. 97, 1156–1163,
https://doi.org/10.1161/01.RES.0000190605.79013.4d (2005).

19. Harris, S. P. et al. Hypertrophic cardiomyopathy in cardiac
myosin binding protein-C knockout mice. Circ. Res. 90, 594–601
(2002).

20. Malik, F. I. et al. Cardiac myosin activation: a potential therapeutic
approach for systolic heart failure. Science 331, 1439–1443, https://
doi.org/10.1126/science.1200113 (2011).

21. Green, E. M. et al. A small-molecule inhibitor of sarcomere
contractility suppresses hypertrophic cardiomyopathy in mice.
Science 351, 617–621, https://doi.org/10.1126/science.aad3456
(2016).

22. Day, S.M., Tardiff, J. C. &Ostap, E.M.Myosinmodulators: emerging
approaches for the treatment of cardiomyopathies and heart fail-
ure. J Clin Invest 132, https://doi.org/10.1172/JCI148557 (2022).

23. Tacon, C. L., McCaffrey, J. & Delaney, A. Dobutamine for patients
with severe heart failure: a systematic review and meta-analysis of
randomised controlled trials. Intensive Care Med 38, 359–367,
https://doi.org/10.1007/s00134-011-2435-6 (2012).

24. Szarpak, L. et al. Milrinone or dobutamine in patients with heart
failure: evidence frommeta-analysis. ESC Heart Fail 9, 2049–2050,
https://doi.org/10.1002/ehf2.13812 (2022).

25. Kampourakis, T., Zhang, X., Sun, Y. B. & Irving, M. Omecamtiv
mercabil and blebbistatin modulate cardiac contractility by per-
turbing the regulatory state of the myosin filament. J. Physiol. 596,
31–46, https://doi.org/10.1113/JP275050 (2018).

26. Woody, M. S. et al. Positive cardiac inotrope omecamtiv mecarbil
activates muscle despite suppressing the myosin working stroke.
Nat. Commun. 9, 3838, https://doi.org/10.1038/s41467-018-
06193-2 (2018).

27. Bakkehaug, J. P. et al. Myosin Activator Omecamtiv Mecarbil
Increases Myocardial Oxygen Consumption and Impairs Cardiac
Efficiency Mediated by Resting Myosin ATPase Activity. Circ. Heart
Fail 8, 766–775, https://doi.org/10.1161/CIRCHEARTFAILURE.114.
002152 (2015).

28. Anderson, R. L. et al. 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. USA 115,
E8143–E8152, https://doi.org/10.1073/pnas.1809540115 (2018).

29. McGovern, S. L. & Shoichet, B. K. Information decay in molecular
docking screens against holo, apo, and modeled conformations of
enzymes. J. Med Chem. 46, 2895–2907, https://doi.org/10.1021/
jm0300330 (2003).

Article https://doi.org/10.1038/s41467-023-43538-y

Nature Communications |         (2023) 14:7692 12

https://doi.org/10.2210/pdb4PA0/pdb
https://doi.org/10.1152/physrev.2000.80.2.853
https://doi.org/10.1152/physrev.2000.80.2.853
https://doi.org/10.1016/j.bpj.2017.09.037
https://doi.org/10.1016/j.bpj.2017.09.037
https://doi.org/10.3389/fphys.2018.00736
https://doi.org/10.3389/fphys.2018.00736
https://doi.org/10.1073/pnas.1920632117
https://doi.org/10.1073/pnas.1212708110
https://doi.org/10.1073/pnas.1212708110
https://doi.org/10.1101/2023.04.11.536274
https://doi.org/10.7554/eLife.24634
https://doi.org/10.1038/nsmb.3408
https://doi.org/10.1038/s41467-018-06191-4
https://doi.org/10.1038/s41467-018-06191-4
https://doi.org/10.1126/sciadv.aax0069
https://doi.org/10.1126/sciadv.aax0069
https://doi.org/10.1161/01.RES.0000096363.85588.9A
https://doi.org/10.1161/01.RES.0000096363.85588.9A
https://doi.org/10.1161/CIRCULATIONAHA.108.798983
https://doi.org/10.1161/CIRCULATIONAHA.108.798983
https://doi.org/10.1113/jphysiol.2009.183897
https://doi.org/10.1113/jphysiol.2009.183897
https://doi.org/10.1016/j.bpj.2011.02.061
https://doi.org/10.1016/j.bpj.2011.02.061
https://doi.org/10.1073/pnas.0909468107
https://doi.org/10.1016/j.jbc.2021.101157
https://doi.org/10.1016/j.jbc.2021.101157
https://doi.org/10.1161/CIRCRESAHA.121.318346
https://doi.org/10.1161/CIRCRESAHA.121.318346
https://doi.org/10.1161/01.RES.0000190605.79013.4d
https://doi.org/10.1126/science.1200113
https://doi.org/10.1126/science.1200113
https://doi.org/10.1126/science.aad3456
https://doi.org/10.1172/JCI148557
https://doi.org/10.1007/s00134-011-2435-6
https://doi.org/10.1002/ehf2.13812
https://doi.org/10.1113/JP275050
https://doi.org/10.1038/s41467-018-06193-2
https://doi.org/10.1038/s41467-018-06193-2
https://doi.org/10.1161/CIRCHEARTFAILURE.114.002152
https://doi.org/10.1161/CIRCHEARTFAILURE.114.002152
https://doi.org/10.1073/pnas.1809540115
https://doi.org/10.1021/jm0300330
https://doi.org/10.1021/jm0300330


30. Rueda, M., Bottegoni, G. & Abagyan, R. Recipes for the selection of
experimental protein conformations for virtual screening. J. Chem.
Inf. Model 50, 186–193, https://doi.org/10.1021/ci9003943 (2010).

31. Winkelmann, D. A., Forgacs, E., Miller, M. T. & Stock, A.M. Structural
basis for drug-induced allosteric changes to human beta-cardiac
myosin motor activity. Nat. Commun. 6, 7974, https://doi.org/10.
1038/ncomms8974 (2015).

32. Kim, S. et al. PubChem 2023 update. Nucleic Acids Res 51,
D1373–D1380, https://doi.org/10.1093/nar/gkac956 (2023).

33. Gaulton, A. et al. ChEMBL: a large-scale bioactivity database for
drug discovery.Nucleic Acids Res, 40, D1100–1107, https://doi.org/
10.1093/nar/gkr777 (2012).

34. Backman, T. W., Cao, Y. & Girke, T. ChemMine tools: an online
service for analyzing and clustering small molecules.Nucleic Acids
Res 39, W486–491, https://doi.org/10.1093/nar/gkr320 (2011).

35. Daina, A., Michielin, O. & Zoete, V. SwissADME: a free web tool to
evaluate pharmacokinetics, drug-likeness and medicinal chemistry
friendliness of small molecules. Sci. Rep. 7, 42717, https://doi.org/
10.1038/srep42717 (2017).

36. Castorena, C. M., Mackrell, J. G., Bogan, J. S., Kanzaki, M. & Cartee,
G. D. Clustering of GLUT4, TUG, and RUVBL2 protein levels corre-
late with myosin heavy chain isoform pattern in skeletal muscles,
but AS160 and TBC1D1 levels do not. J. Appl Physiol. (1985) 111,
1106–1117, https://doi.org/10.1152/japplphysiol.00631.2011 (2011).

37. Kensler, R. W., Craig, R. & Moss, R. L. Phosphorylation of cardiac
myosin bindingproteinC releasesmyosin heads from the surfaceof
cardiac thick filaments. Proc. Natl Acad. Sci. USA 114, E1355–E1364,
https://doi.org/10.1073/pnas.1614020114 (2017).

38. Lee, L. A. et al. Functional divergence of the sarcomeric myosin,
MYH7b, supports species-specific biological roles. J. Biol. Chem.
299, 102657, https://doi.org/10.1016/j.jbc.2022.102657 (2023).

39. Kampourakis, T., Sun, Y. B. & Irving, M. Orientation of the N- and
C-terminal lobes of the myosin regulatory light chain in cardiac
muscle. Biophysical J. 108, 304–314, https://doi.org/10.1016/j.bpj.
2014.11.049 (2015).

40. Kampourakis, T. & Irving, M. The regulatory light chain mediates
inactivation of myosin motors during active shortening of cardiac
muscle. Nat. Commun. 12, 5272, https://doi.org/10.1038/s41467-
021-25601-8 (2021).

41. Dale, R. E. et al. Model-independent analysis of the orientation of
fluorescent probes with restricted mobility in muscle fibers. Bio-
physical J. 76, 1606–1618, https://doi.org/10.1016/S0006-3495(99)
77320-0 (1999).

42. Trott, O. & Olson, A. J. AutoDock Vina: improving the speed
and accuracy of docking with a new scoring function, efficient
optimization, and multithreading. J. Comput Chem. 31, 455–461,
https://doi.org/10.1002/jcc.21334 (2010).

43. Morgan, B. P. et al. Discovery of omecamtiv mecarbil the first,
selective, small molecule activator of cardiac Myosin. ACS Med
Chem. Lett. 1, 472–477, https://doi.org/10.1021/ml100138q (2010).

44. Chuang, C. et al. Discovery of Aficamten (CK-274), a Next-
Generation Cardiac Myosin Inhibitor for the Treatment of
Hypertrophic Cardiomyopathy. J. Med. Chem. 64, 14142–14152,
https://doi.org/10.1021/acs.jmedchem.1c01290 (2021).

45. Gorgulla, C. Recent developments in ultralarge and structure-
based virtual screening approaches. Annu Rev. Biomed. Data Sci. 6,
229–258, https://doi.org/10.1146/annurev-biodatasci-020222-
025013 (2023).

46. Irwin, J. J. et al. ZINC20-A Free Ultralarge-Scale Chemical Database
for Ligand Discovery. J. Chem. Inf. Model 60, 6065–6073, https://
doi.org/10.1021/acs.jcim.0c00675 (2020).

47. Enamine. https://enamine.net/library-synthesis/real-compounds/
real-space-navigator. (2020).

48. Broomhead, N. K. & Soliman, M. E. Can We Rely on Computational
Predictions To Correctly Identify Ligand Binding Sites on Novel

Protein Drug Targets? Assessment of Binding Site Prediction
Methods and a Protocol for Validation of Predicted Binding Sites.
Cell Biochem Biophys. 75, 15–23, https://doi.org/10.1007/s12013-
016-0769-y (2017).

49. Rohde, J. A., Roopnarine, O., Thomas, D. D. & Muretta, J. M. Mava-
camten stabilizes an autoinhibited state of two-headed cardiac
myosin. Proc. Natl Acad. Sci. USA 115, E7486–E7494, https://doi.
org/10.1073/pnas.1720342115 (2018).

50. Mamidi, R., Li, J., Doh, C. Y., Verma, S. & Stelzer, J. E. Impact of the
Myosin Modulator Mavacamten on Force Generation and Cross-
Bridge Behavior in a Murine Model of Hypercontractility. J. Am.
Heart Assoc. 7, e009627, https://doi.org/10.1161/JAHA.118.
009627 (2018).

51. Awinda, P. O. et al. Effects of mavacamten on Ca(2+) sensitivity of
contraction as sarcomere length varied in humanmyocardium.Br.
J. Pharm. 177, 5609–5621, https://doi.org/10.1111/bph.15271
(2020).

52. Gollapudi, S. K. et al. Two Classes of Myosin Inhibitors, Para-
nitroblebbistatin andMavacamten, Stabilize beta-CardiacMyosin in
Different Structural and Functional States. J. Mol. Biol. 433, 167295,
https://doi.org/10.1016/j.jmb.2021.167295 (2021).

53. Scellini, B. et al. Mavacamten has a differential impact on force
generation in myofibrils from rabbit psoas and human cardiac
muscle. J. Gen. Physiol. 153, https://doi.org/10.1085/jgp.
202012789 (2021).

54. Campbell, K. Rate constant of muscle force redevelopment
reflects cooperative activation as well as cross-bridge kinetics.
Biophysical J. 72, 254–262, https://doi.org/10.1016/S0006-
3495(97)78664-8 (1997).

55. Wallach, I., DzambaM. & Heifets A. AtomNet: a deep convolutional
neural network for bioactivity prediction in structure-based drug
discovery. arXiv preprint, https://doi.org/10.48550/arXiv.1510.
02855 (2015).

56. Stecula, A., Hussain,M. S. & Viola, R. E. Discovery of Novel Inhibitors
of a Critical Brain Enzyme Using a Homology Model and a Deep
Convolutional Neural Network. J. Med Chem. 63, 8867–8875,
https://doi.org/10.1021/acs.jmedchem.0c00473 (2020).

57. Huang, C. et al. Small molecules block the interaction between
porcine reproductive and respiratory syndrome virus and CD163
receptor and the infection of pig cells. Virol. J. 17, 116, https://doi.
org/10.1186/s12985-020-01361-7 (2020).

58. Hsieh, C. H. et al. Miro1 Marks Parkinson’s Disease Subset andMiro1
Reducer Rescues Neuron Loss in Parkinson’s Models. Cell Metab.
30, 1131–1140.e1137, https://doi.org/10.1016/j.cmet.2019.08.
023 (2019).

59. Su, S. et al. SPOP andOTUD7A Control EWS-FLI1 Protein Stability to
Govern Ewing Sarcoma Growth. Adv. Sci. (Weinh.) 8, e2004846,
https://doi.org/10.1002/advs.202004846 (2021).

60. Chen, J. et al. AtomNet-Aided OTUD7B Inhibitor Discovery and
Validation. Cancers (Basel) 15, https://doi.org/10.3390/
cancers15020517 (2023).

61. Liu, Y., White, H. D., Belknap, B., Winkelmann, D. A. & Forgacs, E.
Omecamtiv Mecarbil modulates the kinetic and motile properties
of porcine beta-cardiac myosin. Biochemistry 54, 1963–1975,
https://doi.org/10.1021/bi5015166 (2015).

62. Rohde, J. A., Thomas, D. D. & Muretta, J. M. Heart failure drug
changes the mechanoenzymology of the cardiac myosin power-
stroke. Proc. Natl Acad. Sci. USA 114, E1796–E1804, https://doi.org/
10.1073/pnas.1611698114 (2017).

63. Parijat, P. et al. Discovery of novel cardiac troponin activators
using fluorescence polarization-based high throughput screening
assays. Sci. Rep. 13, 5216, https://doi.org/10.1038/s41598-023-
32476-w (2023).

64. Kampourakis, T., Yan, Z., Gautel, M., Sun, Y. B. & Irving, M. Myosin
binding protein-C activates thin filaments and inhibits thick

Article https://doi.org/10.1038/s41467-023-43538-y

Nature Communications |         (2023) 14:7692 13

https://doi.org/10.1021/ci9003943
https://doi.org/10.1038/ncomms8974
https://doi.org/10.1038/ncomms8974
https://doi.org/10.1093/nar/gkac956
https://doi.org/10.1093/nar/gkr777
https://doi.org/10.1093/nar/gkr777
https://doi.org/10.1093/nar/gkr320
https://doi.org/10.1038/srep42717
https://doi.org/10.1038/srep42717
https://doi.org/10.1152/japplphysiol.00631.2011
https://doi.org/10.1073/pnas.1614020114
https://doi.org/10.1016/j.jbc.2022.102657
https://doi.org/10.1016/j.bpj.2014.11.049
https://doi.org/10.1016/j.bpj.2014.11.049
https://doi.org/10.1038/s41467-021-25601-8
https://doi.org/10.1038/s41467-021-25601-8
https://doi.org/10.1016/S0006-3495(99)77320-0
https://doi.org/10.1016/S0006-3495(99)77320-0
https://doi.org/10.1002/jcc.21334
https://doi.org/10.1021/ml100138q
https://doi.org/10.1021/acs.jmedchem.1c01290
https://doi.org/10.1146/annurev-biodatasci-020222-025013
https://doi.org/10.1146/annurev-biodatasci-020222-025013
https://doi.org/10.1021/acs.jcim.0c00675
https://doi.org/10.1021/acs.jcim.0c00675
https://enamine.net/library-synthesis/real-compounds/real-space-navigator
https://enamine.net/library-synthesis/real-compounds/real-space-navigator
https://doi.org/10.1007/s12013-016-0769-y
https://doi.org/10.1007/s12013-016-0769-y
https://doi.org/10.1073/pnas.1720342115
https://doi.org/10.1073/pnas.1720342115
https://doi.org/10.1161/JAHA.118.009627
https://doi.org/10.1161/JAHA.118.009627
https://doi.org/10.1111/bph.15271
https://doi.org/10.1016/j.jmb.2021.167295
https://doi.org/10.1085/jgp.202012789
https://doi.org/10.1085/jgp.202012789
https://doi.org/10.1016/S0006-3495(97)78664-8
https://doi.org/10.1016/S0006-3495(97)78664-8
https://doi.org/10.48550/arXiv.1510.02855
https://doi.org/10.48550/arXiv.1510.02855
https://doi.org/10.1021/acs.jmedchem.0c00473
https://doi.org/10.1186/s12985-020-01361-7
https://doi.org/10.1186/s12985-020-01361-7
https://doi.org/10.1016/j.cmet.2019.08.023
https://doi.org/10.1016/j.cmet.2019.08.023
https://doi.org/10.1002/advs.202004846
https://doi.org/10.3390/cancers15020517
https://doi.org/10.3390/cancers15020517
https://doi.org/10.1021/bi5015166
https://doi.org/10.1073/pnas.1611698114
https://doi.org/10.1073/pnas.1611698114
https://doi.org/10.1038/s41598-023-32476-w
https://doi.org/10.1038/s41598-023-32476-w


filaments in heart muscle cells. Proc. Natl Acad. Sci. USA 111,
18763–18768, https://doi.org/10.1073/pnas.1413922112 (2014).

65. Ponnam, S. & Kampourakis, T. Microscale thermophoresis suggests
a newmodel of regulationof cardiacmyosin function via interaction
with cardiac myosin-binding protein C. J. Biol. Chem. 298, 101485,
https://doi.org/10.1016/j.jbc.2021.101485 (2022).

66. Aksentijevic, D., Lewis, H. R. & Shattock, M. J. Is rate-pressure pro-
duct of any use in the isolated rat heart? Assessing cardiac ‘effort’
and oxygen consumption in the Langendorff-perfused heart. Exp.
Physiol. 101, 282–294, https://doi.org/10.1113/EP085380 (2016).

Acknowledgements
We are grateful to the British Heart Foundation (BHF) for financial sup-
port (PG/19/52/34497 to TK). We like to thank Atomwise Inc. for their
support of the study via the AIMS Award program.

Author contributions
T.K., M.S. and V.K. designed research; P.P., T.K., S.A., Z.H., M.S. and V.K.
performed research; P.P., T.K., S.A., Z. H., MS. and V.K. analyzed data;
and T.K. wrote the paper.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-43538-y.

Correspondence and requests for materials should be addressed to
Thomas Kampourakis.

Peer review informationNatureCommunications thanks Brett A. Colson
and Stuart G Campbell for their contribution to the peer review of this
work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Article https://doi.org/10.1038/s41467-023-43538-y

Nature Communications |         (2023) 14:7692 14

https://doi.org/10.1073/pnas.1413922112
https://doi.org/10.1016/j.jbc.2021.101485
https://doi.org/10.1113/EP085380
https://doi.org/10.1038/s41467-023-43538-y
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Discovery of a novel cardiac-specific myosin modulator using artificial intelligence-based virtual screening
	Results
	Artificial intelligence-based virtual screen for cardiac myosin effectors
	Identification of F10 as a novel cardiac-specific myosin inhibitor
	F10�slows nucleotide release from cardiac myosin�motors
	Functional characterization of F10 in demembranated cardiac muscle�fibers
	Functional effects of F10 in Langendorff-perfused rat�hearts
	Structure-activity relationship analysis of F10 gives insights into its molecular mechanism of�action

	Discussion
	Methods
	Artificial intelligence-based virtual high throughput�screen
	Cardiac actomyosin and myofibrillar ATPase measurements
	Single nucleotide turnover experiments
	Preparation of cardiac trabeculae
	Mechanical and fluorescence polarization experiments
	Microscale thermophoresis
	Langendorff-perfused rat�hearts
	Statistical analysis
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




