
Citation: Childers, M.C.; Regnier, M.

Dynamics of the Pre-Powerstroke

Myosin Lever Arm and the Effects of

Omecamtiv Mecarbil. Int. J. Mol. Sci.

2024, 25, 10425. https://doi.org/

10.3390/ijms251910425

Academic Editor: Ida Daniela Perrotta

Received: 6 September 2024

Revised: 24 September 2024

Accepted: 25 September 2024

Published: 27 September 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 International Journal of 

Molecular Sciences

Article

Dynamics of the Pre-Powerstroke Myosin Lever Arm and the
Effects of Omecamtiv Mecarbil
Matthew Carter Childers and Michael Regnier *

Department of Bioengineering, University of Washington, Seattle, WA 98195, USA; mcc7fb@uw.edu
* Correspondence: mregnier@uw.edu

Abstract: The binding of small molecules to sarcomeric myosin can elicit powerful effects on the
chemomechanical cycle, making them effective therapeutics in the clinic and research tools at the
benchtop. However, these myotropes can have complex effects that act on different phases of the
crossbridge cycle and which depend on structural, dynamic, and environmental variables. While
small molecule binding sites have been identified crystallographically and their effects on contraction
studied extensively, small molecule-induced dynamic changes that link structure–function are less
studied. Here, we use molecular dynamics simulations to explore how omecamtiv mecarbil (OM), a
cardiac myosin-specific myotrope, alters the coordinated dynamics of the lever arm and the motor
domain in the pre-powerstroke state. We show that the lever arm adopts a range of orientations
and find that different lever arm orientations are accompanied by changes in the hydrogen bonding
patterns near the converter. We find that the binding of OM to myosin reduces the conformational
heterogeneity of the lever arm orientation and also adjusts the average lever arm orientation. Finally,
we map out the distinct conformations and ligand–protein interactions adopted by OM. These results
uncover some structural factors that govern the motor domain–tail orientations and the mechanisms
by which OM primes the pre-powerstroke myosin heads.

Keywords: myosin; molecular dynamics; muscle structure and function; muscle regulation

1. Introduction

Class II myosins are the motor proteins responsible for contractile force generation
in striated muscle via cyclic ATP-dependent interactions with actin [1–3]. The contractile
kinetics of muscle tissues are primarily determined by the chemomechanical properties of
the myosin isoforms within sarcomeres [4] but can be fine-tuned by regulatory proteins and
other factors, including small molecules. Myosin-targeted small molecules (i.e., myotropes)
are being developed to address cardiomyopathies by directly targeting actin–myosin cross-
bridge cycling kinetics. Such myotropes include omecamtiv mecarbil (OM) [5], mavacamten
(Mava) [6], aficamten (Afi) [7], and danicamtiv (Dani) [8]. Mava is approved for the treat-
ment of obstructive hypertrophic cardiomyopathy (HCM) [9,10]; Afi significantly improved
end point measures for patients vs placebo in the SEQUOIA-HCM trial [11] and is currently
under investigation in other clinical trials (MAPLE-HCM and ACACIA-HCM); Dani has
demonstrated promising effects as a myosin activator [8,12,13] and is being studied in
further clinical trials; and OM was investigated as a therapy for patients with symptomatic
heart failure in the GALACTIC-HF clinical trial and showed a modest improvement in the
primary outcomes for patients, but did not significantly improve the overall patient sur-
vival or quality of life [14,15]. Independent of clinical efficacy, OM, Mava, Dani, and Afi all
modulate crossbridge cycling kinetics: a greater understanding of the impact of these small
molecules on myosin structure and dynamics could pave the way for the development of
more efficacious and targeted compounds.

OM has calcium-dependent, competing activating and inhibitory effects on the cross-
bridge cycle, as discussed in detail by Kampourakis et al. [16]; briefly, OM enhances calcium
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sensitivity but decreases the cooperativity of activation [16–18]. The ultimate effects of OM
modulate the number of myosin heads that form weakly-bound crossbridges but depend on
regulatory structural changes in the thick and thin filaments. The OM–myosin interaction
has been previously characterized in three X-ray crystallography studies. Winkelmann
et al. [19] crystallized a chimeric construct containing the human β-cardiac motor domain
(residues 1–787) fused to GFP in a nucleotide-free, extended near-rigor state of myosin.
The authors conclude that the OM binds to a pocket at the junction between the converter
domain/lever arm and the N-terminal domain that is natively present in the apo state. The
Houdusse group also crystallized OM free/bound bovine β-cardiac myosin + essential
light chain constructs in 2017 [20] and 2023 [21], both in the pre-powerstroke state. In
these structures, the OM binds in the same region as in the Winkelmann et al. study [19],
but due to the differences in lever arm positioning, the binding pocket geometry and the
OM–myosin interactions are conformation-dependent, implying that the OM’s conforma-
tion adapts to variable lever arm orientations. All the structural studies indicate that OM
stabilizes a primed lever arm orientation of myosin.

Computational studies have previously investigated the effects of OM on myosin
dynamics. Hashem et al. performed conventional molecular dynamics (MD) simulations of
the Winkelmann et al. (PDB: 4P7H and 4PA0) apo (OM-free) and holo (OM-bound) OM [22]
and found that the binding of OM to near-rigor myosin dampened the conformational
fluctuations at the converter domain/lever arm hinge, increased the dynamic correlations
between the converter domain/lever arm and the motor domain, and allosterically modu-
lated the dynamics around the ATP binding pocket. Antonovic et al. simulated models of
human β-cardiac myosin and fast skeletal myosin IIa in the pre-powerstroke state [23] and
found that the OM binding pocket of the skeletal model had a greater volume and solvent
accessible surface area than that of the cardiac model. Finally, Auguin et al. complemented
their crystallographic study with 720–1020 ns long conventional MD simulations of pre-
powerstroke bovine β-cardiac myosin in the apo, OM-bound, and Mava-bound states (all
with Mg2+.ADP.Pi in the active site) [21]. They found that the binding of OM reduced the
mobility of the lever arm and the helix-loop-helix motif of the lower 50 kDa domain, as well
as the dynamic changes near the phosphate release ‘backdoor’ near switch 1 and switch
2. A comparative analysis with Mava, which binds to the same pocket, showed that the
small molecules’ effects on contractility depend on their allosteric effects on the lever arm
as well as a delicate combination of the effects on OFF and ON state myosin heads. Thus,
computational and experimental studies of OM–myosin interactions indicate that OM acts
by allosterically modulating the lever arm positioning as well as the phosphate backdoor.

Force generation during the powerstroke of myosin results from a tight coupling
between ATP hydrolysis and the conformation of myosin’s lever arm [24]. The lever arm
position changes dramatically during the power and recovery strokes, but it has also been
shown that the lever arm is dynamic within conformational states and that the variance in
lever arm orientation varies from one conformational state to the next [25]. The length of
the lever arm is related to the filament sliding velocity in the in vitro motility assay [24].
Similarly, the structure and composition of the lever arms and converter domains [26]
of the processive myosins involved in cargo transport (e.g., class V, VI, and X myosins),
affects their varied orientations relative to the actin filament; step size, and lever arm
stiffness [27]. Snoberger et al. performed hybrid conventional/steered MD simulations
of wild type (WT) and mutant (R712L) apo near-rigor state myosin. They found that the
R712L mutation disrupts the myosin powerstroke by eliminating a salt bridge between
the converter and motor domains [28]. In complementary in vitro motility and optical trap
experiments, OM rescued the deficient powerstroke in the R712L mutation [28]. Akter
et al. modeled the changes to the OM binding site during the post-rigor to pre-powerstroke
conformational transition (i.e., the recovery stroke) using steered and umbrella sampling
molecular dynamics simulations [29]. They found that the OM binding site undergoes
significant remodeling during the transition, and they also identified several low energy



Int. J. Mol. Sci. 2024, 25, 10425 3 of 17

intermediate conformers along the recovery stroke. The conformational changes that occur
during transitions in the presence of OM have yet to be described.

Available data indicate that the molecules binding to the converter domain/lever
arm/motor domain junction operate by modulating the lever arm dynamics in complex
ways. However, these dynamics have not been extensively quantified in molecular simula-
tions. Here, we use MD simulations to explore the dynamics of the motor domain/lever
arm hinge in the pre-powerstroke state of bovine β-cardiac myosin and quantify the effects
of OM on the lever arm dynamics. Our set of simulations includes three apo replicates
and three holo replicates (we use apo and holo throughout to refer to the OM-free and
OM-bound simulations; all simulations include Mg2+.ADP.Pi in the active site) and each
replicate was 500 ns long (3 µs net sampling). In the pre-powerstroke chemomechanical
state (M.ADP.Pi) myosin heads prepare to form the weakly-bound actomyosin complex
with the thin filaments. Within the sarcomere, the number of myosin heads populating this
state determines the number of heads that are available to participate in the powerstroke.
This state is structurally characterized by a primed lever arm orientation, an open actin
binding cleft, and Mg2+.ADP.Pi in the nucleotide binding pocket. This state has been
characterized in many myosin isoforms and has been stabilized crystallographically using
ADP and Pi analogues (e.g., vanadate), and the X-ray structures of myosin II isoforms
from many species share structural characteristics. Prior structural and computational
studies of myosin that evaluated the effects of OM binding indicated a strong reduction
in the lever arm mobility due to lever arm binding, which we also observe here. We
find that OM changes the average lever arm orientation and reduces the conformational
variance of the lever arm positioning. Prior studies have also reported variable interactions
made between myosin and OM during MD, which we also observe. We report the con-
formational diversity of myosin–OM interactions, which could aid in the development of
additional compounds targeting the OM binding pocket. Finally, we further explore the
residue–residue interactions that play roles in the lever arm dynamics of myosin. A primed
lever arm orientation is a hallmark of the pre-powerstroke state, and lever arm priming is
important for the orientation of myosin heads in the sarcomere as well as for defining the
extent of the powerstroke. Prior MD simulations have found that the lever arm can sample
multiple diverse conformations in pre-powerstroke myosin S1 + essential light chain (ELC)
constructs [21,30]. We use this analysis to understand the allosteric motions involving the
converter domain–lever arm, to identify a hotspot of HCM-associated mutations that may
disrupt these dynamics, and to consider how lever arm mobility impacts the power and
recovery strokes.

2. Results
2.1. Omecamtiv Mecarbil Stiffened the Lever Arm and Converter Domain

We performed MD simulations of a pre-powerstroke (Mg2+.ADP.Pi-bound) bovine
β-cardiac myosin system containing myosin motor domain and tail residues and the ELC
(Figure 1a). The motor domain is canonically organized into four subdomains: the N-
terminal domain, the upper 50 kDa domain, the lower 50 kDa domain, and the converter
domain (highlighted in Figure 1a). To locate the structural regions with conformational
variation, we calculated the Cα root-mean-square deviation (RMSD) for all Cα atoms
relative to the OM-bound X-ray structure (PDB: 5N69, Figure 1b,c). The OM-free (apo) and
OM-bound (holo) simulations respectively sampled conformations within 5.0 Å (Figure 1b)
and 4.1 Å (Figure 1c) of the X-ray structure and there was no statistically significant
difference in the RMSD (p = 0.08). We also calculated the Cα RMSD after aligning to specific
Cα atoms in the motor domain, converter domain, tail, or ELC (Table 1). Of these subsets,
conformational sampling significantly differed between the apo and holo simulations in
the converter domain (p = 0.05). Next, we used the mdlovofit algorithm to identify the
35% Cα atoms with the smallest conformational variation in the MD simulations. This
was conducted because changes in the structure due to the motor domain/lever arm
hinge frustrate the attempts to find an optimal alignment for all atoms. The mdlovofit
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subset includes Cα atoms primarily in the motor domain. After identifying this subset,
we re-aligned the simulations to the mdlovofit subsets and recalculated the Cα RMSDs for
only the mdlovofit subset atoms as well as for all the Cα atoms in the simulations. Both
calculations indicated statistically significant differences in sampling between the apo and
holo simulations (p = 0.04 and p = 0.01, Table 1). These results indicate that OM binding to
pre-powerstroke myosin dampens the conformational fluctuations in the converter domain
as well as the relative motions between the tail/ELC and motor domains. After aligning the
trajectories to the mdlovofit subsets, we also calculated the root-mean-square fluctuations
(RMSF) for all Cα atoms, which measures the fluctuations of each Cα atom relative to
its average position (Figure 1d). OM binding decreased the Cα RMSFs in the converter
domain and tail by ~2 Å in the converter domain. OM also significantly (p < 0.05) increased
the conformational fluctuations in the helix-loop-helix motif of the lower 50 kDa domain,
but the magnitude of this increase was smaller (~0.5 Å) (Figure 1e). Overall, there was a
statistically significant difference (p < 0.05) in the Cα RMSF for 311 residues in our model
(Figure 1e). RMSF values were then mapped onto average structures in the simulations: a
global analysis of conformational sampling indicates that the tail and ELC had the greatest
fluctuations and that these fluctuations were dampened in the presence of OM (Figure 1f,g).
Supplemental Movies S1 and S2 highlight changes in the lever arm orientation in the
apo and holo simulations, respectively. Supplemental Movies S3 and S4 depict the same
dynamics as Movies S1 and S2 but focuses instead on the variation of the motor domain, as
the trajectory has been aligned to the C-terminus of the lever arm.
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Figure 1. OM allosterically modulates lever arm dynamics in myosin. (a) Initial coordinates of
OM−bound (holo) myosin used in this study. The major domains are highlighted: N–terminal
domain (yellow), upper 50 kDa domain (cyan), lower 50 kDa domain (blue), converter domain (dark
blue), tail (purple), central β–sheet (light green), and ELC (green). The time−dependent Cα RMSD of
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the run 1 apo (b) and holo (c) simulations are shown, highlighting the decrease in conformational
fluctuation due to OM binding. (d) Cα RMSF values are shown as a function of residue number
for both myosin and the ELC in the apo (black) and holo (green) simulations. In (e) the average
difference in RMSF is shown; positive values indicate higher flexibility in the apo simulations and
negative values correspond to higher flexibility in the holo simulations. Red points indicate that the
difference in RMSF was statistically significant according to a two-tailed Student’s t–test (p < 0.05). In
(f,g) the per-residue Cα RMSF values have been mapped onto the average apo (f) and holo (g) MD
structures. Residues with greater RMSF have thicker ribbons and are colored darker shades of red.

Table 1. Identification of mobile subdomains via the Cα RMSD.

System Apo (OM-Free) Holo (OM-Bound) p-Value 8

Replica 1 2 3 Avg. 1 2 3 Avg.

All Cα
1 5.1 4.6 5.4 5.0 3.7 4.8 3.7 4.1 0.08

Motor Domain 2 3.3 3.1 3.1 3.2 3.2 3.5 3.1 3.3 0.66

Converter 3 1.2 1.0 1.1 1.1 2.0 1.7 1.3 1.7 0.05

Tail 4 1.8 2.2 2.0 2.0 2.0 1.6 1.6 1.7 0.18

ELC 5 2.7 3.0 2.9 2.9 3.0 3.8 2.7 3.1 0.45

MDLOVO subset 6 1.0 1.1 1.2 1.1 1.2 1.3 1.3 1.3 0.04

MDLOVO all 7 7.3 6.3 7.6 7.1 4.3 5.3 4.5 4.7 0.01
1. All Cα atoms were used in both the structural alignment and RMSD calculation. 2. Cα atoms in the motor
domain but not the tail and ELC were used for the alignment and RMSD calculation. We considered residue 704 as
the end of the motor domain, which excludes the hinge comprised of a flexible turn and the converter domain.
3. Converter domain Cα atoms in residues 712–766 were used for the alignment and RMSD calculation. To define
the converter domain, we selected residues conventionally assigned to this region and excluded terminal residues
that adopt a coil or turn secondary structure. 4. Tail Cα atoms in residues 768–810 were used for the alignment
and RMSD calculation. This selection does include terminal residues around the tail that have some flexibility.
5. All Cα atoms in the ELC were used for the alignment and RMSD calculation. 6. The mdlovofit-selected 338 Cα

atoms were used for the alignment and RMSD calculation. 7. The mdlovofit-selected 338 Cα atoms were used for
the alignment but the RMSD calculation was calculated across all Cα atoms. 8. p-values were calculated with a
two-tailed Student’s t-test. Cα RMSDs were calculated as an average for each replicate simulation and treated as
individual observations for each condition.

2.2. Omecamtiv Mecarbil Altered Lever Arm Priming

Given the observed effect of OM on the converter domain/lever arm mobility, we next
analyzed the extent to which OM modulated the relative orientation of the motor domain
and lever arm. Our simulations sample the conformations in the pre-powerstroke chemo-
mechanical state, which precedes the formation of the weakly-bound actomyosin complex,
so we constructed a coordinate system based on the weakly-bound state inspired by the
cryo–EM work of Klebl et al. [31]. The first axis of our coordinate system perpendicularly
connects the thick and thin filaments (Figure 2a). The second axis is oriented parallel to
the thick and thin filaments. The third axis is normal to the plane defined by the first and
second axes. The cryo–EM structure in Klebl et al. predicts that the weakly- bound state
is characterized by the binding of the lower 50 kDa domain to the thin filament without
closure of the actin binding cleft, and that the lower 50 kDa domain–actin interaction is
similar to the interaction observed in the post-powerstroke and rigor-like conformations of
the actomyosin complex. So, we aligned our simulations on the helix-loop-helix motif of
the lower 50 kDa domain to the cryo–EM structure of the post-powerstroke actomyosin
complex (PDB ID: 8EFE) [32]. The actin pentamer of the 8EFE structure was centered at
the origin and the thin filament was oriented along axis 2. Next, we defined the tail vector
based on a line connecting the backbone heavy atoms (Cα, C, and N) from residues 769–771
to 784–787. Only the N-terminal region of the tail up to the ELC binding site were included
because the C-terminal region can curve during the simulations. This crossbridge centric
coordinate system should assess the effects of structural perturbations on the orientation
of myosin motors in the sarcomere more precisely than those approaches that measure
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the tail orientation via myosin-centric measures. The angle of the tail was then calculated
using three angles: the elevation of the tail relative to axis 1 (35◦ in the X-ray structure),
the azimuth of the tail relative to axis 1 (43◦ in the X-ray structure), and the tilt of the
tail relative to axis 3 (142◦ in the X-ray structure) (Figure 2a). The holo simulations had
a greater average tail elevation relative to the apo simulations (33◦ vs. 23◦, respectively)
(Figure 2b). The holo simulations had a greater tail azimuth relative to the apo simulations
(45◦ vs. 34◦) (Figure 2c). The holo simulations had approximately equal tilt relative to the
apo simulations (147.1◦ vs. 146.9◦) (Figure 2d). For all measured angles, the presence of
OM reduced the conformational heterogeneity of the tail (Figure 2b–d). This shift in the
tail orientation and reduction in the conformational entropy was further observed in the
2D probability density distributions for all combinations of measured angles (Figure 2e–g).
Supplemental Movies S1–S4 depict run 1 of the apo and holo MD trajectories studied here.
To better highlight the range of conformations sampled by the lever arm we binned the apo
and holo run 1 trajectories according to the value of the elevation angles. The trajectories
were binned into twenty 5◦ wide bins and the coordinates in each bin were averaged.
Then, we generated the nonphysical trajectories that morph between the bin-averaged
conformers via coordinate interpolation. These movies show the dynamic range of motion
for the lever arm along the elevation angle for the apo (Supplemental Movie S5) and holo
(Supplemental Movie S6) simulations. For averaging, trajectories were aligned on residues
at the motor domain–lever arm junction. Due to the averaging and interpolation proce-
dures, coordinates far from the alignment site become distorted in these movies and reflect
the conformational degrees of freedom within each averaging window.
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ribbon is depicted as in Figure 1a, an actin pentamer is shown in green, and tropomyosin in yellow.
One axis corresponds to a line drawn between the center of the thick and thin filaments, the second
axis lies parallel to the thick and thin filaments, and the third axis is normal to the plane defined
by axes 1 and 2 (dashed lines). Our simulations, which do not explicitly include the thick or thin
filaments, were aligned to the lower 50 kDa residues involved in the post-powerstroke actomyosin
complex in PDB: 8EFH. The origin is centered at the center of mass of the actin pentamer used to
construct this coordinate system (black sphere). We measured three angles (magenta): an elevation
angle corresponding to the rise of the lever arm above axis 1, an azimuthal angle corresponding to the
position of the lever arm along axis 3, and a tilt angle corresponding to the position of the lever arm
relative to axis 3. Probability densities (i.e., integration across all bins = 1, the bins are 2◦ wide) for
the elevation, azimuth, and tilt angles for the apo (black) and holo (green) simulations are shown in
panels (b–d), respectively. Results were aggregated across replicate simulations. The 2D probability
densities (2◦ × 2◦ bins) for all three combinations of angles for the apo and holo simulations are
shown in panels (e–g).

2.3. Conformational Sampling and Interactions Made by Omecamtiv Mecarbil

In the X-ray structure, OM binds to a pocket formed at the junction of the converter
domain, lever arm, relay helix, and N-terminal domain of myosin. Both polar and nonpolar
interactions participate in the protein–ligand complex that enables OM to structurally
connect these regions (Figure 3a). We assessed the structural stability of the protein–ligand
interactions in the MD simulations by tracking the percent simulation time for which OM
was in contact with any myosin residue. OM was considered in contact with a myosin
residue if at least one heavy atom pair were within 5 Å of one another; results were
averaged across replicate simulations and presented as an average percent simulation
time that a ligand–protein interaction was present. Interactions present for less than
5% simulation time were excluded. Under these criteria, OM formed interactions with
21 residues in the X-ray structure (Figure 3b). In the MD simulations, OM maintained
interactions with 20/21 of these residues for at least 15% of any individual simulation and
at least 49% of the aggregate simulation time. In the MD simulations OM also formed novel
interactions with 10 residues (Figure 3b, Table S1). Of these 10 novel contacts, interactions
with residues L120 and E500 were observed in all three simulations; interactions with G144,
S156, D159, P667, and H668 were observed in 2/3 simulations; interactions with S148, Q172,
and G771 were observed in 1/3 simulations (Table S1). The reproducible and enduring
interaction with L120 was made possible by a rotation of the L120 χ2 side-chain dihedral
angle and allowed hydrophobic interactions with the terminal methyl group of OM. This
interaction may anchor OM at the base of its binding pocket. There were two regions
where crystallographic contacts were maintained for 100% of the aggregate simulation
time. The first corresponds to the interactions between the central moieties of OM (the
pyrazine, fluorobenzene, and carbamide) and an α-helix in the N-terminal domain (residues
154–168) that is oriented perpendicular to the lever arm. The second zone includes the first
β-strand of the converter (residues 711–714) and R721, which interact with the pyrazine,
fluorobenzene, carbamide, and methyl pyridine moieties of OM. The terminal OM moieties
(methyl formate and methyl pyridine) created more heterogeneous interactions with the
myosin residues and sampled alternate conformations in MD. We used the NMRclust
algorithm [33] as implemented in UCSF Chimera to identify the alternate conformations
sampled by OM. These conformers are aligned on the central (i.e., most conformationally
homogenous) moieties in Figure 3c. Figure 3a depicts the crystallographic conformation
of the pocket and panels 3d-g show the top four most populous conformational clusters
observed in MD, which account for ~52% of the conformational variance observed in MD.
The methyl formate moiety adopted two distinct conformations: an X-ray like conformer in
which it interacted with residues in the lever arm (Figure 3d) and an alternate conformation
in which it interacted with the 154–168 α-helix (Figure 3e–g). In the X-ray structure, the
methyl pyridine moiety is surrounded by several bulky residues including Y164, H492,
H666, and R712. In MD simulations, these interactions were maintained but were fluid:
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local conformational changes allowed the structural contacts to be maintained in this region,
but sampling of alternate conformations was possible. For example, rotation of the H666
side chain allowed rotation of the methyl pyridine (compare Figure 3d,e with Figure 3g,h).
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Figure 3. Conformational variations in OM. (a) A LigPlot [34] diagram of the 5N69 X-ray structure
highlights the interactions created by OM. (b) We analyzed the fraction of simulation time (y-axis) for
which any OM atom interacted with a myosin residue (x-axis). Black bars always have 100% contact
time and correspond to the crystal structure, green bars correspond to the average contact time across
three replicate simulations. (c) Representative structures for the top 14 MD-derived OM clusters are
shown and have been aligned on the central fluorobenzene moiety to highlight the conformational
variation in the terminal moieties of OM. Snapshots in panels (d–g) show the top four MD clusters
corresponding to OM’s orientation in its binding pocket.
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2.4. Residue–Residue Interactions Varied with Lever Arm Orientation

Our simulations indicated that OM primes and stabilizes the lever arm orientation
by restricting myosin’s flexibility at the motor domain/lever arm hinge. Additionally, we
observed that OM allosterically modulated the flexibility of the helix-loop-helix motif in the
lower 50 kDa domain. We next analyzed the residue–residue contacts in our simulations
to find the differences associated with OM. There was an average of 9242 residue–residue
contact pairs in the apo simulations and 9063 pairs in the holo simulations (p = 0.37). We
searched for the residue–residue contact pairs that differed significantly (p ≤ 0.05) between
the apo and holo simulations and for which there was at least a 10% difference in contact
time between the apo and holo simulations. This search yielded 719 statistically distinct
contacts, 407 of which had at least a 10% difference in contact time. Of these 407 contacts,
213 occurred more frequently in the apo simulations and 194 occurred more frequently in
the holo simulations. The application of a 10% difference threshold focuses our analysis on
the regions of myosin with major conformational responses to OM binding. We mapped
the statistically distinct contacts onto the initial apo structure in Figure 4a,b. Figure S1
provides the maps of contact differences at 5% and 20% difference thresholds for compar-
ison. In the 10% difference threshold map, the different residue–residue pairs localized
to three regions: the converter domain/lever arm/N-terminal domain interface, the helix
G (residues 217–232)/transducer (residues 245–266)/W helix (residues 647–663) interface,
and the switch 1 (residues 231–244)/switch 2 (residues 462–472)/and upper 50 kDa domain
loop (residues 275–284) interface. The conformation of the first interface is related to the
lever arm orientation while the conformation of the latter two are related to the phosphate
back door. We focused on the contacts within the converter domain/lever arm/N-terminal
domain region and found that residues in an N-terminal domain loop (residues 142–153)
and helix (residues 154–168), the C-terminus of the relay helix (residues 492–503), the N-
terminus of the converter (residues 711–723), and the N-terminus of the lever arm (residues
770–781) had interactions that varied with lever arm orientation (Figure 4c–h). This re-
gion includes many polar and charged residues and several salt bridges formed/broke as
the lever arm rotated. Some interactions, such as the converter domain–relay helix salt
bridge between residues K762–E500, were present at more extended lever arm orientations
(Figure 4c,f) but were absent in more compact orientations (Figure 4e,h). Other interactions,
for example a salt bridge between ELC residue E150 and R169 in the myosin N-terminal
domain, were only present in the compact conformations (Figure 4e,h). Some residues
(e.g., K143) could form salt bridges with multiple partners depending on the lever arm
orientation (e.g., E774, D778). Finally, some interactions, such as the salt bridge between
R712–E497, were maintained independently of the lever arm conformation. OM binding
reduced the range of motion of the lever arm but also placed conformational constraints
on the residue side chain conformations in this region as the lever arm adopted differ-
ent conformations.
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Figure 4. Changes in residue–residue contacts due to OM binding and lever arm motion. We
calculated the residue–residue contacts that were present at different probabilities in the apo and
holo simulations. Contact pairs that were present for a significantly (p < 0.05, two-tailed Student’s
t-test) greater time in the apo simulations are highlighted with black pseudo-bonds in panel (a) and
pairs that were dominant in the holo simulations are represented with green pseudo-bonds in panel
(b). The pseudo-bond radii are proportional to the difference in contact time: thicker pseudo-bonds
correspond to greater contact populations. Statistically significant differences in the contact patterns
were localized to three regions around the motor domain–lever arm hinge, the transducer, and the
phosphate back door. We also explored the residue–residue contacts that varied with the lever arm
orientation. Panels c-e focus on the OM binding pocket in the apo simulations at low (c), average
(d), and high (e) values of the ‘elevation’ angle. Panels (f–h) focus on the same region and elevation
angles in the holo simulations. Atoms for charged residues with conformation-dependent salt bridges
are shown and labeled in panel (c). The carbon atoms of OM are cyan in panels (f–h).
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3. Discussion

The development and clinical success of myosin-targeted small molecules to treat
myopathies could pave the way for other myotropes to treat a range of cardiac and skeletal
myopathies. Intriguingly, similar compounds binding to the same pocket on myosin
can have drastically different effects on function and can even target/stabilize different
conformational states in the chemomechanical cycle [21]. A greater understanding of
conformational sampling within this region (both within specific chemomechanical states
and in transitions between them) could aid in the development of novel myotropes or the
redesign of existing myotropes for targeted therapeutic purposes.

Here, we found that the binding of OM to myosin primarily stabilizes the lever
arm orientation in the pre-powerstroke conformation, as has been seen in prior X-ray
crystallography and molecular dynamics studies [19–21]. One effect of the lever arm
stabilization was to reorient the motor domain towards the pointed end of the thin filament.
Under the assumption that all other structural factors remain the same, our finding suggests
that OM binding can prime myosin to have a larger step size due to this reorganization.
Another effect was the reduction in the conformational entropy of the tail, which may
stabilize the pre-powerstroke state and/or facilitate the formation of the weakly-bound
actomyosin complex. However, our model does not include the thick or thin filaments nor
are the motor domains constrained by the full, biologically active hetero-hexamer myosin–
ELC–RLC complex. These speculative effects of OM on myosin dynamics are better assessed
in larger scale, coarser grained models. We also found that myosin allosterically altered the
flexibility of the helix-loop-helix region and the contacts near the phosphate release back
door, as has been observed in prior MD simulations. These observations across multiple
studies, utilizing different starting models and force fields, provide strong evidence for
the conformational effects of OM. Here, we explored how such conformational changes
impact myosin’s pre-powerstroke orientation. By measuring the lever arm structure within
a coordinate system based on a weakly-bound crossbridge, these simulations predict that
the binding of OM reorients the primed myosin heads towards the pointed end of the
thin filaments.

The energetic consequences of OM binding have not been explored, and several possi-
ble consequences relate to the formation of the weakly-bound crossbridges, the dynamics
of the powerstroke, and the stability of the strongly-bound crossbridges. Our simulations
suggest that OM may reorient the myosin heads towards binding sites on the thin filaments.
Additionally, we identified differences in the helix-loop-helix motif that are thought to form
the initial actin–myosin interactions during weak binding. The effects of OM as a ‘glue’
near the converter domain suggests a heightened energy barrier for the powerstroke, but
accelerated phosphate release has been observed experimentally in the presence of OM.
Pharmacological intervention at the binding pocket between the motor domain and the
converter domain/lever arm can exert a powerful influence on crossbridge cycling. The
nature of this influence as either activating or inhibiting depends on the specific molecule
bound, the extent of the thin filament activation, and the structural organization of the thick
filament. The simulations performed here describe the specific conformational changes
that occur in the vicinity of the OM binding pocket and the relative orientations of the
motor domain and lever arm. However, we can anticipate that small molecules such as
OM can modify the myosin structure in other chemomechanical states. The development
of more complex structural and dynamic models of the power and recovery strokes in the
presence of small molecules such as OM is the next step towards assessing how myosin
conformation, as well as other structural factors (e.g., thin filament activation, thick filament
organization), can influence crossbridge cycling.

We have characterized the range of motion present in the lever arm orientation in the
pre-powerstroke state. While the global free energy minima of the lever arm orientation
observed in our simulations was like the crystallographically observed orientations, large
departures from this conformation were observed. At a high elevation of the lever arm
the ELC formed heterogeneous, transient interactions between the C-terminal lobe of the
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ELC and the motor domain. At very elevated orientations, the ELC formed interactions
with the residues in loop 1, the hairpin turn containing residue G256, and the N-terminal
helix containing R169 (Figure 4e,h). This interaction is like the contacts first observed in
the pre-powerstroke structures of chicken smooth muscle myosin [35]. Changes in the
charge and length of loop 1 have been proposed to modulate the rate of ADP release from
myosin [36]. Interaction between the ELC C-terminal lobe and this region may exert some
influence on nucleotide handling or the stabilization of the pre-powerstroke conformations
that are required for actin binding. Prior studies have also identified potential interactions
between the disordered N-terminal extension of the ELC, which was not modeled here,
and the SH3 domain of myosin in the ‘down’ positions of the lever arm associated with
the post-powerstroke (AM.ADP) state [37,38]. This hinge is a highly dynamic region, due
in part to the large druggable pocket that OM can occupy. This pocket is lined with many
polar and charged residues. There is a complex interplay between the alternate hydrogen
bonding patterns and the protein–solvent interactions. Our simulations were performed in
the presence of neutralizing counterions: more complex protein–solvent relationships may
manifest at biologically relevant ionic strengths.

There are many HCM-linked mutations that line the pocket connecting the converter
domain, the lever arm, and the motor domain. For example, the R712L mutation is as-
sociated with a severe HCM pathology and has been studied [28,39]. We found that the
R712–E497 mutation was extremely conserved across all lever arm orientations in our study,
and so we can predict that disruption of this salt bridge would have severe effects on the
lever arm and the conformational transitions associated with the power/recovery strokes.
Other mutations involving charged residues in this region include R143G/W/Q [40–42],
G144D [43], K146N [44], R147S [45], D168N [43], R169G/K/S [46,47], E497D/G [48],
E500A [40], R712L [39], K762R [47], E774V [49], D778N,G,V,E [50–53], and E779D [54].
Interestingly, all these mutations involving charged residues are associated with HCM
phenotypes. Formation of the interacting heads motif and the sequestration of myosin into
the super-relaxed state appears to require the heads to adopt a pre-powerstroke orientation
with primed lever arms. Disruption of the electrostatic interactions in this region may
destabilize the IHM and result in an increased number of heads available to participate in
crossbridge cycling. Disruption of the electrostatics in this region may also affect the orien-
tation of the lever arm and/or the energetics of the powerstroke. For now, we can identify
that the charged residues in and around the converter domain/lever arm/N-terminal do-
main junction are an HCM hotspot, and we find that changes in the lever arm structure are
related to the distinct hydrogen bonding patterns among the charged residues. Additional
studies of this region—particularly the conformational changes and energetics associated
with the lever arm—are required. This region is fortuitously druggable, and compounds
may variously affect the lever arm orientation (OM and mava) and/or the stability of the
IHM (mava only). Understanding the combination of effects that small molecules have on
tail allostery and the thermodynamic stabilization of various conformational states in the
crossbridge cycle is key to developing more targeted and/or efficacious therapeutics. This
represents an opportunity to design variable small molecules to occupy this druggable site
and treat several myopathies, depending on which conformational states and transitions
are most affected by small molecule binding.

4. Materials and Methods

Model Preparation: Structures of pre-powerstroke (M.ADP.Pi) bovine cardiac myosin
were prepared from the 2.45 Å X-ray crystal structure of bovine cardiac β-myosin in complex
with the essential light chain, omecamtiv mecarbil (OM), ADP, vanadate, and Mg2+ solved
by Planelles-Herrero et al. (PDB: 5N69) [20]. Multiple copies of the molecule were present
in the unit cell: chains A and H were used. Missing coordinates including terminal residues,
loop 1 (residues 201–214), the tip of the cardiomyopathy loop (residues 405–410), loop 2
(residues 623–644), and a loop in the converter (residues 733–735) were constructed using
Modeller [55]. Multiple loop conformations were obtained using the loopmodel routine and
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the best scoring loops according to the Modeller objective function were selected for the
final model. We performed a PROCHECK analysis on our model: 91.5% of all residues
were in the most favored regions of the Ramachandran space, indicating well-modeled
backbone structures, and an overall G-factor of −0.03, indicating ordinary main chain
bond geometries. The disordered N-terminal extension of the ELC was not modeled
and residues 39–199 are present in our model. The vanadate ion (VO4) was replaced by
a phosphate ion (H2PO4). Crystallographic waters and other molecules were removed.
Trimethylated lysine residues were converted to lysine. The X-ray study by Planelles-
Herrero et al. included a complementary structure of pre-powerstroke myosin in the
absence of OM, but residues in the tail and ELC were not resolved (PDB: 5N6A), so we
generated an OM-free model by removing the OM ligand from the 5N69 structure and
otherwise following the same procedure. His protonation states at pH 7.0 were predicted
using the H++ webserver [56]. A sequence alignment of the human and bovine myh7
sequences indicated 98% sequence identity for the full sequence and 96% sequence identify
for the portion of the structure modeled in our study. None of the variable residues are
in direct contact with OM. The human and bovine isoforms also have similar kinetic
properties [57]. We have high confidence that the dynamics of the bovine isoform capture
OM’s effects on human myosin.

Molecular Dynamics Simulation: The resulting systems were prepared for molecular
dynamics simulation using the Amber 20 [58] simulation package and the ff14SB force
field [59]. Water molecules were treated with the TIP3P force field [60]. Metal ions were
modeled using the Li and Merz parameter set [61–63]. ADP and Pi (modeled as H2PO4 [64])
molecules were treated with the GAFF2 force field [65]. Partial charges for ADP and Pi were
derived from a restrained electrostatic potential (resp) fit to quantum mechanics calculations
performed with ORCA [66]. Parameters for OM were derived with the AMBER antechamber
tool. The SHAKE algorithm was used to constrain the motion of hydrogen-containing
bonds [67]. Long-range electrostatic interactions were calculated using the particle mesh
Ewald (PME) method. Hydrogen atoms were modeled onto the initial structure using
the leap module of AMBER (University of California, San Francisco, California, USA), and
each protein was solvated with explicit water molecules in a truncated octahedral box
and neutralizing counterions were added. Each system was minimized in three stages.
First, hydrogen atoms were minimized for 1000 steps in the presence of 100 kcal/mol
restraints on all heavy atoms. Second, all solvent atoms were minimized for 1000 steps in
the presence of 25 kcal/mol restraints on all protein atoms. Third, all atoms were minimized
for 8000 steps in the presence of 25 kcal/mol restraints on all backbone heavy atoms (N,
O, C, and Cα atoms). After minimization, systems were heated to 310 K using the NVT
(constant number of particles, volume, and temperature) ensemble and in the presence
of 25 kcal/mol restraints on backbone heavy atoms. Next, the systems were equilibrated
over five successive stages using the NPT (constant number of particles, pressure, and
temperature) ensemble. During the first four stages, the systems were equilibrated for
5 ns in the presence of 25 to 1 kcal/mol restraints on backbone heavy atoms. During the
final equilibration stage, the systems were equilibrated for 5 ns in the absence of restraints.
A 10 Å nonbonded cutoff was used for all preparation and production simulations. The
equilibrated systems were then simulated using conventional molecular dynamics protocols
in the NVT ensemble in triplicate for 500 ns each (6 total simulations @ 500 ns each = 3 µs
total sampling) and coordinates were saved every 10 ps.

Molecular Analyses: Because our apo simulations were initiated from a holo-like
conformation of the lever arm, we allowed for an extended equilibration period and
ignored the first 100 ns of all production simulations. The remaining 400 ns of production
dynamics for each simulation were analyzed at 10 ps granularity unless otherwise specified.
The Cα RMSD, Cα RMSF, residue–residue contacts, and lever arm orientations were
analyzed with cpptraj [68]. Two residues were considered in contact with one another
if at least one pair of heavy atoms were within 5 Å of one another. Residue contacts
were analyzed at 100 ps granularity. Tail angles were calculated using the vector module
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of cpptraj. Cα atoms were chosen for alignment using a Low-Order-Value-Optimization
strategy as described by Martínez and coworkers [69–71] and implemented in mdlovofit
(v20.0.0) [https://github.com/m3g/MDLovoFit/releases/tag/v20.0.0, accessed on 13 June
2023] [69]. The apo and holo simulations were subsampled every 1 ns, non-protein atoms
were removed, and then the two simulations were combined into a single ensemble. We
calculated average structures for the aggregate ensemble using cpptraj. We used mdlovofit to
identify the subset of Ca atoms with the smallest possible average RMSD to the averaged
structures as a function of subset size (F). Protein images and movies were generated with
UCSF Chimera [72].

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/ijms251910425/s1.
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