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Highly selective inhibition of myosin motors provides
the basis of potential therapeutic application
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Direct inhibition of smooth muscle myosin (SMM) is a potential means
to treat hypercontractile smooth muscle diseases. The selective in-
hibitor CK-2018571 prevents strong binding to actin and promotes
muscle relaxation in vitro and in vivo. The crystal structure of the
SMM/drug complex reveals that CK-2018571 binds to a novel allosteric
pocket that opens up during the “recovery stroke” transition necessary
to reprime the motor. Trapped in an intermediate of this fast transi-
tion, SMM is inhibited with high selectivity compared with skeletal
muscle myosin (ICsp = 9 nM and 11,300 nM, respectively), although
all of the binding site residues are identical in these motors. This struc-
ture provides a starting point from which to design highly specific
myosin modulators to treat several human diseases. It further illus-
trates the potential of targeting transition intermediates of molecular
machines to develop exquisitely selective pharmacological agents.

myosin | actin | drug design | molecular motor | specific allosteric drugs

yosins comprise a family of ATP-dependent motor pro-

teins capable of producing directed force via interaction
with their track, the F-actin filament. Force production by these
motors powers numerous cellular processes such as muscle
contraction, intracellular transport, and cell migration and di-
vision (1). Several myosins have also been linked to genetic
disorders where either gain or loss of motor function can lead to
disease. These motor proteins represent promising targets for
the development of drugs modulating force production in cells,
tissues, and muscle (2-4). Here we report a selective, small-
molecule inhibitor of smooth muscle myosin (SMM) able to in-
duce muscle relaxation. This mechanism of action has potential
relevance for many diseases where smooth muscle contractility is
central to the pathophysiology, such as asthma (5, 6) and chronic
obstructive pulmonary disease (7).

Smooth muscle contractility can be activated through different
pathways. Existing airway smooth muscle relaxants, such as
B-adrenergic agonists and muscarinic antagonists, ultimately in-
hibit the activity of SMM. However, they do so via specific up-
stream signaling pathways. Direct inhibition of SMM contractility
has the advantage of relaxing contracted smooth muscle regardless
of the molecular stimulus driving it. Moreover, application of SMM
inhibitors to the airway provides a means of selectively modulating
contractility of these tissues by delivering a high local concentration
of drug. We thus set about identifying selective inhibitors of SMM
that can effectively relax muscle in vivo, leading to the discovery of
a highly selective, small-molecule inhibitor, CK-2018571 (CK-571).

The detailed inhibitory mechanism of CK-571 was elucidated
by a combination of in vitro characterization of the step in which
the drug traps the motor and determination of the high-resolution
structure of SMM cocrystallized with CK-571. The drug targets an
intermediate state that occurs during the recovery stroke, the large
conformational rearrangement that enables repriming of the
motor. Blocking this critical transition thus results in efficient in-
hibition of force production. The SMM/CK-571 structure not only
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reveals how the drug stops the motor but also provides important
insights about drug specificity. Our study establishes that the drug
works via an inhibitory mechanism that has not been previously
described for a molecular motor, revealing a potentially powerful
therapeutic approach for certain human diseases.

Results

Characterization of a Highly Selective SMM Inhibitor, CK-571. Muscle
contraction is powered by the myosin molecular motor that
produces force during its powerstroke (Fig. 14). To promote
tissue relaxation, inhibitors must stabilize myosin conformations
that interact weakly with actin (Fig. 14). High-throughput screens
against SMM and extensive medicinal chemical optimization led
to compound CK-571. As shown in Fig. 1B, the actin-activated
ATPase of SMM is reduced to background levels in the presence of
saturating concentrations of CK-571. The basal ATPase activity of
SMM is also reduced more than 30 times upon CK-571 binding
(Fig. 1C). Interestingly, the compound displays an ICsy of ~9 nM
and a high degree of selectivity for SMM compared with cardiac
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Fig. 1. Identification of a specific SMM inhibitor. (A) Chemo-mechanical cycle of myosin. Myosin motors generate force upon releasing hydrolysis products

when attached to F-actin (Powerstroke, red arrow). A swing of the distal region of the motor, the lever arm, is associated with force generation. At the end of
the stroke, nucleotide-free myosin is strongly attached to F-actin (Rigor). Myosin detaches from the filament upon ATP binding [Postrigor (PR)] and then
undergoes transitions that reprime the lever arm during the recovery stroke (blue arrow). Hydrolysis stabilizes the Prepowerstroke (PPS) state. Rebinding to
F-actin in the PPS state triggers a series of conformational changes associated with force production that also trigger P; and ADP release (Powerstroke, red

arrow). (B) Inhibition of the actin-activated ATPase of chicken gizzard SMM S1 (0.35 pM) by 5 pM CK-571 (n = 6). Control reaction (2% DMSO) fit to a Ky of
29 uM and V. of 1.5 s~' (data are mean + SEM for n = 6). (C) The basal ATPase of chicken gizzard SMM S1 (1.8 pM) is reduced from 0.12 + 0.0036 to 0.0013 +
0.00032 (mean + SD, n = 6) by 25 uM CK-571. (D) CK-571 specifically inhibits the steady-state actin-activated MgATPase activity of SMM over other Myosin Il
isoforms. (ICso + SD from triplicate samples: smooth, 9.0 + 4.8 nM; nonmuscle 1B, 76 + 4.9 nM; cardiac, 2,600 + 240 nM; fast skeletal, 11,300 + 840 nM). (E) CK-
571 binding to SMM is nucleotide-dependent and is stronger in the presence of AMPPNP in the binding pocket. (F) CK-571 inhibits ATP hydrolysis as indicated
by the reduced phosphate burst size in single turnover chemical quench experiments (mol P/mol myosin + SD from 5 to 10 samples: DMSO, 1.04 + 0.043; CK-
571, 0.06 + 0.016; blebbistatin, 1.18 + 0.05). (G) CK-571 relaxes smooth muscle independent of calcium activation, as shown by the ability to relax skinned tail
artery rings preactivated by thiophosphorylation (n = 8-12, plotted is mean + SEM). (H) CK-571 relaxes airway smooth muscle in vivo, inhibiting MCh-induced
bronchoconstriction in naive dogs following dry powder insufflation (100 pg/kg). For comparison, the clinically relevant p2-adrenergic agonist albuterol was

dosed by nebulization (10 pg/kg) (data are mean + SEM, n = 4).

and striated muscle myosins, for which the ICs is 280 and 1,255-
fold lower, respectively (Fig. 1D). Notably, CK-571 also has a sig-
nificantly lower affinity for nonmuscle myosin II (NMM, ~8.5-fold
less), which is remarkable given their high sequence homology to
SMM (Fig. S1).

A major conformational change, the powerstroke, occurs when
myosin is strongly bound to actin and drives the swing of the
myosin lever arm during force production (Fig. 14). The myosin
motor cycle also has states (blue, Fig. 14) of low affinity for actin
when ATP is bound. While populating these states, the lever arm
undergoes a recovery stroke to prepare the motor for producing
force upon actin rebinding. A series of in vitro assays established
that CK-571 traps myosin in one of the ATP-bound intermediates
of the recovery stoke in which the motor is dissociated from actin.
Indeed, we show that the drug binds to a state of low affinity for
actin (Fig. S24) with minimal effect on ATP binding to nucleo-
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tide-free actin-bound SMM (Fig. S2B). CK-571 binds to myosin
with the highest affinity in the presence of the nonhydrolyzable
ATP analogs AMPPNP (0.8 + 0.63 nM) or ADP.BeFx (3.1 +
1.2 nM), with somewhat weaker binding observed in the presence
of ADP (12 + 4.4 nM) or the ADP.P; analog ADP.AIFx (11 +
1.8 nM) (Fig. 1E and Fig. S2B). The binding of nucleotide is critical
for formation of a high-affinity drug—myosin complex, as the affinity
is decreased >2,000-fold in the absence of nucleotide (1,900 + 450
nM) (Fig. 1E and Fig. S2G). AIFX, a P; analog that promotes the
formation of prepowerstroke (PPS) states (with ADP.P; trapped),
probably hinders CK-571 binding, as the observed stoichiometry is
only 0.71 and the apparent Ky is similar to that measured for ADP
alone (i.e., 11 nM) (Fig. 1E). Importantly, the drug also prevents
ATP cleavage, as shown by quench flow experiments and reduced
level of P; burst (Fig. 1F and Fig. S2C). This inhibitor thus traps
the motor in an ATP state that cannot cleave ATP. CK-571
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prevents completion of the recovery stroke and precludes the
motor from forming states that would rebind to F-actin and pro-
duce force. By preventing the population of force-generating states,
CK-571 binding relaxes muscle in vitro and in vivo (Fig. 1 G and H
and Fig. S2D). In summary, CK-571 binding traps myosin in a state
that cannot strongly bind F-actin and which traps ATP rather than
ADP.P; in the active site (Fig. 1F). With CK-571, the absence of
ATP cleavage and thus the absence of P; possibly being released
prevent productive actin association necessary for force production.
This mechanism of myosin inhibition, which stops the motor before
ATP cleavage, differs drastically from those previously described for
modulators of myosin activity, such as blebbistatin (Fig. 1F) or
omecamtiv mecarbil, both of which are compatible with the recovery
stroke. This mechanism is particularly efficient at preventing any
productive interaction of the motor with the actin filament, pre-
cluding any force generation.

Relaxation of Smooth Muscle by CK-571. Therapeutically relevant

SMM inhibitors must be able to promote tissue relaxation. Im-
portantly, the inhibition of SMM-catalyzed ATP hydrolysis by CK-
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571 effectively relaxes smooth muscle tissue in vitro and in vivo.
CK-571 inhibits force production in detergent-permeabilized skin-
ned artery rings stimulated to contract by increasing concentrations
of calcium in a dose-responsive fashion (Fig. S2 D and E). In
addition, CK-571 promotes relaxation in thiophosphorylated
skinned artery rings, demonstrating that the compound can relax
precontracted tissue and supporting a direct effect on myosin
rather than upstream signaling pathways acting through MLCK
(Fig. 1G). CK-571 relaxes rat tracheal rings that have been pre-
contracted with the muscarinic receptor agonist methacholine
(MCh) with similar potency, highlighting the ability of CK-571 to
penetrate and relax intact smooth muscle tissue (Fig. S2F). Re-
laxation of skinned and intact tissues requires higher concentra-
tions (approximately 1 pM), consistent with a need to inhibit
>95% of the SMM to achieve relaxation. The therapeutic po-
tential of this mechanism is further supported by the ability of CK-
571 to inhibit MCh-induced bronchoconstriction in naive dogs
following dry powder delivery of CK-571 (achieved dose, 100 pg/kg).
The magnitude of the inhibition achieved is comparable to the
clinically relevant short-acting f2-adrenergic agonist albuterol
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Fig. 2. An allosteric pocket opens to bind CK-571 during the recovery stroke. (A) Overall view of the myosin MD of the SMM/CK-571 structure in cartoon
representation. CK-571 is shown in blue spheres and is located 22 A away from the nucleotide (Right Inset: red sticks, ADP; green sticks, BeFx). CK-571 (Left Inset:
2Fo-Fc electron density) interacts with residues of the SH1 helix (red), Relay (yellow), and the Nter subdomain (light gray) as well as with Y586 from the L50
subdomain (dark gray). The other two subdomains of the motor are the U50 (blue) and converter (green). (B) Residues of the CK-571 binding site (black lines,
apolar contacts; blue lines, polar contacts). Residues are indicated with the same color code as in A. (C) Comparison of the CK-571 binding pocket with the myosin
PR (PDB ID code 3I5F, cyan) and PPS (PDB ID code 1BR1, magenta) states. Only the SH1 helix and the relay conformation in the SMM/CK-571 structure are
compatible with the drug binding. (D) Comparison of the SMM/CK-571 structure with the myosin PR state (PDB ID code 3I5F, cyan). In the SMM/CK-571 structure,
rearrangements of the Relay (yellow) and a 10° rotation of the SH1 helix (red) allow the formation of a cleft in the molecule that harbors the drug (blue spheres).
(E) In the SMM/CK-571 structure, the converter is in a down position and is rotated by 50° with respect to the position it occupies in the PPS state (PDB ID code
1BR1, magenta). To compare the three structures, the proteins were aligned in C, D, and E using the N-ter domain as a reference.
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(Fig. 1H). Given that CK-571 requires higher doses and has a
shorter duration of action, potency and metabolic stability are
key areas for further optimization.

Mechanism for This Efficient and Highly Selective Myosin Inhibitor.
The structural basis of CK-571 action and specificity was revealed
by the crystal structure of the SMM motor domain (MD) bound to
CK-571 [SMM/CK-571; Protein Data Bank (PDB) ID code 5T45]
at 2.8 A resolution (Table S1). The electron density shows un-
ambiguously that the inhibitor binds in an unexpected pocket
of the MD (Figs. 24 and 34). CK-571 is held in between two
structural elements that control the lever arm position, the Relay
and the SH1 helix (Fig. 24 and Movie S1), burying 1,067 A% of
surface area in an internal pocket. It adopts a compact confor-
mation in which the isoquinoline carbamate and the chloro-fluoro-
phenyl moieties come close together via a ~60° bend in the central
aliphatic chain of CK-571 (Fig. 24, Inset). The inhibitor has a
predominant hydrophobic character and interacts via a complex
network of mostly apolar contacts (Fig. 2B). There are no direct
H-bonds established with protein residues. Importantly, the drug
binding site of CK-571 is not accessible in either the postrigor or
the PPS states (Fig. 2 C and D), as the Relay and the SH1 helix
make strong interactions in these two structural states that cor-
respond to the beginning and the end of the recovery stroke.

Fig. 3. Structural features of SMM2 MD in complex with CK-571 that traps an
intermediate of the recovery stroke. (A) 2Fo—Fc electron density omit map,
contoured at 0.7 o, depicting the CK-571 binding site. (B) The SMM/CK-571
structure is an intermediate of the recovery stroke between the PR and PPS
structures. Note in particular the difference in position of the converter in
these structures. It is in a down position in the SMM/CK-571 structure (yellow),
close to the position found in the PR state structures (blue), and differs greatly
from the up position found in PPS structures (black). The position of the
subdomains when CK-571 is bound differs from those found in previously
described PR structures. Interestingly, the relay (shown in this figure) and L50
subdomain (see Movie S2) corresponds to an intermediary position between
the PR and the PPS structures. (C) The central beta sheet conformation (which
is part of the transducer) controls rearrangements between subdomains of the
motor (1). Although the lever arm position in SMM/CK-571 is closer to the PR
than the PPS position, the central beta-sheet conformation of SMM/CK-571
(yellow) differs from that of the PR state (blue), whereas its position is quite
similar to that found in the PPS state (black) (Movie S2). (D) Nucleotide binding
site in the SMM/CK-571, PR, and PPS structures. Note that the nucleotide
binding elements switch | and P-loop are in position to bind MgATP tightly.
However, in the SMM/CK-571 structure, the switch Il position differs from the
special PPS position necessary to promote ATP hydrolysis (black). This switch Il
position is far away from the nucleotide, in an intermediate position between
the PR and PPS states (PPS, PDB ID code 1BR1, black; PR, PDB ID code 3I5F, blue;
SMM/CK-571 is in yellow with the nucleotide in red sticks).

Sirigu et al.

These structural insights and the functional studies presented
previously (that show that ATP binding is not affected by CK-571
whereas ATP cleavage cannot occur) show that CK-571 binds a
myosin-ATP intermediate that is populated during the recovery
stroke. Thus, a pocket between the Relay and the SH1 helix must
open during this transition. Once bound, CK-571 traps the motor
in an intermediate state, which prevents the motor from exploring
states at the end of the recovery stroke that are necessary for ATP
hydrolysis. Small-angle X-ray scattering (SAXS) studies were per-
formed to demonstrate that the X-ray SMM/CK-571 structure
corresponds to the state populated by the drug in solution. The
SMM motor with CK-571 and either ADP or ADP.BeFx bound
adopts a similar conformation in solution that also fits the scat-
tering curve calculated from the SMM/CK-571 structure (Fig.
S3A4). Note that we also solved the structure of SMM/CK-571 with
ADP bound. The structure is the same as that described earlier
with ADP.BeFx bound. The structure supports the findings that
CK-571 stabilizes myosin in an actin-unbound state, as the actin-
binding pocket is open and thus the actin interface is not adequate
for strong binding to F-actin (Fig. S3B). The finding that both ATP
analogs and ADP can allow drug binding in this intermediate state
is consistent with the early stages of the recovery stroke being ex-
plored in the absence of F-actin when ADP is bound in the active
site. In contrast, the scattering curve is quite different when SMM
is in the PPS state (with ADP.VO4 bound), confirming that the
drug prevents access to PPS. Details of the structure compared
with previously characterized ATP states prior or after the recovery
stroke are shown in Figs. 2 C-E and 3. The intermediate state
populated by CK-571 has similarities with the postrigor state (PR)
populated at the beginning of the recovery stroke because of the
position of its lever arm (in the down position). However, other
MD elements are more similar to the conformation myosin motors
adopt at the end of the recovery stroke. In particular, the in-
termediate state trapped by CK-571 differs substantially from the
PR, as the central $-sheet of the MD in this intermediate adopts a
conformation close to that found in states at the end of the re-
covery stroke (PPS; Fig. 3C and Movies S2 and S3). This p-sheet is
a major part of the transducer (1) that coordinates several allo-
steric sites within the motor, in particular the actin-binding in-
terface and the nucleotide-binding site. Moreover, the switch II
element near the y-phosphate of ATP has moved toward the
conformation it adopts in the PPS state that allows direct in-
teraction with the nucleotide necessary for hydrolysis. However, it
remains far from this final conformation, as it adopts a position
intermediate between the two end structures of the recovery stroke
(PR and PPS; Figs. 14 and 3D). This result indicates that in con-
trast to what had been proposed from some Molecular Dynamics
simulations (8), sensing the nucleotide via switch II does not cor-
respond to the first event that would guide the repriming of the
lever arm. The recovery stroke of the lever arm is not driven by
keeping strong interactions between the Relay and SH1 helix, as
previously proposed (8). Indeed, this mechanism (8) cannot explain
how a pocket would open during the recovery stroke to allow CK-
571 binding. Overall, the SMM/CK-571 structure reveals that CK-
571 traps the motor in an intermediate state in which switch II
stays too far from the nucleotide to stabilize the water near the
y-phosphate that allows cleavage of ATP.

Intriguingly, sequence analysis reveals that all 24 residues
forming the inhibitor’s binding site are strictly conserved among
SMM, NMM, fast skeletal, and cardiac muscle myosin II, thus
indicating that the inhibitor’s selectivity is not based on specific
sequence recognition at the drug site (Fig. 1D and Fig. S1).
Furthermore, no sequence differences exist among the residues
located along the putative pathways by which the compound
would reach this site (Movie S4). In summary, comparison of the
SMM/CK-571 structure with other myosin II structures (Table
S2), SAXS data, and functional characterization of the motor
inhibited by CK-571 demonstrate that the drug traps myosin in
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an intermediate ATP state of the recovery stroke incapable of
ATP hydrolysis and thus blocks the motor from cycling, killing
force production (Fig. 4).

CK-571 Reveals the Existence of an Allosteric Pocket Adjacent to the
Binding Site of the Myosin Activator, Omecamtiv Mecarbil. A structure
of cardiac myosin II bound to the activator omecamtiv mecarbil (2)
was recently solved (9) with the motor in the PR state (Fig. 14).
This activator of cardiac myosin increases force production by the
heart by increasing the transition of cardiac myosin from a weakly
to strongly actin-bound state, as evidenced by a faster rate of P;
release (2, 10), and by slowing down the following steps of the
powerstroke. In the crystal structure, omecamtiv mecarbil binds to
cardiac myosin (9) in a surface pocket accessible in the PR state
(Fig. 14). The omecamtiv mecarbil pocket only slightly overlaps
with the CK-571 pocket. Indeed, most of the CK-571 site is not
accessible in the PR state and opens up only during the recovery
stroke (Fig. 2C and Fig. S4). The most deeply buried omecamtiv
mecarbil groups (carboxymethyl-piperazine and fluoro-benzene
rings) are located close to the SH1 helix where the CK-571 binding
site opens during the transition (Fig. S44). The rest of the ome-
camtiv mecarbil groups (amino-carbamoyl and methyl-pyridinyl)
are located closer to the surface of the molecule near the con-
verter domain. In contrast, the binding site shown for CK-571 is
much deeper and quite different from that of omecamtiv mecarbil
(Fig. S4). It is unlikely that in fact omecamtiv mecarbil would oc-
cupy the CK-571 pocket during the recovery stroke. Unlike CK-
571, omecamtiv mecarbil does not block the motor in an in-
termediate of the recovery stroke but increases the population of
the end states of the recovery stroke (PPS), in which the lever arm
is up. It must thus occupy a pocket that is accessible in the PPS
state. This is not the case for the CK-571 pocket, which is non-
existent in the PPS state. In contrast to CK-571, omecamtiv
mecarbil is compatible with the recovery stroke, accelerates P;
release, and then slows the following steps of the powerstroke (10).
Thus, cardiac muscle contracts more strongly when the drug is
present (2) and omecamtiv mecarbil acts as an activator of force
production. Together, the omecamtiv mecarbil and CK-571 binding
sites on myosin thus highlight the potential of targeting the internal

Actin binding interface Actin binding interface

Actin binding interface

Post-rigor state SMM-CK571

Pre-powerstroke - ATP hydrolysis state

Recovery Stroke

Fig. 4. MD rearrangements upon the recovery stroke. The myosin MD is
functionally made up of four subdomains linked by connectors that rapidly
change their conformation upon transitions in the motor cycle. In particular,
switch Il (orange) is found close to the nucleotide. The Relay (yellow) and the
SH1 helix (red) connect the MD to the converter (green) and control its
swing. The converter and the adjacent neck region constitute the lever arm
that amplifies MD rearrangements linked to nucleotide or actin binding.
Binding of CK-571 (blue star) blocks the motor isomerization in an in-
termediate of the recovery stroke. Thus, unlike prevailing models, lever arm
repriming corresponds to an uncoupling of these connectors and leads to
transducer rearrangements that are not initiated by a switch Il closure. Lever
arm swing in this step is not controlled by mechanical control of subdomain
orientation by coupled connectors.
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pockets found near the SH1 helix and the Relay to design highly
specific activators and inhibitors of myosin motors for the treatment
of numerous diseases in which myosin motors are a target.

Discussion

The atomic structure of SMM/CK-571 reveals that the drug
binds in an allosteric pocket of the myosin motor that opens up
transiently during the recovery stroke of the myosin motor.

The drug introduces itself in a pocket that has not been found
in the previously described structures of the motor. Furthermore,
this pocket becomes available transiently when the ATP-bound
motor explores states of the recovery stroke. The intermediate
state of the recovery stroke is then stabilized and traps the motor
in a structural state from which myosin cannot bind actin nor
progress toward ATP hydrolysis. Drug binding blocks the re-
covery stroke transition via stabilization of an intermediate
through interactions with two main connectors (Relay and SH1
helix) that link the motor and the lever arm. It thus prevents the
motor from reaching the states at the end of the recovery stroke
(PPS) that are required to allow ATP cleavage. This efficiently
blocks the motor in a state that is inappropriate for force pro-
duction upon interaction with actin, as ATP is not cleaved, af-
finity for F-actin is low, and the lever arm is not primed.
Previously described myosin inhibitors, such as blebbistatin or
pentabromopseudilin (3, 11, 12), trap the motor in the PPS state
at the beginning of the force production event (Fig. S4F). These
drugs do not prevent ATP cleavage and bind surface pockets
available in the PPS state of cytoplasmic and muscle myosin IT
with lower affinity and specificity (13) compared with CK-571. In
contrast, stabilization of an intermediate state during the re-
covery stroke by CK-571 blocks not only the motor rearrange-
ments required for lever arm repriming but also those needed for
the closure of the nucleotide binding site that are required for
ATP hydrolysis. By keeping the myosin heads away from any
possible interaction with F-actin, precluding ATP hydrolysis and
repriming of the lever arm, CK-571 prevents these heads from
participating in force production. CK-571 exemplifies an in-
novative and efficient mechanism to achieve complete re-
laxation of smooth muscle.

Interestingly, all of the residues of the CK-571 binding pocket
are conserved among the different human myosin IIs (cytoplasmic,
smooth, skeletal, and cardiac). Thus, the selectivity of CK-571 must
result from residues outside the binding pocket that modulate the
kinetics and energy landscape of the recovery stroke (Fig. S1).
What differs among myosins is the ability of the drug to exploit a
transient pocket formed during the recovery stroke. These differ-
ences may arise from small sequence changes between these mo-
lecular motors that influence the lifetimes and the nature of the
intermediate states. CK-571 inhibits SMM2 with ~eightfold greater
potency than its close homolog, NMM, despite the lack of any
sequence differences within the drug-binding pocket or any of the
surrounding amino acids. CK-571 provides a remarkable demon-
stration of the principle of allosteric modulation of enzyme func-
tion by a small molecule with high specificity and high affinity. The
SMM/CK-571 structure reveals a way to achieving specificity by
targeting transient pockets likely to have different lifetimes in dif-
ferent myosins with sequence differences even remote from the
drug-binding site. Even highly homologous myosins can be specif-
ically inhibited as long as they have kinetics that differ significantly
from each other. The SMM/CK-571 structure provides im-
portant insights into the allosteric mechanism of the recovery
stroke transition, the critical step in which the ATP-bound motor,
detached from actin, primes its lever arm to prepare myosin for its
powerstroke. During this isomerization, the lever arm undergoes a
drastic reorientation while the SH1 helix and Relay connectors
explore different conformations. The trapped intermediate in the
SMM/CK-571 structure sheds light on the recovery stroke mech-
anism, refuting models supporting tight coupling between the
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nucleotide binding site and the lever arm. Weak interactions be-
tween the Relay and SH1 helix are necessary for pocket opening
and CK-571 binding. Models in which switch II interactions with
the nucleotide direct the swing of the converter through a strong
coupling mechanism between the Relay and SH1 helix cannot
explain how CK-571 may bind. Rearrangements of the Relay and
the SH1 helix during lever arm priming can allow the formation of
a large pocket in between them, which traps the drug in place
(Movies S1-S4). In the rigor, PR, and PPS states (Fig. 14), these
two connectors interact directly, reducing the ability for this allo-
steric pocket to be formed in these states and thus resulting in
poor affinity of these structural states for CK-571.

Molecular simulations have provided drastically different models
for the recovery stroke. A coupling mechanism discussed earlier in
which the active site (switch II closure) would trigger reorientation
of the converter is not compatible with the SMM/CK-571 structure
(8, 14). In contrast, the structure is consistent with a Targeted
Molecular Dynamics approach, in which the converter rotates in
the first stage of the transition before switch II closure (15, 16).
Transient time-resolved FRET data are also compatible with this
scenario (17), as are previous studies that indicate the potential
melting of the SH1 helix in this transition (18, 19). Furthermore,
the SMM/CK-571 structure shows that the lever arm repriming
does not occur via switch II sensing of the y-phosphate. This
structure reveals that the recovery stroke (a large 9-nm movement)
necessary to reprime the motor is likely to capture thermal energy
to explore and populate uncoupled states that allow a lever arm
swing. This differs from a mechanism in which such large move-
ment would occur via the use of chemical energy linked to for-
mation of bonds along a pathway from the active site to the lever
arm that would trigger precise allosteric rearrangements to control
lever arm movement. The emerging model of the recovery stroke
thus differs greatly from current ones that suggest allosteric com-
munication between the nucleotide binding site and a distal part of
the motor to reprime the lever arm.

The recovery stroke is an essential step of the cycle of all my-
osins. Highly specific drugs that trap intermediates of this transi-
tion can thus be designed for other myosins on the basis of the
SMM/CK-571 structure. Structural studies with several myosin
isoforms, and in particular the reverse motor myosin VI, have
shown that the conformation of the motor in the states prior and
after the recovery stroke are similar, even when the direction of
the lever arm swing differs (20). Selectivity among different my-
osin classes may be achieved by exploiting sequence differences in
the CK-571 binding pocket (Fig. S5). This allosteric binding site
has thus the potential to guide the design of novel class-specific
myosin inhibitors. In particular, myosin VI and myosin X are in-
teresting pharmaceutical targets due to their recently established
role in cell migration and metastasis (21-24).

Methods

Crystal Structure Determination.

Chemicals. CK-571 was synthesized by the Medicinal Chemistry group of Cy-
tokinetics. Other chemicals were from commercial sources and generally
American Chemical Society (ACS) grade or higher.

High-throughput screens were conducted using chemically diverse libraries
of commercially available small molecules, resulting in the identification of an
initial hit with modest biochemical potency (ICso = 17 pM) against SMM.
Through extensive medicinal chemical optimization (>3,000 analogs in series),
the intrinsic biochemical potency of the chemical series was greatly improved,
resulting in an ICso of ~9 nM for compound CK-571. Inhibitors with higher
selectivity for SMM versus NMMs were sought during optimization.
Purification of myosins. Native chicken SMM was purified from cryoground
gizzards (Pel-Freez Biologicals) using previously described methods (25).
Soluble chicken gizzard subfragment 1 (S1) was obtained by limited papain
digestion of filamentous myosin terminated with 1 mM iodoacetic acid.
Recombinant chicken SMM MD (26) (residues Met1-790) and MD + essential
light chain (MDE heavy chain residues Met1-Leu819, GenBank NP_990605.2;
Essential Light Chain M15645.1) were expressed with a C-terminal FLAG tag
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following a short linker (sequence, GSDYKDDDDK). The chicken MDE pro-
tein was prepared by coexpression of the untagged chicken essential light
chain. Recombinant human SMM MDE (heavy chain residues Met1-Leu820,
isoform SM-A, GenBank NP_002465) was expressed with a C-terminal 6xHis
tag. Human NMM IIB and essential light chain (MDE, heavy chain residues
Met1-Pro843, isoform 2, GenBank NP_005955.3) were expressed with a
C-terminal FLAG tag (sequence, DYKDDDDK). The human MDE proteins were
prepared by coexpression of the untagged human SMM essential light chain.
The isoforms of the recombinant human SMM and NMMs both lacked the
seven-amino acid insert in loop 1. FLAG-tagged recombinant proteins were
purified from baculovirus-infected SF9 cells by ammonium sulfate pre-
cipitation and affinity chromatography as described (26). Rabbit fast skeletal
and bovine cardiac myosins were purified from native tissues (Pel-Freez Bio-
logicals) and digested in their filamentous forms with chymotrypsin to pro-
duce S1 fragments (27). For measuring specificity and potency, soluble myosin
fragments were covalently cross-linked to excess bovine cardiac actin using
carbodiimides 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride
(EDC)/N-hydroxysuccinimide esters (NHS) (28, 29) and flash-frozen at —80 °C
before use in ATPase assays.

Crystallization and structure determination. Purified chicken SMM MD (residues
1-790) at 110 pM was incubated with 2 mM MgADP and 2 mM BeFx for
30 min on ice. The protein was mixed with CK-571 at a final concentration of
547 pM in the presence of 10% (vol/vol) DMSO, and then it was incubated
for 1 h on ice. Samples were centrifuged at 11,000 x g for 15 min before
crystallization. Hanging drops of SMM/CK-571 were set up by mixing equi-
molar ratio of the complex and of the reservoir containing 5% (wt/vol)
Peg8K, 50 mM Bicine (pH 8.2), and 10% (vol/vol) DMSO. First, crystals
appeared after 10 d at 4 °C and were subsequently optimized using micro-
seeding technique. The optimized crystals were cryo-cooled in a final solu-
tion containing 8% (wt/vol) Peg8K, 50 mM Bicine (pH 8.2), 10% (vol/vol)
DMSO, 25% (vol/vol) glycerol, and 547 pM CK-571. Similarly, crystals were
obtained with protein containing only MgADP bound in the active site.

X-ray datasets were collected at the Proxima 1 beamline at the Syn-
chrotron SOLEIL at 100K and at a wavelength of 0.97857 A. The diffraction
datasets were indexed and scaled with XDS (30). Molecular replacement
solution was obtained with Phaser, CCP4 suite (31, 32), using PDB ID code
1BR1 (26) as the search model. The region of the converter, the Relay, and
the SH1 helix were excluded from the search model. These regions were
subsequently built in electron density using the ARP/WARP program (33, 34).
The coordinate and geometry constraint files for the ligand were created
with Sketcher of the CCP4 suite and Elbow of the Phenix suite (35, 36).
Model building and refinement were carried out with the Coot (37) and
Buster programs (38). In the final Ramachandran plot of the MgADP.BeFx
structure, 96.29%, 3.28%, and 0.43% of residues were in the favored,
allowed, and outliers regions, respectively. Figures and movies were made
using PyMol (Version 1.5.0.4; www.pymol.org).

Note that crystals with CK-571 bound can be obtained in the presence of

MgADP as well as other ATP analogs, and the structure solved with ADP
bound is essentially the same as that we report here with MgADP.BeFx bound
(see Fig. S3 and statistics on Table S1).
SAXS experiments. SAXS data were collected on the SWING beamline (syn-
chrotron SOLEIL). Purified SMM S1 fragment was incubated with 2 mM MgADP
for 30 min on ice. The protein was then incubated with either 5 mM CK-571 or
10% DMSO for 1 h on ice, followed by the incubation with 2 mM vanadate or
2 mM BeFx for 30 min on ice when necessary. All samples were centrifuged at
20,000 x g for 10 min at 4 °C before the analysis. We injected 40 pL of the
protein at 3 mg/mL between two air bubbles using the autosampler robot. We
averaged 35 frames of 1.5-s exposure, and buffer scattering was subtracted
from the sample data. The SMM/CK-571 S1 model was built using the SMIM/CK-
571 MD and the helix and ELC from previous smooth myosin structures (PDB ID
code 1BR1) using the converter position as a reference. The theoretical SAXS
curve of this model was calculated with CRYSOL (39) and compared based on
the quality of their fits against the different experimental curves.

Biochemical Assays.

ATPase assays. Steady-state ATPase assays were performed at 22 °C in PM12
buffer (12 mM K-Pipes, 2 mM MgCl,, pH 6.8) containing 250 pM ATP. Basal
and actin-stimulated ATPase activities were measured using a spectropho-
tometric ATPase assay that couples ADP production to the oxidation of
NADH using pyruvate kinase and lactate dehydrogenase (2). SMM S1 con-
centration was estimated by ODygp in 6 M guanidine HCl using a molar
absorption coefficient of 95,793 M~".cm~" calculated based on the sequence
of chicken MYH11 (1-843) and light chain MYL6. Specificity and intrinsic
potency of CK-571 was determined using EDC/NHS-cross-linked Acto-S1
proteins (see Crystal Structure Determination, Purification of myosins) as
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well as a highly sensitive spectrofluorometric ATPase assay that couples ADP
production to the conversion of Amplex Red into resorufin using pyruvate
kinase, pyruvate oxidase, and horseradish peroxidase while regenerating
ATP. Hydrolysis rates were normalized using reactions containing an equiva-
lent concentration of DMSO (activity, 100%) and fit with a four-parameter
logistic curve (GraphPad Prism) without additional background subtraction
or data manipulation.

Actin cosedimentation assay. Myosin binding to actin was measured by de-
pletion of soluble myosin from binding reactions using 3 UM recombinant
chicken SMM MDE (1-819) and 6 pM bovine cardiac actin in PM12 buffer.
ATP and ADP were present at 1 mM where indicated, and hexokinase (10 U/mL)
and glucose (2 mM) were added to nucleotide-free and ADP reactions to
deplete residual ATP. Phalloidin (6 pM) was included to stabilize actin fila-
ments. Reactions were allowed to equilibrate at 22 °C for 10 min before
centrifugation (540,000 x g, 30 min), with ATP added just before centrifu-
gation to minimize hydrolysis. Supernatants were analyzed by SDS/PAGE
followed by staining with Coomassie brilliant blue.

Transient kinetics. Chemical hydrolysis of ATP was measured in PM12 buffer at
25 °C by rapid mixing quench-flow (Biologic SFM/400, Bio-logic Inc.) under
multiple turnover conditions and by manual quench in single turnover
conditions (as shown in Fig. 1F). Native chicken gizzard SMM S1 (15 pM) was
preincubated with DMSO or CK-571 in DMSO (25 pM) before rapid mixing
with ATP (150 uM), aging, and quenching with 0.6 M perchloric acid. ATP
hydrolysis was monitored using malachite green to quantify total acid-labile
phosphate (40). The effect of CK-571 on ATP hydrolysis was further verified
by measuring the burst size under single turnover conditions. Myosin (30 uM)
was preincubated with DMSO (2%) or CK-571 in DMSO (50 uM), manu-
ally mixed 1:1 with ATP (10 pM), aged for 5 s, and then quenched by ad-
dition of perchloric acid (0.3 M final) before phosphate detection using
malachite green.

Mant-ATP binding was measured in PM12 buffer at 25 °C by rapid mixing

stopped flow (SF61DX2, TdK Scientific) (Fig. S2C). Mant-ATP fluorescence
was monitored by excitation at 360 nm while monitoring emission through a
400-nm long pass filter. We mixed 2 yM SMM S1 and 6 pM F-actin to form
the rigor state, and 6 pM CK571 or DMSO was also mixed before addition of
Mant-ATP at different concentrations.
Isothermal titration calorimetry. Isothermal titration calorimetry (ITC) experiments
were carried out using a Micro-Cal Auto ITC HT microcalorimeter (Microcal Inc.,
now Malvern, Inc.) at 10 °C. A solution of 125 pM CK-571 in 12 mM Pipes (pH 6.8),
2 mM MgCI2, 5 mM p-mercaptoethanol, and 3% DMSO (pH 6.8) was titrated
into the sample cell, which contained 8 uM chicken gizzard SMM S1 in the same
buffer. SMM S1 concentration was estimated by ODgo in 6 M guanidine HCI
using a molar absorption coefficient of 95,793 M~"-cm™" calculated based on the
sequence of chicken MYH11 (1-843) and light chain MYL6. Injections (10 pL)
were made every 300 s. To correct for the heats of dilution and slight buffer
mismatches between the titrant and sample, the average heat signal from the
last three injections at the end of the experiment (when binding was saturated)
was subtracted from all values. Data collection and analysis was performed using
the modified Origin software included with the instrument, using a single
binding-site model. Nucleotides and nucleotide analogs were present at 2 mM.
To measure affinity in the absence of nucleotide, apyrase (Sigma A-6535)
was included in the myosin sample at 17 pg/mL.

Tissue and in Vivo Assays.

Animal care and welfare. Animals used in this study were maintained in accor-
dance with the Guide for the Care and Use of Laboratory Animals of the Institute
(National Research Council) (42) and under the supervision of the Institutional
Animal Care and Use Committee of Cytokinetics for rodent studies or Lovelace
Respiratory Research Institute for canine studies.
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Skinned ring contractility. Endothelium-denuded rat tail artery segments were
cut into 3-mm helical rings, mounted on an isometric force transducer with a
resting tension of 0.5 g, and incubated for 30 min at room temperature in
normal Hepes-Tyrode buffer [135 mM NaCl, 6 mM KCl, 1.2 mM MgCl,,
12 mM Hepes, 2.5 mM CaCl,, 0.21% glucose (wt/vol), pH 7.4]. Tissues were
skinned by incubation with skinning solution [30 mM TES, 50 mM KCl, 5 mM
K,EGTA, 5.1% sucrose (wt/vol), 0.5 mM DTE, 1% Triton X-100, pH 6.9] for 1 h
at room temperature. Tissues were preincubated in assay buffer (30 mM TES,
5.6 mM MgCl2, 75 mM K-propionate, 3.8 mM ATP, 16 mM creatine phos-
phate, 15 U/mL creatine phosphokinase, 0.5 mM DTT, 4 mM K-EGTA, and
sufficient calcium to yield the desired free calcium concentrations, pH 6.9)
containing DMSO or CK-571 in DMSO for 15 min before the addition of
calcium. The force generated at the plateau of each calcium condition was
recorded, and data were presented as a percent change from the baseline
values (41). Dose-response data were fit with a three-parameter equation
(assumed Hill slope, 1).

Thiophosphorylation assay. Triton-permeabilized endothelium-denuded rat tail
artery preparations (see Skinned ring contractility) were prepared and mounted
as above and then incubated in rigor solution containing ATP-y-S (1 mM) for 10
min. Tissues were preincubated with CK-571 for 15 min before the addition of
ATP. ATP-induced contraction was measured for 60 min, and the relaxation was
expressed as percentage of the maximum force.

Intact tracheal ring contractility. Rat trachea were dissected and placed into cold
Kreb's-Henseleit buffer (117.5 mM NaCl, 4.7 mM KCl, 1.2 mM KH,PO,,
1.18 mM MgSO,4, 2.5 mM CaCl,, 25 mM NaHCO3;, 11 mM glucose) equili-
brated with 95% 0,/5% CO,. Trachea were cut into 2-mm rings and
mounted in a tissue bath (Radnoti LLC) containing Kreb’s-Henseleit buffer
equilibrated with 95% 0,/5% CO, at 37 °C. Rings were stretched to a
baseline isometric tension of 2 g and then induced to contract with a sub-
maximal dose of MCh (3 uM). Rings were relaxed by treatment with as-
cending doses of CK-571 in DMSO. Force values were normalized to the
initial MCh-induced value for each ring. Dose-response data were fit with a
four-parameter equation.

Bronchoconstriction measurements in naive dogs. Naive beagles (10.5-14 kg, 2.6-3y
of age) were used for this study. The response of naive beagles (n = 8, 10.5-14 kg,
2.6-3 y of age) to increasing 1/2 log doses of inhaled MCh (0.3, 1, 3, 5, 10, 30, 50,
100, etc. mg/mL), was characterized to determine the concentration that induced a
200-250% increase in pulmonary resistance. A subset of four animals (two male,
two female) were selected for further study. An abbreviated MCh dose-response
(up to 3 doses) was performed to confirm the dose of MCh that induces a 200~
250% increase in pulmonary resistance. Fifteen minutes later, a single dose of MCh
was again given to reconfirm the response. The response to this challenge was
used to compare all subsequent MCh challenges following test article treatment.
Treatment with inhaled CK-571 (100 pg/kg via insufflator) or albuterol (10 pg/kg
via nebulizer) was given 15 min following the single MCh challenge. MCh chal-
lenge was repeated at 5, 20, 40, 60, 90, 120, 180, and 240 min posttest article
treatment. The repeated MCh challenges were aimed at evaluating the duration
of action of the test article. The dogs were rested at least ~7-14 d in between
each dose to allow time for washout of the previous dose.
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