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Abstract

Several small molecule effectors of myosin 
function that target the motor domains of 
myosin classes I, II, V, and VI have been iden-
tified. Four distinct binding sites in the myosin 
motor domain have been reported with unique 
properties and mechanisms of action. This 
chapter describes the structural basis and 
activities of known small molecule effectors 
that allosterically target the myosin motor 
domain.
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5.1	 �Introduction

The superfamily of myosin motors has emerged 
as an attractive target for the modulation of their 
physiological function by small molecule effec-
tors. To date, at least 14 types of allosteric small 
molecule effectors of the myosin heavy chain 
have been reported (Fig. 5.1). Small effector mol-
ecules that inhibit or activate the function of well-
defined myosin isoforms do not only have great 
potential for the development of new therapeutics 
and the targeted modulation of dysfunctional 
myosins and myosin-related diseases, but have 
proven to be invaluable tools for the investigation 
of cytoskeletal processes in cellular systems.

A major challenge for a specific modulation of 
distinct myosin isoforms is the ubiquitous occur-
rence of these motor proteins in the human body 
and in important pathogens. Myosin isoforms 
can be grouped into at least 35 myosin classes 
(Foth et  al. 2006; Odronitz and Kollmar 2007) 
with diverse and prominent roles for a wide range 
of intracellular processes. Myosins are involved 
in processes such as muscle contraction, intracel-
lular transport, tethering, signaling and cell divi-
sion, as well as organization of the cytoskeleton. 
The human genome contains more than 40 genes 
that encode myosin isoforms from 12 different 
classes – myosin classes I, II, III, V, VI, VII, IX, 
X, XV, XVI, XVIII, and XIX (Berg et al. 2001; 
Kollmar and Mühlhausen 2017). Structurally, 
myosins feature broad diversities in their tail 
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Fig. 5.1  Schematic overview of known allosteric small 
molecule effectors of myosin function. The small mole-
cule effectors are grouped according to their specificities. 
Color code: blue = class II myosin inhibitors, red = class I 
myosin inhibitors, cyan = class V myosin inhibitors, pur-

ple  =  class VI myosin inhibitors, white  =  no particular 
specificities defined, however inhibition of myosin II is 
reported in the literature, green = class II myosin activa-
tors. Determined potencies of the inhibitors or activators 
are given as IC50 or AC50 values
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regions, which are designed for cargo transport 
and interactions with other components of the 
cell, while the catalytically active motor domain 
is largely conserved across the myosinome. The 
approximately 80 kDa motor domain harbors the 
active site and the actin-binding region. Polar 
actin filaments (F-actin) serve as tracks for the 
directional movement of myosin motors. Several 
small molecule effectors have been shown to 
preferentially affect the generic myosin motor 
domain of specific isoforms. Compounds with 
well-defined specificity profiles serve currently 
as lead compounds for the development of treat-
ments of myosin-associated diseases, in particu-
lar heart failure and hypertrophic cardiomyopathy 
(www.clinicaltrials.gov, identifiers 
NCT01300013, NCT01786512, NCT02929329, 
NCT02329184, NCT03470545, NCT0376855). 
Together, the ability of small effector molecules 
to exert their effect on certain myosin isoforms 
and the identification of at least four allosteric 
binding sites in the myosin motor domain illus-
trate the druggability of members of the myosin 
superfamily.

The specific modulation of individual myosin 
isoforms within the scope of the common “one-
target-one-disease” paradigm, also known as 
Paul Ehrlich’s magic bullet (Strebhardt and 
Ullrich 2008), can provide innovative access to 
major human diseases that are currently difficult 
to treat. The major focus of ongoing pharmaceu-
tical research programs lies on diseases affecting 
skeletal, smooth and cardiac muscle performance 
(Spudich 2014; Greenberg 2016; Varian and Tang 
2017; Kaplinsky and Mallarkey 2018). However, 
strong links have also been established between 
major human pathologies and cytoskeletal myo-
sin motors (see Chap. 12). Changes in the abun-
dance, functional competence, and regulation of 
cytoskeletal myosin isoforms can play causal 
roles in the development of neurodegenerative 
disorders (Nadif Kasri and Van Aelst 2008; Hur 
et  al. 2011; Ma and Adelstein 2014), diabetes 
(Charlton et al. 1997; Papadaki et al. 2018), vari-
ous forms of cancer, with at least seven classes of 
myosins participating in tumorigenesis and can-
cer proliferation (Li et al. 2016b), viral, bacterial, 
and parasitic infections (Xiong et  al. 2015; 

Cymerys et  al. 2016; Cowman et  al. 2017; Tan 
et  al. 2019), and drug addiction (Young et  al. 
2015; Volkow and Morales 2015). The identifica-
tion of specific small molecule effectors that 
change the function of the associated myosin iso-
forms in a well-defined manner can provide 
means to cure or at least treat the affected patients. 
These diseases are however complex, with 
diverse causative factors, versatile mechanisms 
to adapt to altered conditions and drug treat-
ments, and several groups of myosin isoforms 
displaying functional redundancy. Therefore, 
analogous to the multitarget drug discovery con-
cept (Roth et  al. 2004; Morphy and Rankovic 
2005; Keith et  al. 2005; Ramsay et  al. 2018), 
which yielded promising applications in various 
areas, such as e.g. multikinase inhibitors, 
accounting for the majority of the approved 
kinase inhibitor agents (Cohen and Alessi 2013), 
the development of multimyosin drugs has the 
potential to yield compounds with improved ther-
apeutic potency and superior safety profiles.

This chapter will review the current status of 
small molecule effectors of myosin function, and 
focus on compounds that allosterically target the 
myosin motor domain.

Four classes of myosins, classes I, II, V, and 
VI, were shown to be affected by small effector 
molecules. The first part of this chapter will out-
line the structural basis underlying the modulat-
ing effect of the small molecules. How do the 
effector molecules bind to their target myosins; 
what factors determine their isoform specificity; 
and what is the structural mechanism behind 
their modulating effect? The second part will 
elaborate on the specificity of the small molecule 
effectors towards myosin isoforms or classes, in 
particular associated diseases, and their applica-
tion in scientific studies of the function of myo-
sins in the cell. Finally, allosteric modulation 
triggered by protein-protein interactions will be 
discussed in the third part. While the small mol-
ecule effectors in general  either increase or 
reduce ATP turnover, motor function or force 
development of myosins, they can modulate the 
motor  properties of myosins in an even more 
intricate manner by affecting specific substeps of 
the mechanochemical cycle. Myosins share a 
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common motor cycle with actin-detached and 
-attached states that go along with large confor-
mational changes in the myosin motor domain.

5.2	 �Binding Sites of Small 
Molecule Effectors 
in the Myosin Motor Domain

Structural studies have so far revealed four dis-
tinct allosteric binding pockets in the myosin 
motor domain for small molecule effectors 
(Allingham et  al. 2005; Fedorov et  al. 2009; 
Preller et al. 2011b; Sirigu et al. 2016; Planelles-
Herrero et al. 2017). These binding pockets share 
a primarily hydrophobic nature but with both 
apolar and polar residues contributing to the 
interaction with the small molecule effectors. 
The binding pockets are found in regions that are 
known to be important for mechanochemical 
coupling between critical remote sites in the 
motor domain.

During myosin motor activity, ATP binding, 
hydrolysis, and release of hydrolysis products are 
coupled to large scale rearrangements of struc-
tural elements that affect actin binding and the 
position of the lever arm. An actomyosin ATPase 
cycle that associates chemical changes affecting 
the nucleotide with large-scale conformational 
changes was first proposed by Lymn and Taylor 
(Lymn and Taylor 1971) and further extended 
over time by the introduction of additional sub-
strates, contributing to myosin function (Preller 
and Manstein 2017). Critical structural elements 
or regions of the myosin motor domain that 
determine the state and the properties of the myo-
sin motor domain include the actin-binding cleft, 
the central seven-stranded β-sheet, also known as 
the transducer, the relay helix, the SH1/SH2-
region, the converter domain together with the 
adjacent lever arm, and the active site elements 
switch-1, switch-2, and the P-loop. To briefly 
recapture the actomyosin ATPase cycle, starting 
with the nucleotide-free, strongly actin-bound 
rigor state of myosin, the motor domain features 
a closed actin-binding cleft, which is responsible 
for the favorable and strong interaction with the 
actin filament. The converter and lever arm in this 

state are in the down position, the relay helix is 
straight, and the transducer is twisted. Binding of 
ATP leads to small-scale rearrangements in the 
active site, the associated opening of the actin-
binding cleft, and the dissociation of the myosin 
motor domain from the actin filament. This ATP-
bound state is referred to as the post-rigor state 
with the converter and lever arm still in the down 
position. In addition to the coupling between the 
active site and the actin-binding cleft, conforma-
tional changes in the active site are coupled via 
the transducer, the relay helix, the SH1/SH2-
region, and the converter domain to a swinging of 
the lever arm. Subsequent to ATP-induced actin 
detachment, the converter domain rotates from 
the down to the up position, a process also known 
as the recovery stroke of myosin, which primes 
the lever arm for force generation. The recovery 
stroke includes structural changes in the central 
β-sheet, which untwists and a bending of the long 
relay helix, which in turn is coupled to reposi-
tioning of the SH1/SH2-region to allow the con-
verter being rotated. The recovery stroke is 
suggested to follow a stepwise seesaw mecha-
nism (Fischer et  al. 2005; Kintses et  al. 2008) 
leading to the catalytically competent pre-power 
stroke state, in which ATP is hydrolyzed to ADP 
and Pi. Hydrolysis leads to a relaxation of bind-
ing constraints in the active site. As a conse-
quence of conformational changes that are 
coupled to the subsequent opening of the active 
site, the myosin reattaches to the actin filament 
by closing of the actin-binding cleft, which 
together with the release of the inorganic phos-
phate initiates twisting of the central β-sheet, 
straightening of the relay helix, and finally the 
power stroke, which drives the converter and 
lever arm from the up position back to the down 
position. In the last substep of the cycle, ADP is 
released from myosin and drives the motor 
domain back to the rigor state. ATP binding starts 
a new round of the ATPase cycle (Geeves et al. 
2005; Houdusse and Sweeney 2016).

The four identified allosteric binding sites for 
blebbistatin, the series of halogenated pseudilins, 
CK-571, and omecamtiv mecarbil involve struc-
tural elements that have been shown to play a 
crucial role in the coupling mechanisms within 
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the myosin motor domain (Fig. 5.2). The binding 
site for blebbistatin directly involves active site 
switch-2 residues as well as residues of the relay 
helix and the actin-binding cleft, explaining the 
effect of blebbistatin on the actomyosin interac-
tion and product release. Halogenated pseudilins 
bind approximately 7.5 Å apart from the blebbi-
statin site near actin-binding residues at the top of 
the cleft. Their binding involves residues of loop 
2 and the strut loop of myosin, which were shown 
to support coupling between the active site state 
and the actin-binding region. CK-571 binding 
involves residues of the SH1/SH2-region and the 
relay helix, thereby inhibiting the coupling 
between ATP hydrolysis and converter rotation. 
Omecamtiv mecarbil involves extensive interac-
tions with the N-terminal subdomain and the con-
verter, in addition to contacts with the relay helix 
and the transducer. The clustering of allosteric 
binding pockets at critical intersections of the 
communication pathways in the motor domain 
brings up the question whether further effector 
molecules and binding pockets can be identified 
along the pathways that couple distant sites in the 
myosin motor domain and how differences 
between myosin isoforms can be exploited to 

support the development of potent and specific 
small molecule myosin effectors (Table 5.1).

5.2.1	 �Binding Site at the Apex 
of the Actin-Binding Cleft 
(Blebbistatin Site)

Blebbistatin was identified as a potent inhibitor 
of skeletal myosin II and nonmuscle myosin II 
isoforms in 2003 (Straight et al. 2003) and was 
the first myosin inhibitor whose structural mech-
anism was determined using X-ray crystallogra-
phy (Allingham et al. 2005). The small molecule 
effector inhibits myosin II isoforms with half 
maximal inhibitory concentration (IC50) values 
between 0.5 and 80  μM, while myosins from 
classes I, V, and X have IC50 > 150 μM (Limouze 
et  al. 2004). Blebbistatin is a 1-phenyl-2-
pyrrolidinone derivative possessing a tricyclic 
core scaffold (A-, B-, and C-rings) and a D-ring 
phenyl substituent, as well as a chiral stereocen-
ter bearing a hydroxy group. Blebbistatin was 
found to bind to a primarily hydrophobic pocket 
in the myosin motor domain, adjacent to the 
γ-phosphate sensor loops (switch-1, switch-2, 

Fig. 5.2  Overview of the four identified allosteric bind-
ing pockets in the myosin motor domain of small mole-
cule effectors, mapped to the crystal structure of myosin 
II. The binding sites were determined by co-crystallization 
of myosin in complex with (−)-blebbistatin (pdb 1yv3), 

halogenated pseudilins (pdb 2jhr, 2xo8, 2xel), CK-571 
(pdb 5 t45), and OM (pdb 5n69). Subdomains and critical 
structural elements of the motor domain are color coded 
and labeled in the diagram
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Table 5.1  Summary of the properties of known allosteric small molecule effectors of the myosin motor domain

Effector Target (potency) Binding site Mechanism of action References
2,3-butanedione 
2-monoxime (BDM)

Skeletal muscle 
myosin II
(Ki ≈ 5 mM)

n.d. ATPase rate and force 
production decreased
Inhibition of Pi release and 
stabilization of the weakly 
actin-bound 
Myosin∙ADP∙Pi state

Higuchi and 
Takemori 
(1989), 
Herrmann et al. 
(1992), and 
Mckillop et al. 
(1994)

N-benzyl-p-
toluenesulfonamide (BTS)

Muscle myosin II
(IC50 ≈ 5 μM)

n.d. In vitro gliding motility, 
force production and 
ATPase rate inhibited
Actin-myosin interaction 
weakened and Pi release 
suppressed

Cheung et al. 
(2002) and 
Shaw et al. 
(2003)

Trifluoperazine (TFP) Smooth, 
nonmuscle, 
skeletal muscle 
myosin II, myosin 
V
(IC50 ≈ 40–75 μM)

n.d. ATPase rate and in vitro 
gliding motility inhibited
Myosin light chains are 
removed at higher 
concentrations (1–2 mM)

Patel et al. 
(2000) and 
Sellers et al. 
(2003)

3-[4-(3-phenyl-2-
pyrazolin-1-yl) benzene-1-
sulfonylamido]
phenylboronic acid 
(PPBA)

Skeletal muscle 
myosin II
(Ki ≈ 0.8 μM)

n.d. Initially reported to operate 
competitively
Shown to inhibit myosin 
allosterically by stabilizing 
a ternary 
myosin∙PPBA∙nucleotide 
complex

Hiratsuk (1994) 
and Hiratsuka 
(2006)

(−)-Blebbistatin and 
Blebbistatin analogs

Skeletal and 
nonmuscle myosin 
II
(IC50 = 0.5–2 μM)

Allosteric 
binding site 
at the apex of 
the large 
actin-binding 
cleft
(PDB: 1yv3, 
3bz7, 3bz8, 
3bz9, 3mjx)

Myosin trapped in a weak 
actin-binding pre-power 
stroke ADP∙Pi state
Pi release inhibited

Straight et al. 
(2003), 
Limouze et al. 
(2004), Kovács 
et al. (2004), 
Allingham et al. 
(2005), and 
Lucas-Lopez 
et al. (2008)

CK2018571 (CK-571) Smooth muscle 
myosin II
(IC50 = 9 nM)

Allosteric 
binding site 
between 
SH1/SH2 
region and 
the relay 
helix

Myosin trapped in an 
intermediate state of the 
recovery stroke, reduced 
ATP hydrolysis and actin 
affinity

Sirigu et al. 
(2016)

Mavacamten (MYK-463) Cardiac myosin II
(IC50 = 0.3 μM)

n.d. Reduced ATPase function 
and weak-to-strong 
transition
Stabilization of an 
autoinhibited super-relaxed 
state

Green et al. 
(2016) and 
Kawas et al. 
(2017)

MyoVin-1 MyosinV
(Ki = 6.3 μM)

n.d. ATPase rate decreased
ADP release inhibited

Islam et al. 
(2010)

(continued)
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P-loop) of the active site, at the apex of the 
actin-binding cleft (Allingham et  al. 2005) 
(Fig.  5.3). In the crystal structure (pdb: 1yv3), 
numerous hydrophobic interactions of blebbi-
statin and Dictyostelium discoideum (Dd) myosin 
II are formed with residues of the U50 linker, a 
loop following β7-strand (Tyr261 and Leu262), 
residues of the relay helix (Phe466, Glu467, 
Ile471, and Thr474), and residues of the W-helix 
(Val630, Tyr634, Glu637, and Leu641), which 
contribute largely to the high binding affinity of 
blebbistatin. In addition, three direct hydrogen 

bonds stabilize the binding pose of blebbistatin in 
the allosteric myosin pocket: a hydrogen bond of 
the chiral hydroxy group with the main chain 
amide group of Gly240, a residue directly fol-
lowing switch-1, and a hydrogen bond with the 
main chain carbonyl oxygen of Leu262, as well 
as a hydrogen bond of the carbonyl oxygen of 
blebbistatin with switch-2 residue Ser456. The 
interactions of the chiral hydroxy group with 
both Leu262 and Gly240 are critical for the effec-
tive binding and inhibition of myosin by the 
S-(−)-enantiomer of blebbistatin. The R-(+)-

Table 5.1  (continued)

Effector Target (potency) Binding site Mechanism of action References
Halogenated pseudilins
(Pentabromopseudilin 
(PBP),
Pentachloropseudilin 
(PClP), 
Tribromodichloropseudilin 
(TBDClP))

PBP: Myosin-5a
(IC50 = 1.2 μM)
PClP: Myosin-1
(IC50 = 1.0 μM)
TBDClP: 
Myosin-2
(IC50 = 47.2 μM)

Allosteric 
binding site 
close to the 
actin-binding 
region and 
the apex of 
the large 
internal cleft 
about 16 Å 
away from 
the active site
(PDB: 
2XO8, 
2XEL, 
2JHR)

ATP binding, hydrolysis 
and ADP dissociation 
inhibited, as well as 
coupling between actin and 
nucleotide binding sites 
reduced
Active site is affected 
through a signal relay path 
as well as global protein 
dynamics

Fedorov et al. 
(2009), 
Chinthalapudi 
et al. (2011) and 
Preller et al. 
(2011a, b)

Phenamacril Fusarium spp. 
Myosin I
(IC50 = 0.36 μM)

n.d. ATPase rate and motility 
decreased

Wollenberg 
et al. (2019)

2,4,6-Triiodophenol (TIP) Myosin-6
(Ki1 = 0.8 μM and 
Ki2 = 37 μM)

n.d. ATPase activity reduced Heissler et al. 
(2012)

EMD57033 Cardiac myosin II
(AC50 = 7.0 μM)

n.d. ATP hydrolysis increased, 
improved coupling 
between the active site and 
actin-binding region, 
increased actin affinity
Protection against thermal 
denaturation and heat 
stress

Radke et al. 
(2014)

Omecamtiv mecarbil 
(OM)

Cardiac myosin-2
(EC50 = 2.3 μM)

Allosteric 
binding site 
bridging the 
converter 
domain, the 
relay helix 
and the 
N-terminal 
domain

Transition from weak to 
strong actin-bound state 
accelerated and Pi release 
rate increased

Morgan et al. 
(2010), Malik 
et al. (2011), 
and Planelles-
Herrero et al. 
(2017)

n.d. = not determinded
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enantiomer, which is not capable of forming 
hydrogen bonds with Leu262 and Gly240, has no 
detectable effect on myosin (Straight et al. 2003).

As mentioned before, blebbistatin is reported 
to show a clear specificity for conventional class 
II myosins over unconventional myosins, particu-
larly from classes I, V, and X (Limouze et  al. 
2004). The structural basis for this specificity 
was established around the interacting residues 
Ser456, Thr474, Tyr634, and Glu637, which 
were found to show the highest degree of vari-
ability among myosin isoforms (Allingham et al. 
2005). A crucial role was demonstrated for resi-
due Ser456. This amino acid is part of the 
γ-phosphate-sensing switch-2 with its consensus 
sequence DIXGFE, with X being an alanine or 
serine in conventional class II myosins but a 
bulky, aromatic tyrosine or phenylalanine in most 
unconventional myosins, including classes I, V, 
and X.  Mutational studies, replacing the native 
alanine residue at this position in smooth muscle 
and nonmuscle myosin II by bulkier amino acids, 
such as phenylalanine, tyrosine, tryptophan, argi-
nine, or glutamate, resulted in a loss of blebbi-
statin’s inhibitory potency against these mutated 
myosins (Zhang et  al. 2017). Additionally, the 

adjacent residue Ile455 has been suggested to be 
responsible for the blebbistatin insensitivity of 
wildtype Drosophila melanogaster (Dm) non-
muscle myosin II, which possesses a methionine 
at that particular position. However, blebbistatin 
is able to inhibit mutant Dm nonmuscle myosin 
II, in which the methionine is replaced by an iso-
leucine, and loses its potency to inhibit mutant Hs 
nonmuscle myosin II, when isoleucine is 
exchange to methionine (Zhang et al. 2017).

Structural rearrangements of the side chains 
of Leu262 and Tyr634 by approximately 4.5  Å 
and 3  Å are required to accommodate blebbi-
statin in its binding pocket, suggesting an induced 
fit mechanism (Allingham et al. 2005). Through 
its direct interactions with the switch-2 motif and 
further structural elements of the actin-binding 
cleft, blebbistatin affects switch-1 and switch-2 
opening-closing movements of the active site, 
and thus coupling with the actin-binding region. 
Blebbistatin traps the myosin motor domain in an 
actin-detached pre-power stroke state, impairing 
Pi release and actin-binding cleft closure, thereby 
the transition to the force-generating, strongly 
actin-bound states. The co-crystallized structure 
of blebbistatin bound to Dd myosin II in the pres-

Fig. 5.3  Binding site of (−)-blebbistatin in the motor 
domain of Dd myosin II in the pre-power stroke state at 
the apex of the actin-binding cleft (pdb 1yv3) and 
2-dimensional interaction diagram, showing the favorable 
non-covalent interactions of blebbistatin with polar and 
hydrophobic residues of the myosin binding pocket. Color 

code: purple arrows  =  hydrogen bonds, blue amino 
acids = positively charged residues, red amino acids = neg-
atively charged residues, green amino acids = hydropho-
bic residues, cyan amino acids  =  polar residues, white 
amino acid = glycine residues
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ence of the non-hydrolyzable ATP transition state 
analogue ADP·VO4 highly resembles other Dd 
myosin II pre-power stroke state structures that 
were obtained in the presence of transition state 
ATP analogues. Interestingly, the structure of 
myosin in the presence of ADP and blebbistatin 
was reported to adopt a previously unobserved 
structural state, priming the converter and lever 
arm for the power stroke, while at the same time 
not affecting actin filament interaction (Takács 
et al. 2010). The low-resolution electron micros-
copy structure of this myosin II·ADP·blebbistatin 
complex was interpreted as the start-of-power 
stroke state, prior to force generation, similar to 
proposed structural models of the start-of-power 
stroke state (Preller and Holmes 2013), and 
showed that in the presence of ADP, blebbistatin 
blocks switch-2 opening, thereby priming the 
lever arm. However, switch-1 opening can occur, 
which is coupled to the closure of the actin-
binding cleft and a concomitant increase in actin 
affinity. The binding site and pose of blebbistatin 
has been confirmed by co-crystallization of 
A-ring derivatives, where the position of the 
methyl group at the A-ring was modified, and 
which bind identically to the myosin motor 
domain (Lucas-Lopez et al. 2008).

5.2.2	 �Binding Site at the Top 
of the Actin-Binding Cleft 
(Pseudilin Site)

Halogenated pseudilins are a class of marine 
alkaloids with a 2-phenylpyrrole scaffold that 
was shown to inhibit different classes of myosins 
and myosin-dependent cellular processes with 
IC50 values in the low micromolar range (Fedorov 
et  al. 2009; Chinthalapudi et  al. 2011; Preller 
et al. 2011b; Martin et al. 2014). Structural analy-
sis revealed that the halogenated pseudilins bind 
to an allosteric binding pocket in the myosin 
motor domain at the top of the actin-binding 
cleft, close to the actin-binding region, about 
7.5 Å apart from the blebbistatin-binding site and 
16 Å from the active site (Fedorov et al. 2009). 
The binding pocket is primarily formed by two 
helices of the U50  kDa domain, the strut loop, 
and loop 2 (Fig.  5.4). It is open to the actin-
binding cleft as well as the protein surface, giving 
access for the halogenated pseudilins to enter the 
binding site.

In the crystal structures of Dd myosin II co-
crystallized with three different halogenated 
pseudilins (pdb 2jhr, 2xo8, 2xel), the small mol-
ecule inhibitors bind to the allosteric pocket 

Fig. 5.4  Binding site of the halogenated pseudilin penta-
bromopseudilin in the motor domain of Dd myosin II in 
the pre-power stroke state at the top of the actin-binding 
cleft (pdb 2jhr) and 2-dimensional interaction diagram, 
showing the favorable interactions of pentabromop-
seudilin with the myosin residues. Color code: purple 

arrows = hydrogen bonds, orange arrows = halogen bonds, 
blue amino acids = positively charged residues, red amino 
acids  =  negatively charged residues, green amino 
acids = hydrophobic residues, cyan amino acids = polar 
residues, white amino acid = glycine residues
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through both hydrogen bonds and numerous 
hydrophobic interactions with residues, includ-
ing Lys265, Ala420, Ala424, Arg428, Leu431, 
Asp590, Ile617, and Ala618. A particularly 
important role has been suggested for the interac-
tion with Lys265, which is hydrogen bonded 
either to the hydroxy group or the amine group of 
the halogenated pseudilins. Upon binding of the 
small molecule inhibitors, the side chain of 
Lys265 reorients by up to 3.5 Å as compared to 
myosin structures in the same structural state and 
without bound pseudilin. This interaction leads to 
a cascade of small rearrangements of residue side 
chains along the so-called signal relay pathway, 
thereby affecting the active site and preventing 
the proper positioning of the lytic water molecule 
for an in-line attack of the ATP’s γ-phosphate 
(Chinthalapudi et al. 2011; Preller et al. 2011b). 
Mutational studies, replacing this lysine residue, 
confirmed the importance of this residue for 
myosin inhibition by halogenated pseudilins, 
since mutant Dd myosin II in which Lys265 is 
replaced by alanine becomes insensitive to 
pseudilins (Behrens et al. 2017). In addition, the 
mutational study revealed that this conserved 
Lys265 is a key residue in the coupling pathway 
between the active site and the actin-binding 
region (Behrens et al. 2017). Similar roles for the 
coupling between actin-binding region and active 
site have been earlier demonstrated for the strut 
loop and loop 2 (Geeves et  al. 2005). Kinetic 
analysis of the inhibitory effect of halogenated 
pseudilins on myosin revealed that the pseudilins 
reduce the coupling between the active site and 
the actin-binding region, which can be rational-
ized by the direct interaction of the small mole-
cule effectors with Lys265 as well as the strut 
loop and loop 2. Additionally, the pseudilins 
affect the active site, through the signal relay 
pathway, which correlates with the experimen-
tally determined effect of halogenated pseudilins 
on ATP binding and hydrolysis, as well as ADP 
dissociation.

The three crystallized pseudilin derivatives 
were found to adopt slightly different binding 
poses within the allosteric binding pocket (Preller 
et al. 2011b). Depending on the halogen substitu-
ents, the pseudilins show specificities towards 

certain myosin classes. While highly chlorinated 
pseudilins exhibit their strongest effect on class I 
myosins, highly brominated pseudilins preferen-
tially affect class V myosins. Pseudilins with 
mixed halogenations do not feature any prefer-
ence for myosin classes. These specificity behav-
iors of the pseudilins are strongly correlated with 
differences in the polarities and physicochemical 
properties of the allosteric binding pocket in dif-
ferent myosin isoforms and classes (Preller et al. 
2011b).

5.2.3	 �Binding Site Between 
the SH1/SH2 Region 
and the Relay Helix  
(CK-571 Site)

The third known allosteric binding site for a 
small molecule effector in the myosin motor 
domain is the binding pocket of the smooth mus-
cle myosin II-specific inhibitor CK-2018571 
(CK-571) (Sirigu et  al. 2016). CK-571 inhibits 
smooth muscle myosin II with a high potency 
(IC50 ∼ 9 nM) and kinetically traps the myosin in 
an ATP-bound, actin-detached intermediate state 
of the recovery stroke. Hence, in contrast to the 
crystal structures of myosin II with blebbistatin 
or halogenated pseudilins, which both are crys-
tallized in the pre-power stroke state, the smooth 
muscle myosin II·CK-571 structure (pdb 5t45) 
has similarities with post-rigor state structures, 
featuring an open actin-binding cleft and the con-
verter and lever arm in the down position. 
However, other critical structural elements, such 
as the central β-sheet or switch-2, are found in 
intermediate conformations between the post-
rigor and pre-power stroke states.

The identified allosteric binding pocket for 
CK-571 is located between the SH1-helix and the 
relay helix in the myosin motor domain, 22  Å 
apart from the active site (Fig. 5.5). Interestingly, 
this pocket is not accessible either in the post-
rigor or the pre-power stroke state of myosin, and 
is suggested to only open during the recovery 
stroke (Sirigu et al. 2016). Binding of CK-571 is 
primarily mediated by hydrophobic interactions 
with residues of the N-terminal domain (Asp88, 
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Met89, Ala90, Leu95, Val100, Ser117, Gly118, 
Leu119, and Phe120), relay helix (Phe493, 
Asn494, Met497, and Glu501), SH1-helix 
(Gly709, Val710, Glu712, Gly713, Ile716, and 
Cys717), and converter domain (Pro722 and 
Arg724). In the crystal structure with smooth 
muscle myosin II, no attractive hydrogens bonds 
were detected between CK-571 and myosin. The 
structural basis for the inhibition of smooth mus-
cle myosin II by CK-571 has been attributed to 
the trapping of the myosin motor domain in an 
intermediate state, resembling the post-rigor 
state, by interfering with the required conforma-
tional changes of the relay helix and the SH1-
helix, which in turn prevents myosin from 
transitioning through the recovery stroke and 
adopting the catalytically active pre-power stroke 
state. This effect is similar to the reported conse-
quences of cold-sensitive single-point mutations 
G680A and G680  V in the SH1-helix, which 
were shown via kinetic and structural analyses to 
freeze the mutated myosin in a state similar to the 
post-rigor state, impairing myosin motor func-
tion (Preller et  al. 2011a). Small-angle X-ray 
scattering experiments confirmed that CK-571-
bound myosin preferentially adopts such an 
intermediate post-rigor-like structure. Particularly 
switch-2 appears affected by CK-571. Marked 

differences between the CK-571 intermediate 
state and the wild type post-rigor state have been 
suggested for the catalytically important 
switch-2, which is no longer able to close around 
the ATP γ-phosphate to position the lytic water 
for the hydrolysis reaction (Sirigu et al. 2016).

All residues of the binding pocket, which are 
involved in interaction with CK-571, are highly 
conserved within the class II myosins, preventing 
establishment of the structural basis for the speci-
ficity behavior of CK-571 towards smooth mus-
cle myosin II over other members of the myosin 
class II.

5.2.4	 �Binding Site at the L50 kDa – 
Converter Interface (OM Site)

Omecamtiv mecarbil (OM), earlier denoted as 
CK-1827452, is a diaryl-urea-based small mol-
ecule activator of cardiac myosin II, which is 
currently in phase 3 clinical trials as a treatment 
of systolic heart failure. OM was shown to spe-
cifically bind to the cardiac myosin motor 
domain with an affinity of 1.3 μM, and to accel-
erate the transition rate of the β-cardiac myosin 
II motor domain into actin-bound, force-generat-
ing states (Malik et al. 2011). The co-crystallized 

Fig. 5.5  Binding site of CK-571 in the motor domain of 
smooth muscle myosin II in an intermediate state between 
post-rigor and pre-power stroke states, between the SH1/
SH2-region and the relay helix (pdb 5t45) and 
2-dimensional interaction diagram, showing the favorable 
interactions of CK-571 with the myosin residues. Color 

code: purple arrow  =  hydrogen bonds, blue amino 
acids = positively charged residues, red amino acids = neg-
atively charged residues, green amino acids = hydropho-
bic residues, cyan amino acids  =  polar residues, white 
amino acid = glycine residues
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high-resolution structure of cardiac myosin II in 
complex with OM has been solved in two differ-
ent structural states, with controversial results 
and binding positions (Winkelmann et al. 2015; 
Planelles-Herrero et  al. 2017). However, the 
determined kinetic mechanism of action of OM 
on cardiac myosin II (Malik et  al. 2011; Liu 
et  al. 2015; Swenson et  al. 2017), as well as 
binding studies using isothermal calorimetry, 
and low-resolution solution structural analysis 
by small angle X-ray scattering (Sirigu et  al. 
2016) indicate a preference of OM for cardiac 
myosin II states directly prior to the power 
stroke and at the end of the recovery stroke, with 
the converter and lever arm in the up position, 
i.d. the pre-power stroke state.

The high-resolution structure of cardiac myo-
sin II in complex with OM, crystallized in the 
pre-power stroke state (pdb 5n69), reveals a bind-
ing pocket for OM that is located approximately 
31 Å apart from the active site, at a coupling hot 
spot in the motor domain, critical for regulation 
of the converter domain and the lever arm swing, 
and hence for force production (Sirigu et  al. 
2016) (Fig. 5.6). All structural elements that are 
directly involved in binding OM play a role in 
communication between the active site and the 
force-generating lever arm swing. OM binds to a 
pocket of predominantly hydrophobic nature. 

One side of the pocket is built by the converter 
domain, and only existent if the converter domain 
together with the lever arm is in the up position, 
as in the pre-power stroke. Indeed, comparison of 
crystal structures in the same state, however in 
the presence and absence of OM, showed, that 
OM is required to fully close the binding pocket 
by pulling the converter closer to itself. Hence, 
OM seems to bind through an induced fit mecha-
nism to the cardiac myosin II motor domain, and 
stabilize states with the lever arm in the up posi-
tion, primed for the power stroke. Local rear-
rangements were found surrounding the bound 
OM, mostly involving residues of the converter 
domain. Hydrophobic interactions stabilize OM 
in the pocket and are formed with residues of the 
N-terminal domain (Lys146, Arg147, Asn160, 
Gln163, Tyr164, Thr167, and Asp168), the relay 
helix (His492), the third β-strand of the central 
transducer (His666), and the converter domain 
(Pro710, Ile713, Arg721, Tyr726, Phe765, and 
Leu770). In addition, polar interactions are found 
with Asp168, Asn711, Arg712, and the urea moi-
ety of OM, as well as potentially Tyr164 and 
Glu774, and the piperazine ring of OM.  The 
OM-mediated formation of this tight interaction 
network leads to a stabilization of motor domain 
conformations with the converter and lever arm 
in the up position. This leads to an associated 

Fig. 5.6  Binding site of OM in the motor domain of car-
diac myosin II in the pre-power stroke state at the 
L50  kDa  – converter interface (pdb 5n69) and 
2-dimensional interaction diagram, showing the favorable 
interactions of OM with the myosin residues. Color code: 

purple arrow = hydrogen bonds, green line = π-π-stacking, 
blue amino acids = positively charged residues, red amino 
acids  =  negatively charged residues, green amino 
acids = hydrophobic residues, cyan amino acids = polar 
residues, white amino acid = glycine residues
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shift of the ensemble of conformers to states 
where most motor domains are primed for rebind-
ing to actin and the force-generating power stroke 
(Sirigu et al. 2016). Earlier studies using a photo-
reactive benzophenone derivative of OM sug-
gested already this critical hot spot and 
particularly interactions with the N-terminal 
domain, as the photo-reactive OM derivative was 
found to crosslink to Ser148  in the N-terminal 
domain (Malik et  al. 2011). Myosin isoform-
specific differences in the interacting residues 
have been attributed to the high specificity of OM 
within class II towards cardiac myosin II, includ-
ing Tyr164, one of the hydrogen bonded residues, 
which is a serine in smooth muscle myosin II and 
a phenylalanine in skeletal myosin II isoforms, 
His666, which is replaced by a threonine residue 
in smooth muscle myosin II, Asn711, which is a 
serine in skeletal muscle myosin, and Ile713, 
which is replaced by a valine residue in skeletal 
muscle myosin. Other residues of the binding 
pocket that show variations between the different 
myosin isoforms include Asp168, His492, and 
Arg712.

As mentioned before, several reported experi-
ments indicate that OM preferentially acts on 
force-generating myosin states with the lever arm 
in the up position: (1) according to kinetic stud-
ies, OM has an impact on the equilibrium of ATP 
hydrolysis and lever arm priming, shifting it 
towards intermediate states with bound ADP·Pi 
prior to power stroke (Liu et al. 2015), (2) mea-
surements of the binding affinity of OM to differ-
ent myosin states revealed a 20-fold higher 
affinity towards the pre-power stroke state (in the 
presence of the non-hydrolysable nucleotide ana-
logue ADP·VO4 that traps myosin in the interme-
diate state) as compared to post-rigor state (in the 
presence of ADP) (Sirigu et al. 2016), (3) in solu-
tion, cardiac myosin II in the presence of OM 
preferentially adopts a conformation that closely 
resembles the pre-power stroke as determined by 
small-angle X-ray scattering (Sirigu et al. 2016).

The structural mechanism for OM activation 
of cardiac myosin function seems to be a stabili-
zation of the pre-power stroke state with OM 
supporting the interaction of the relay helix, the 

N-terminal domain, and the converter domain, 
and thereby the priming of the lever arm in the up 
position. This increased population of catalyti-
cally competent states leads to an elevated num-
ber of myosin motor domain with bound ADP·Pi, 
which possess a higher affinity for actin filament. 
The rebinding of actin filaments rapidly releases 
Pi and allows force production. This postulated 
mechanism is compatible with the findings that 
OM reduces the ATP activity in the absence of 
actin (basal ATPase activity) (Malik et al. 2011; 
Liu et al. 2015; Swenson et al. 2017), due to the 
increased population of ADP·Pi states.

5.3	 �Myosin Classes Targeted by 
Small Molecule Effectors

5.3.1	 �Preference Towards 
Conventional Myosins 
(Class II)

5.3.1.1	 �Small Molecule Inhibitors 
of Myosin II

One of the first identified myosin II inhibitor was 
2,3-butanedione monoxime (BDM) (Higuchi and 
Takemori 1989; Mckillop et  al. 1994). BDM 
binds with a low affinity of Ki ≈ 5 mM to skeletal 
muscle myosin II, inhibiting myosin ATPase 
activity in a noncompetitive and reversible man-
ner (Herrmann et al. 1992). Despite the high con-
centrations required to inhibit myosin II, BDM 
was used widely in studies of myosin II function 
in cellular systems. However, the applicability of 
BDM as a general myosin II inhibitor is limited 
due to controversially discussed uncertainties 
about the specificity of BDM towards skeletal 
muscle myosin II and possible inhibitory effects 
on other myosin classes and isoforms, such as 
nonmuscle myosin II, class I, V, and VI myosins 
(Cramer and Mitchison 1995; Ostap 2002). In 
addition, BDM was found to affect many other 
non-myosin proteins (Sellin and McArdle 1994), 
including acetylcholinesterase (Wilson and 
Ginsburg 1955), potassium channels (Schlichter 
et  al. 1992; Lopatin and Nichols 1993), L-type 
calcium channels (Ferreira et  al. 1997), serine 
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and threonine phosphorylation (Stapleton et  al. 
1998), and myosin II light-chain kinase (Siegman 
et al. 1994).

Targeted screening of a chemical library led to 
the identification of N-benzyl-p-toluene sulfon-
amide (BTS) as a reversible small molecule 
inhibitor of fast muscle myosin II with IC50 val-
ues of ∼5 μM for fast skeletal muscle myosin II 
(Cheung et  al. 2002). According to nucleotide 
competition experiments, it was suggested that 
BTS binds noncompetitively to the myosin motor 
domain. BTS was shown to inhibit contraction 
and force production in skeletal muscle fibers, 
and possesses 100-fold specificity towards fast 
skeletal muscle myosin II over other class II iso-
forms, including slow skeletal muscle myosin II, 
cardiac myosin II, platelet myosin II, and non-
muscle myosin II (Cheung et al. 2002).

The antipsychotic drug trifluoperazine (TFP) 
was reported to inhibit the myosin II ATPase 
activity and motility at concentrations of 100–
200 μM (Sellers et al. 2003). TFP was known ear-
lier as an efficient calmodulin antagonist that 
leads to removal of the regulatory light chains of 
smooth muscle myosins (Trybus et al. 1994; Yang 
and Sweeney 1995) and scallop striated muscle 
myosins (Patel et  al. 2000) at concentrations in 
the millimolar range.

3-[4-(3-pheny-2-pyrazolin-1-yl) benzene-1-
sulfonylamido]-phenylboronic acid (PPBA) is a 
fluorescent dye that was initially surmised to 
competitively inhibit skeletal myosin II function 
with a submicromolar potency (Ki  ≈  0.8  μM) 
(Hiratsuka 1994). However, this was later revised 
and PPBA was suggested to bind to the 
nucleotide-bound myosin motor domain and act 
through an allosteric mechanism (Hiratsuka 
2006). On the basis of manual fitting the structure 
of PPBA to the crystal structure of Dd myosin II, 
a hydrophobic pocket distant from the active site 
was speculated to be the binding site of PPBA, 
with direct interactions of the small molecule 
inhibitor and Phe472.

In contrast to the small molecule inhibitors 
described above, blebbistatin and blebbistatin 
derivatives are well characterized small molecule 
myosin inhibitors that exhibit marked specifici-
ties towards class II myosins with no or weak 

activities on class I, V, and X myosins (Limouze 
et  al. 2004). The highest IC50 of 0.5  μM was 
determined for skeletal muscle myosin II, while 
cardiac myosin II and nonmuscle myosin II iso-
forms are affected in the range of 1–10 μM. Larger 
variations of the potencies of blebbistatin for 
smooth muscle myosin II are reported ranging 
from 3 to 80 μM. The myosin II-specific small 
molecule inhibitors have been applied in numer-
ous studies to reveal the physiological and patho-
logical role of myosin II isoforms in biological 
processes, including the spatiotemporal control 
of cytokinesis (Straight et  al. 2003), control of 
cell migration and antigen capture in dendritic 
cells (Chabaud et al. 2015), regulation of detrusor 
contractility in partial bladder outlet obstruction 
(Zhang et al. 2011), and in optical mapping of the 
heart (Swift et al. 2012). Hence, blebbistatin and 
its derivatives have advanced to front line 
research tools for studying myosin-dependent 
processes. The mechanism as well as the struc-
tural basis of myosin inhibition by blebbistatin 
has been determined (Ramamurthy et  al. 2004; 
Kovács et  al. 2004; Allingham et  al. 2005). 
However, blebbistatin has several drawbacks that 
interfere with its general use, such as photo-
toxicity and -instability, high fluorescence, cyto-
toxic effects, and poor solubility. Therefore, 
comprehensive optimizations of blebbistatin 
were carried out, particularly centering on 
derivatizations of the A- and D-ring of blebbi-
statin to improve the physicochemical properties 
and the inhibitory potency of the small molecules 
(Képiró et al. 2014; Várkuti et al. 2016; Verhasselt 
et al. 2017a, b, c; Roman et al. 2018; Rauscher 
et al. 2018). As a reminder, blebbistatin has a tri-
cyclic tetrahydropyrroloquinolinone scaffold 
forming the A-, B-, and C-rings, and a phenyl 
ring, the D-ring, linked to the pyrrole (C-ring) 
nitrogen. A-ring modifications had minor or neg-
ative impacts on the properties and potencies of 
the small molecule blebbistatin derivatives 
(Lucas-Lopez et al. 2008; Verhasselt et al. 2017c). 
However, superior physicochemical properties or 
potencies were observed for modifications of the 
D-ring at the meta- or para-position of the phenyl 
ring (Rauscher et  al. 2018). Addition of small 
polar functional groups, particularly para-nitro 
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and para-amino, as well as meta-hydroxy or 
meta-nitro groups improved the photosensitivity, 
hence the structural stability of the small mole-
cules, and the solubility, while at the same time 
leading to a reduced phototoxicity and fluores-
cence (Képiró et  al. 2014; Várkuti et  al. 2016; 
Verhasselt et  al. 2017b). Such optimized scaf-
folds potentially open the way for safer use of 
these compounds in scientific studies of myosin-
dependent processes and for directed targeting of 
myosin II-associated diseases.

CK-2018571 (CK-571) is a small molecule 
inhibitor that was identified by high-throughput 
screenings and chemical modification to target 
smooth muscle myosin II and muscle contraction 
for potential use in associated diseases, including 
asthma and chronic obstructive pulmonary dis-
ease (Sirigu et  al. 2016). Co-crystallization of 
CK-571 with smooth muscle myosin II con-
firmed the allosteric mechanism of CK-571. 
Considerable specificities within myosin class II 
were observed for CK-571 with high potency 
towards smooth muscle myosin II (IC50 = 9 nM), 
and 280-fold and 1255-fold lower potencies 
against cardiac myosin II and skeletal muscle 
myosin II, as well as 8.5-fold lower potency for 
the closely related nonmuscle myosin II.  The 
small molecule inhibitor interferes with ATP 
hydrolysis and actin reattachment by trapping the 
myosin in an ATP-bound intermediate state of the 
recovery stroke (Sirigu et  al. 2016). In vivo 
experiments verify the relaxing effect of CK-571 
on different smooth muscle tissues and decreased 
force production in stimulated skinned artery 
rings. Concentrations in the range of 1 μM were 
required to relax skinned and intact tissue. In 
addition, CK-571 was shown to inhibit 
methacholine-induced bronchoconstriction in 
naïve dogs with comparable effect as obtained 
with albuterol, as the clinically-relevant 
β2-adrenergic agonist, highlighting the therapeu-
tic potential of CK-571 (Sirigu et al. 2016).

The recently identified small molecule inhibi-
tor of cardiac myosin II mavacamten (MYK-461) 
shows potent inhibitory effects on the ATPase 
function of cardiac myosin II (IC50 = 0.3–0.7 μM) 
and the weak-to-strong transition of myosin 
(Green et  al. 2016; Kawas et  al. 2017). 

Mavacamten was developed specifically to target 
mutated cardiac myosins, a prime cause for hyper-
trophic cardiomyopathy (HCM) and is currently 
tested in phase 3 clinical trials for treatment of 
HCM.  The cardiac myosin inhibitor reduces 
phosphate release as well as the myosin duty 
ratio  – the fraction of the time myosin stays 
strongly bound to the actin filament (Kawas et al. 
2017). Mavacamten has additionally been sug-
gested to stabilize an autoinhibited super-relaxed 
state with markedly reduced ATPase activity, 
which might be common for a fraction of healthy 
cardiac myosins, and which is prevented by HCM 
mutations in the cardiac myosin heavy chain 
(Rohde et  al. 2018; Anderson et  al. 2018). In 
transgenic mice harboring heterozygous muta-
tions in β-cardiac myosin, mavacamten improved 
cardiac function, as evidenced from reduced frac-
tional shortening and left ventricular hypertrophy, 
myocyte disarray and fibrosis (Green et al. 2016). 
Additionally, a clinical feline model of HCM 
treated with mavacamten displayed an improved 
sarcomere contractility and relieved left ventricu-
lar outflow tract obstruction (Stern et al. 2016).

5.3.1.2	 �Pharmacological Chaperones
Myosin family members are among the most 
abundant proteins in our bodies. All of our move-
ment, each step and every heartbeat, requires the 
force and tension-generating action of myosins. 
These activities subject myosins to physical 
stress that, together with the extremes of pH and 
temperature found in the cell, can lead to the for-
mation of roadblock-like, strongly-bound com-
plexes of “dead” myosin motors with actin 
filament tracks (Murphy and Spudich 1999). 
Even a slight increase in the occurrence of such 
roadblocks can trigger catastrophic consequences 
in actomyosin-rich organs. Here, the restoration 
of normal myosin homeostasis by pharmacologi-
cal chaperones promises to provide an efficient 
means of interfering with the progression of an 
acute crisis and to support long-term stabilization 
of patients (Radke et  al. 2014; Wustman et  al. 
2014).

The thiadiazenone EMD57033 is a cardio-
tonic agent that enhances both systolic and 
diastolic function in failing hearts at minimal 
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energetic cost (Solaro et al. 1993; Senzaki et al. 
2000). The well-known effects of EMD57033 as 
an inotropic Ca2+ sensitizer and activator of car-
diac actomyosin (Ferroni et al. 1991; Beier et al. 
1991; Gambassi et al. 1993) are fully explained 
by an EMD57033-mediated shift in the duty-
ratio and their consequences on thin-filament 
regulation (Radke et al. 2014). EMD57033 binds 
with an affinity of 7.3 μM to an allosteric pocket 
in the β-cardiac myosin II motor domain and pro-
tects myosin against heat stress and thermal 
denaturation (Radke et al. 2014). Addition of the 
compound to heat-inactivated β-cardiac myosin 
results in refolding and reactivation of ATPase 
and motile activities. Moreover, in heat-stressed 
cardiomyocytes expression of the stress-marker 
atrial natriuretic peptide is suppressed by EMD 
57033. Thus, EMD 57033 displays a much wider 
spectrum of activities than those previously asso-
ciated with small, drug-like compounds (Radke 
et al. 2014). Current efforts by our groups have 
led to the discovery of further thiadiazenones that 
act as pharmacological chaperones for β-cardiac 
myosin. We see the greatest potential for the ther-
apeutic use of pharmacological chaperones in the 
area of cardiac and cytoskeletal myosin II 
isoforms.

5.3.2	 �Preference Towards 
Unconventional Class 
I Myosins

Two small molecule inhibitors of class I myosins 
have been described in the literature with clear 
isoform or even species specificities. The fully 
chlorinated marine antibiotic pentachlorop-
seudilin (PClP) inhibits the enzymatic and motor 
function of myosin I in a reversible manner with 
IC50 values in the range of 1–5 μM for mamma-
lian class I myosins (Chinthalapudi et al. 2011). 
PClP shows largely effects on most tested myosin 
I isoforms in the low micromolar range, and 20- 
to 90-fold higher potencies as compared to class 
II und V myosins. In addition, even at 100 μM 
concentrations, PClP does not inhibit human 
myosin VI or myosin VII isoforms. Comparative 

structural studies attributed the specificity of 
highly chlorinated halogenated pseudilins, such 
as PClP, to the isoform-specific differences in 
polarity of the allosteric binding pocket in the 
myosin motor domain (Preller et al. 2011b). PClP 
is active in cells and tissue and was shown to 
induce comparable effects in HeLa cells at low 
micromolar concentrations as observed with 
myosin IC knockdown cells, resulting in abnor-
malities in lysosome morphology and distribu-
tion (Chinthalapudi et  al. 2011). Above 
concentrations of 25 μM, PClP showed cytotoxic 
effects on the HeLa cells. Hence, PClP was used 
as a tool compound for studying myosin I func-
tions in cellular systems. Selective inhibition of 
myosin I by PClP demonstrated the role of class 
I myosins in autophagosome-lysosome fusion 
(Brandstaetter et  al. 2014), as well as a critical 
function of myosin I in the maintenance and for-
mation of blastodisc morphology, cell-division 
and dynamics as well as distribution of lipid 
droplets within the blastodisc in early zebrafish 
embryos (Gupta et al. 2017). Additionally, both 
PClP and the related myosin class V-specific 
pentabromopseudilin were used to elucidate that 
changes in cell shape, apical contraction, and cell 
intercalation highly depend on myosin II func-
tion, whereas myosin I and myosin V are involved 
in the assembly of supercellular cable-like myo-
sin II structures at cell junctions that mediate 
primitive streak formation (Rozbicki et al. 2015).

The second class I-specific myosin inhibitor is 
the cyanoacrylate-based compound phenamacril, 
a well-known fungicide, whose direct inhibitory 
effect on Fusarium graminearum myosin I has 
recently been described and characterized (Zhang 
et al. 2015; Wollenberg et al. 2019). Phenamacril 
reversibly inhibits the ATPase activity and in 
vitro motility of Fusarium graminearum and 
Fusarium avenaceum myosin I with potencies up 
to IC50 = 0.36 μM but does not affect the related 
Fusarium solani myosin I, nor human myosin IC 
or class I and II isoforms of the slime mold D. 
discoideum. Phenamacril is an environmentally-
friendly fungicide that is widely used in regula-
tion of cereal infections by fungi of the Fusarium 
family in China (Li et al. 2008). Docking experi-
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ments predicted the binding site of phenamacril 
to be in the actin-binding cleft of myosin, in 
proximity of the binding pockets of halogenated 
pseudilins or blebbistatin, which correlates with 
identified mutations in the myosin motor domain 
that are implicated in resistance development of 
the fungi against phenamacril (Li et  al. 2016a; 
Hou et al. 2018).

5.3.3	 �Preference Towards 
Unconventional Class V 
Myosins

Based on the concept of privileged chemical scaf-
folds that were derived from known bioactive 
compounds, particularly kinase inhibitors (Peters 
et al. 2006), a search for class V-specific myosin 
inhibitors was performed and yielded the small 
molecule inhibitor of myosin V, based on a pyr-
azolopyrimidine scaffold, Myo-Vin1 (Islam et al. 
2010). Myo-Vin1 demonstrates a preference for 
class V myosins, which are inhibited in the low 
micromolar range (IC50 ≈  6 μM), over skeletal 
muscle and nonmuscle myosin II isoforms, which 
are not affected at concentrations up to 50 μM. In 
addition, no inhibition of many representative 
kinases was observed at 100  μM compound 
concentrations.

Highly brominated members of the haloge-
nated pseudilin family of small molecule myosin 
inhibitors, such as pentabromopseudilin (PBP), 
were identified as potent and reversible inhibitors 
with specificities towards class V myosins over 
class I and II myosins (Fedorov et  al. 2009). 
Halogenated pseudilins were initially reported as 
marine alkaloids with antitumor and phytotoxic 
activities, and effects on 12- and 15-human lipox-
ygenases (Ohri et al. 2005). In vitro, PBP potently 
affects the enzymatic ATPase activity and the 
motor function of myosin V with IC50 values of 
1.2 μM for chicken myosin VA, as well as iso-
metric tension development and unloaded short-
ening velocity in muscle. Cellular studies have 
shown that the phenotypic effect of PBP on mito-
chondrial fragmentation closely resembles the 

phenotype observed with mutant yeast, leading to 
an impaired expression of myosin V (Fedorov 
et al. 2009).

5.3.4	 �Preference Towards 
Unconventional Class VI 
Myosins

Myosin VI has been shown to play a critical role 
in migration, metastasis, and tumorigenesis of 
cancer cells (Yoshida et  al. 2004; Dunn et  al. 
2006). In addition, strong links have been made 
between mutations in myosin VI and diseases 
such as hypertrophic cardiomyopathy (Mohiddin 
et al. 2004), Snell’s Waltzer deafness and nonsyn-
dromic hearing loss (Melchionda et  al. 2001). 
There is only a single small molecule effector of 
class VI myosins reported to date: 
2,4,6-triiodophenol inhibits human myosin VI 
actin-activated ATPase activity following a bipha-
sic behavior with a Ki,1 of 0.8 μM, contributing 
37% to the inhibition, and a second Ki,2 of 37 μM, 
contributing 63% to the inhibition (Heissler et al. 
2012). This biphasic behavior, observed in the 
inhibition assays, was interpreted as the binding 
to two independent binding sites in the myosin VI 
motor domain. However, no structural data are 
currently available to support the existence of two 
binding sites for 2,4,6-triiodophenol. No effect of 
2,4,6-triiodophenol on the ATPase activity of Dd 
myosin ID, human nonmuscle myosin IIC, or por-
cine β-cardiac myosin II were observed up to con-
centrations of 50  μM of the small molecule 
effector, hence 2,4,6-triiodophenol seems to show 
a preferential binding and inhibition of class VI 
myosins (Heissler et al. 2012). 2,4,6-Triiodophenol 
was earlier shown to possess nonsteroid anti-
inflammatory effects by inhibiting leukotriene B4 
synthesis (Trocóniz et  al. 2006). Accompanying 
live-cell studies confirmed the inhibitory effect of 
2,4,6-triiodophenol on the physiological function 
of myosin VI during the final stages of the secre-
tory pathway, with a comparable efficiency as 
myosin VI knockdown, indicating an IC50 of 
1.6 μM (Heissler et al. 2012).

5  Small Molecule Effectors of Myosin Function



78

5.4	 �Allosteric Modulation by 
Protein-Protein Interactions

Myosins are multifunctional enzymes that typi-
cally function within the framework of supramo-
lecular complexes whose function is regulated 
and modulated by multiple allosteric trigger 
events. In addition to the binding of small effec-
tor molecules, allosteric trigger events include 
post-translational modifications, protein-protein 
interactions, and disease-causing mutations. 
Thus, allosteric trigger events are contributed by 
more than 100 gene products encoding actin- and 
myosin-binding proteins (Dos Remedios et  al. 
2003; Winder and Ayscough 2005), hundreds of 
post-translational modifications for which actin 
and actin-binding proteins are major targets (Li 
et al. 2015; Terman and Kashina 2013), and well 
over 100 disease causing mutations affecting 
core components of actin-dependent contractile 
complexes (Richard et  al. 2003; Goebel and 
Laing 2009; Ampe and Van Troys 2017; Marian 
and Braunwald 2017). This brings up the ques-
tion of how we can address the resulting func-
tional and regulatory complexity. The answer is 
to address one complex at a time in a stringently 
defined state, to be complete in the analysis of the 
individual components, to report the results using 
the correct nomenclature, and to develop and 
refine structure-based models that explain the 
changes brought about by individual allosteric 
perturbations. The availability of highly sensi-
tive, rapid, and quantitative analytical methods, 
high-resolution structures of complexes com-
posed of F-actin-Tpm (tropomyosin) cofilaments 
and myosin motor domains (A-Tpm-M), the 
stringent use of an unambiguous systematic pro-
tein nomenclature, and the increasing perfor-
mance of computational approaches will help to 
unravel the complexity and to move programs for 
the identification of small allosteric effectors of 
myosin function to a new level. The following 
paragraph describes the need for and the advan-
tages of such an approach using thin filament 
regulation by Tpm as an example.

Tpm form a large family of double-stranded 
alpha-helical coiled-coil actin-binding proteins 
that play a key role in regulating the interaction 

of actin filaments with both sarcomeric myosin 
and cytoskeletal myosin isoforms (Schaub and 
Ermini 1969; Galińska-Rakoczy et  al. 2008; 
Meiring et al. 2018; Manstein et al. 2019). Over 
40 Tpm isoforms are produced by alternate pro-
moter selection and splicing of four different 
genes – TPM1–4. The resulting types of A-Tpm 
co-polymers show remarkably little functional 
redundancy (Bryce et al. 2003; Tojkander et al. 
2011; Gateva et  al. 2017). Modelling, which is 
based on structural and kinetic analysis of A-M-
Tpm-complexes and their individual components 
(Behrmann et al. 2012; Münnich et al. 2014a, b; 
von der Ecken et  al. 2015; Hundt et  al. 2016; 
Ecken et  al. 2016; Chinthalapudi et  al. 2017; 
Pathan-Chhatbar et  al. 2018), predicts that the 
mechanism by which Tpm isoforms support 
cytoskeletal functions differs fundamentally from 
the regulatory role described for sarcomeric Tpm 
isoforms. In the cytoskeletal environment, the 
higher duty-ratio of the interacting myosin iso-
forms and the absence of a mechanism for the 
stringent synchronization of different types and 
classes of myosin motors are predicted to keep 
Tpm permanently in an “open” state on F-actin. 
This means that myosins can always interact with 
A-Tpm cofilaments. In the absence of a “blocked” 
state, the contribution of Tpm to the stereospe-
cific interaction surface with myosin has three 
distinct consequences. A widely accepted conse-
quence is the function of a gatekeeper that favours 
the interaction between certain combinations of 
myosin and Tpm isoforms while inhibiting others 
(Coulton et al. 2010; Gunning et al. 2015; Moore 
et al. 2016; Manstein and Mulvihill 2016; Gateva 
et  al. 2017). The second, equally well-accepted 
consequence is the cooperative behaviour of 
actomyosin in the presence of Tpm. Here, it is 
well known that in the presence of bare F-actin 
the activation of ATP turnover by myosin sub-
fragment-1 (S1) is linear as a function of added 
S1, yet becomes sigmoidal when Tpm is present 
(Lehrer and Morris 1982; Moraczewska et  al. 
1999; Tobacman 2008). Tpm inhibits the acto-
myosin ATPase at low S1:F-actin ratios and acti-
vates the ATPase at moderate to high S1:F-actin 
ratios more strongly than bare actin filaments. 
Inhibition and activation by Tpm are greatest 
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when troponin and Ca2+ are present, but strong 
cooperative behaviour is also observed with the 
cytoskeletal isoforms in the absence of troponin 
(Lehrer and Morris 1982, 1984). The third conse-
quence is a Tpm isoform-dependent change in 
key enzymatic parameters of the myosin motor. 
The Tpm isoform defines the rate of ATP turn-
over, the duty-ratio, thermodynamic coupling, 
maximal velocity, and strain-sensitivity of prod-
uct release steps (Hundt et al. 2016; Gateva et al. 
2017; Pathan-Chhatbar et al. 2018). Accordingly, 
motor activity is geared towards slower or faster 
movement, tension holding, or active constric-
tion. The elucidation of the exact role of individ-
ual Tpm isoforms, the mechanisms that are 
responsible for the sorting of the different iso-
forms, and the temporal and spatial control of 
complex formation and turnover are arguably 
amongst the most important tasks in cell biology. 
The profound and diverse Tpm-mediated changes 
in myosin motor activity challenge current con-
cepts and call for their revision by a classification 
system in which myosin motor function is not 
only classified on the basis of the interaction with 
bare F-actin. In the context of small allosteric 
effectors of myosin motor activity, the terms acti-
vator and inhibitor should be best avoided or at 
least more systematically defined. An appropriate 
definition needs to reflect protein context, physi-
ological function, changes in apparent actin affin-
ity in the presence of ATP, maximal ATP-turnover 
in the absence and presence of F-actin, maximal 
velocity, cooperativity, duty ratio, and stall force.
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