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v

In the years since publication in 2008 of Myosins: A Superfamily of Molecular 
Motors, considerable new strides have been made in understanding the struc-
ture and function of myosin motors. In particular, the application of advanced 
cell imaging approaches, the development of new animal models, the avail-
ability of new crystal structures, and the discovery of isoform-specific inhibi-
tors have propelled the field forward. This volume addresses the current state 
of our collective knowledge regarding myosin structure and function. The 
chapters are written by internationally recognized experts in molecular 
motors. It is a testament to the importance of this endeavor that authors of 
chapters in the 2008 volume who were asked to contribute to this new volume 
all enthusiastically agreed. In addition, new authors were effortlessly recruited 
to cover new areas including the more recently discovered myosins XVI, 
XVIII, and XIX, myosin inhibitors, and the structural basis for cargo binding. 
The hope is that this volume will serve as a reference for both investigators 
and students and stimulate new research on this amazing family of motor 
molecules. I am sincerely grateful to the contributors who made this volume 
possible. It has been my privilege and pleasure to work with each of them. I 
would also like to thank Gonzalo Cordova from Springer Nature BV, 
Dordrecht, for the opportunity to edit this book. The careful editing by 
Springer staff members is greatly appreciated.

Boston, MA, USA Lynne M. Coluccio  
October 2019
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Introduction

Lynne M. Coluccio

Abstract

This book, a collection of chapters written by 
some of the leading researchers in the field of 
molecular motors, highlights the current 
understanding of the structure, molecular 
mechanism, and cellular roles of members of 
the myosin superfamily. Here, I briefly review 
the discovery of the first myosin motor, skele-
tal muscle myosin-II, and preview the con-
tents of subsequent chapters.

Keywords

Myosin · Actin · Skeletal muscle

1.1  Historical Perspective

Myosins are a remarkable superfamily of actin- 
based motor proteins that use the energy derived 
from ATP hydrolysis to translocate actin fila-
ments and to produce force. The first myosin to 
be discovered and the one against which all sub-
sequently identified myosins have been com-
pared is the myosin-II responsible for skeletal 
muscle contraction. The history of skeletal mus-
cle myosin-II’s discovery and how early bio-

chemical studies revealed the molecular 
mechanism of muscle contraction were docu-
mented in an excellent article written by the late 
Andrew Szent-Györgyi (Szent-Györgyi 2004). 
Briefly, skeletal muscle myosin-II was identified 
over 150 years ago when Kühne extracted from 
muscle exposed to high salt a protein that he 
called myosin (Kühne 1864). It was not until 
many years later, however, that myosin was rec-
ognized as the ATPase responsible for muscle 
contraction (Engelhardt and Ljubimowa 1939). 
In 1942 (Albert) Szent-Györgi and co-workers 
showed that overnight extraction of muscle tissue 
in high salt yielded threads that contracted with 
the addition of ATP (Szent-Györgyi 2004). They 
determined that this extract actually consisted of 
two proteins, and shortly after, Straub purified 
from this extract a protein that was responsible 
along with myosin for the observed contraction 
and named it actin (Straub 1942).

In the next decade Huxley and Hanson showed 
that in skeletal muscle thick myosin-containing 
filaments interdigitate with thin actin-containing 
filaments (Hanson and Huxley 1953), and by 
1954 Huxley and colleagues proposed the sliding 
filament mechanism in which thick filaments 
slide past thin filaments to cause muscle contrac-
tion (Huxley and Niedergerke 1954; Huxley and 
Hanson 1954). Within 3  years, Huxley had 
proved the validity of the sliding filament model 
after developing a technique that allowed his 
direct observation with electron microscopy of 

L. M. Coluccio (*) 
Department of Physiology & Biophysics, Boston 
University School of Medicine, Boston, MA, USA
e-mail: coluccio@bu.edu

1

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-38062-5_1&domain=pdf
mailto:coluccio@bu.edu


2

both the thick and thin filaments and cross- 
bridges projecting from the thick filaments to the 
thin filaments in thin sections of muscle (Huxley 
1957).

Subsequently, biochemical analyses of pro-
teolytic fragments and electron microscopy stud-
ies led to the recognition of muscle myosin as a 
hexamer consisting of two heavy chains, two 
regulatory light chains, and two essential light 
chains. Each heavy chain contains an N-terminal 
globular “head” domain containing ATP- and 
actin-binding sites and a C-terminal α-helical 
coiled-coil “tail” domain involved in dimeriza-
tion. Myosin molecules associate via their tail 
domains to form bipolar filaments. When cleaved 
by chymotrypsin, the myosin heavy chain yields 
two fragments, heavy meromyosin (HMM), 
which contains the globular heads and a portion 
of the α-helical tail, and light meromyosin 
(LMM), which contains the remainder of the 
C-terminal tail. HMM can be further cleaved by 
papain to yield subfragment 1 (S1) consisting of 
an individual globular head with its light chains, 
and subfragment 2 (S2), a portion of the myosin 
tail region (Lowey et al. 1969). S1 is capable of 
supporting the translocation of actin filaments in 
vitro (Toyoshima et  al. 1987; Manstein et  al. 
1989). In addition to skeletal muscle contraction, 
isoforms of this “two-headed” myosin, which 
became known as myosin-II or “conventional” 
myosin, would be recognized as also responsible 
for cardiac and smooth muscle contraction. 
Subsequently, three myosin-II isoforms, non- 
muscle myosin-IIA, non-muscle myosin-IIB, and 
non-muscle myosin-IIC (NMIIA, NMIIB, and 
NMIIC, respectively), were also found in non- 
muscle cells (Maruta and Korn 1977a, b; Pollard 
et al. 1978), where we now know that they play 
key roles in multiple processes including cytoki-
nesis, cell migration, cell adhesion, and tissue 
morphogenesis (Wang et  al. 2011; Heissler and 
Manstein 2013).

In 1973 Pollard and Korn isolated from the 
soil amoeba Acanthamoeba castellanii a protein 
with actin-activated ATPase activity (Pollard and 
Korn 1973a, b). Unlike myosin-II, which is a 
dimer of two heavy chains of ~200 kDa each, this 
molecule consisted of a single relatively small 

heavy chain of ~125 kDa and did not form fila-
ments. Although the protein was named myosin-I 
because it was the first myosin to be isolated 
from Acanthamoeba, the name is appropriate 
because it was also the first single-headed and 
thus, the first “unconventional” myosin, to be 
identified (Mooseker and Foth 2008). With the 
identification in the early 1980s of a 110-kDa 
polypeptide and calmodulin complex from intes-
tinal epithelial cells with myosin-like properties 
(Matsudaira and Burgess 1979, 1982; Howe and 
Mooseker 1983; Collins and Borysenko 1984; 
Verner and Bretscher 1985; Coluccio and 
Bretscher 1987) called brush border myosin-I 
(Mooseker and Coleman 1989) and today termed 
Myo1a (Gillespie et al. 2001), it became apparent 
that expression of class I myosins was not 
restricted to lower organisms.

By the late 1980s and early 1990s other uncon-
ventional members of the myosin superfamily, 
e.g., myosin-III (Montell and Rubin 1988) and 
myosin-V (Mercer et al. 1991; Espreafico et al. 
1992), were identified, and within 10  years 18 
classes of myosins had been identified by phylo-
genetic analyses (Berg et al. 2001). By 2007 35 
different classes of myosins had been identified 
by phylogenetic analyses of motor domain 
sequences from 328 organisms (Odronitz and 
Kollmar 2007). With the exception of myosins-I 
and -II, the remaining classes were assigned 
Roman numerals in the order in which the 
sequences were reported (Mooseker and Foth 
2008); however, this nomenclature has not been 
strictly adopted and individual isoforms are often 
denoted with Arabic numbers (e.g., myosin-5a 
vs. myosin-Va). Humans express 40 myosin 
genes representing 12 classes of myosins (class I, 
II, III, V, VI, VII, IX, X, XV, XVI, XVIII, and 
XIX) (Foth et  al. 2006; Odronitz and Kollmar 
2007), and a single cell can express multiple 
classes and splice forms of myosins.

Members of the myosin superfamily typically 
consist of a motor, or head, domain with ATP- 
binding and actin-binding sites, a light chain- 
binding, or neck, domain containing one or more 
IQ motifs, which bind calmodulin or a 
calmodulin- like light chain, and a C-terminal tail 
region that contains one or more of several motifs 
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involved in diverse functions such as dimeriza-
tion, membrane binding, or cargo binding (for 
reviews, see (Mooseker and Foth 2008; Batters 
and Veigel 2016; Heissler and Sellers 2016; 
Masters et  al. 2017)). The different myosin 
classes modulate a variety of actin-based func-
tions including vesicle transport, cell migration, 
cell-substrate interactions, maintenance of corti-
cal tension, phagocytosis, endocytosis, secretion, 
transcription, chromatin movement, and chroma-
tin remodeling. Importantly, myosin dysfunction 
is associated with diseases including cardiomy-
opathies, deafness, blindness, kidney disease and 
neurological defects.

In the intervening years since the first edition of 
Myosins: a superfamily of molecular motors was 
published in 2008, we have learned much regard-
ing myosin structure and function and the effects 
of myosin dysfunction. This second edition is 
designed to present a current view of the structure 
and function of members of the myosin superfam-
ily and the techniques used to examine them.

1.2  Myosin Structure

The report of the first crystal structure of a myo-
sin motor domain over 25  years ago (Rayment 
et al. 1993) opened the door to a major scientific 
initiative lasting to the present day devoted to 
understanding the conformational changes in the 
myosin motor domain that accompany the myo-
sin power stroke. The current state of knowledge 
is detailed in Chap. 2 by Sweeney, Houdusse and 
Robert-Paganin.

Importantly, the C-terminal tail regions of 
myosins mediate the interaction of myosins with 
specific cargoes including other proteins and lip-
ids, thus allowing myosins to participate in a 
variety of cellular processes. The structural basis 
for cargo binding is the subject of Chap. 3 by Li 
and Zhang.

Cryo-electron microscopy images of actomy-
osin and reconstructed 3D density maps of acto-
myosin in the presence and absence of nucleotide 
have been instrumental in understanding how 
myosins interact with actin filaments. This is 
reviewed in Chap. 4 by Schröder.

Recently, several small molecules that target 
the motor domain of specific myosins and inhibit 
myosin function have been identified. The dis-
covery of these small effector molecules is giving 
new insight into the roles of myosins and present 
the possibility of their clinical use in diseases 
associated with myosin malfunction. Several 
classes of small inhibitors and their binding to 
myosin motor domains are described in Chap. 5 
by Manstein and Preller.

1.3  Analyzing Myosin Motor 
Function

The use of single-molecule microscopy 
approaches including optical trapping, fluores-
cence imaging at one nanometer accuracy 
(FIONA), and interferometric scattering micros-
copy (iSCAT) has shed considerable light on the 
molecular mechanism of myosin motors. In 
Chap. 6, Takagi, Hundt and Fineberg elucidate 
the theory behind these sophisticated approaches 
and their application.

An exciting and notable moment in the study 
of myosins was the demonstration in 2010 that 
the movement of myosin-V as it walked along an 
actin filament could be captured by high-speed 
atomic force microscopy (HS-AFM). How myo-
sin movement can be visualized with HS-AFM 
and an analysis of myosin-V movement are the 
focus of Chap. 7 by Kodera and Ando.

The two-headed class V myosin, myosin-Va, 
is arguably the best-characterized of the uncon-
ventional myosins, and multiple approaches 
including single-particle analyses, transient 
kinetics, optical trapping and FIONA studies 
were used to demonstrate its ability to walk pro-
cessively along an actin filament taking 36-nm 
steps. In Chap. 8 Sellers and Takagi explain how 
myosin-Va’s movement along actin was 
determined.

A central determinant of myosin movement is 
the actin tracks along which myosin motors 
move. Actin filaments are diverse in large part 
due to the plethora of actin-binding proteins 
 present in cells that regulate actin activity includ-
ing its organization into bundles and networks. 

1 Introduction
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How actin tracks affect myosin motility is 
addressed by Santos, Shauchuk, Cichoń, Vavra 
and Rock in Chap. 9.

1.4  Cellular Roles for Myosins

Multiple classes of myosins including myosins-I, 
-II, -V, -VI, -X, -XVI and -XVIII are found in the 
nucleus where they participate in critical nuclear 
functions including transcription, chromatin 
dynamics, and chromosome movement. Myosin 
function in the nucleus is detailed in Chap. 10 by 
Maly and Hofmann.

Cytokinesis, the physical separation of the 
cytoplasm of one cell into two daughter cells, is a 
fundamental part of cell division. In Chap. 11 
Pollard describes the evidence for myosin-II as 
the myosin motor responsible for cytokinesis, the 
organization of myosin-II filaments during cyto-
kinesis, how the contractile ring is formed, and 
the mechanisms of force generation.

The multiple myosins that are expressed in 
vertebrates mediate normal cellular events that 
support physiological functions, so it is not sur-
prising that defects in myosin expression and/or 
function result in disease. In Chap. 12, I address 
the association of myosins with human diseases 
including cardiomyopathies, cancer, glomerulo-
sclerosis, and infectious disease.

In particular, considerable progress has been 
made in revealing the role of myosins in the sen-
sory epithelia of the inner ear and how defects in 
myosins cause hearing loss. Friedman, 
Belyantseva and Frolenkov discuss the role of 
myosins in hearing in Chap. 13.

Some unique myosins are expressed in the 
intracellular parasites Toxoplasma and 
Plasmodium where in cooperation with actin fila-
ments they participate in cellular events includ-
ing motility, invasion and egress from infected 
cells. Insight into these less well known myosins 
and their function is found in Chap. 14 by Frénal, 
Krishnan and Soldati-Favre.

Binding sites for adaptor proteins and cargo 
are responsible for targeting of myosin motors to 
specific subcellular localizations. Several adaptor 
proteins have been successfully identified for 

myosin-VI by multiple methods. In Chap. 15 
O’Loughlin, Kendrick-Jones and Buss discuss 
myosin-VI adaptor proteins, the methods used to 
identify them, and what their identification says 
about possible roles for myosin-VI in the cell. 
Attention is given to proximity-based proteomic 
strategies such as BioID (biotin identification), 
which is being used to identify larger transient 
motor-adaptor-cargo complexes for further 
insight into myosin-VI function.

Class IX myosins are both motor molecules 
and signaling molecules. By means of a unique 
GTPase-activating protein (RhoGAP) motif in 
the tail domain, myosins-IX negatively regulate 
Rho signaling, which is critical to organization 
of the actin cytoskeleton and actomyosin II con-
tractility. Myosins-IX contribute to cell mor-
phology, cell migration, cell-cell junctions, and 
membrane trafficking. Hanley, Vollmer and 
Bähler discuss the unique biochemical features 
of class IX myosins and their cellular roles in 
Chap. 16.

Myosin-X has a clear role in filopodia forma-
tion and cell migration, and increased expression 
of myosin-X is found in certain cancers. The 
physiological and pathological functions of 
Myo10, including its role in malignant mela-
noma, are the subject of Chap. 17 by Tokuo.

1.5  The More Recently 
Discovered Myosins

Three chapters introduce three different myosin 
classes about which too little was known 12 years 
ago to justify inclusion in the first volume. 
Although more recently discovered, evidence 
already is building that these myosins also play 
critical roles in cells and that like other myosins, 
their dysfunction leads to disease.

Two class XVI myosins are expressed in ver-
tebrates: Myo16a, a tail-less isoform found in the 
cytoplasm, and Myo16b, a full-length isoform 
that localizes to the cytoplasm and nucleus. 
Interestingly, peak expression of myosin XVI is 
in neural tissues in late embryonic-early postna-
tal development and deletion of the MYO16 gene, 
nuclear polymorphism in or adjacent to the 

L. M. Coluccio
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MYO16 gene, or altered expression patterns of 
Myo16 protein have been found in patients with 
neuropsychiatric disorders suggesting the impor-
tance of myosin XVI in normal neuronal devel-
opment. The structure and function of myosin 
XVI are the subject of Chap. 18 by Kengyel and 
Bugyi.

Class XVIII myosins are highly divergent and 
consist of two isoforms, Myo18A and Myo18B; 
they are closely related to myosin-II. Interestingly, 
class XVIII myosins appear to lack ATPase activ-
ity suggesting that rather than functioning as 
actin-based motors, myosins-XVIII, which have 
been localized to such diverse places as the lead-
ing edge and the Golgi apparatus, may play struc-
tural roles. In Chap. 19, Taft and Latham provide 
insight into the current state of our knowledge of 
these myosins.

Myosin-XIX is a widely-expressed motor that 
associates through a MyMOMA motif in its tail 
domain with the outer mitochondrial membrane 
and mediates mitochondria transport. Insight into 
the structure and function of myosin-XIX is the 
subject of Chap. 20 by Bocanegra, Adikes, and 
Quintero.
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Myosin Structures

H. Lee Sweeney, Anne Houdusse, 
and Julien Robert-Paganin

Abstract

Directed movements on actin filaments within 
the cell are powered by molecular motors of 
the myosin superfamily. On actin filaments, 
myosin motors convert the energy from ATP 
into force and movement. Myosin motors 
power such diverse cellular functions as cyto-
kinesis, membrane trafficking, organelle 
movements, and cellular migration. Myosin 
generates force and movement via a number 
of structural changes associated with hydroly-
sis of ATP, binding to actin, and release of the 
ATP hydrolysis products while bound to actin. 
Herein we provide an overview of those struc-
tural changes and how they relate to the actin- 
myosin ATPase cycle. These structural 
changes are the basis of chemo-mechanical 
transduction by myosin motors.

Keywords

Myosin · Structure · Molecular motor · 
ATPase · Force generation

2.1  Myosin Classes

There are more than 40 known classes of myo-
sin, all of which follow the blueprint in Fig. 2.1a 
(Foth et al. 2006). Of these, there are 13 myosin 
classes that are expressed in mammals. The first 
myosin that was discovered was that isolated 
from the thick filaments of muscle (see Chap. 
1) and is now referred to as myosin II, or con-
ventional myosin. The nonmuscle isoform of 
class II myosin is found in nearly all eukaryotic 
cells. It is the motor that powers cytokinesis 
(Chap. 11).

Some classes of the myosin family of motor 
proteins can move cargoes as single (two-
headed) molecules. The first demonstration of 
this was with myosin V (Mehta et  al. 1999), 
which is known to be a processive vesicle traf-
ficking motor (see Chaps. 7 and 8), analogous 
to kinesin moving vesicles on a microtubule. 
The term processivity implies that these two-
headed motor proteins can move along the 
actin filament (in the case of myosin V or myo-
sin VI) or along a microtubule (in the case of 
kinesin) in a manner in which one head is 
always bound to the filament. If both heads 
ever dissociate simultaneously, then the motor 
and cargo diffuse away. While this is optimal 
for moving a cargo with a small number of 
motors, this is not the design of a myosin motor 
that is optimized for muscle. In the case of 
many motors working together in an asynchro-
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nous manner, as in the sarcomeres of striated 
muscles, a much shorter duration of actin 
 interaction under low loads (low duty ratio) 
allows for much higher velocities and power 
output.

2.2  Myosin Design

Myosin, via its cyclic interactions with actin fila-
ments, is a superfamily of molecular motor 
 proteins that powers movement on actin filaments 

Fig. 2.1 Structural organization of myosin motors. (a) 
Blueprint for the myosin superfamily. The motor domain 
contains the ATP-hydrolysis site as well as the actin- 
binding interface. Several classes of myosins have an 
extension prior to the motor domain (N-terminal exten-
sion), including one splice form of class XVIII myosins. 
The C-terminus of the motor domain contains the con-
verter subdomain, which amplifies rearrangements in the 
motor and is the first component of the lever arm. The 
lever arm contains a number of calmodulin (CaM)/light 
chain-binding sites. Extensions of the lever arm are var-
ied; class VII and X contain single stable alpha helices 
(SAHs). Class XVIII myosin has a lever arm like that of 
class II myosins, with an essential (ELC) and regulatory 
(RLC) light chain. Parallel coiled coils appear in class II, 
V, and XVIII myosins. An anti-parallel coiled coil is 
found in class X myosin and likely will be found in other 
classes. The cargo-targeting region is the most variable 
of all regions and differs considerably between each 
class. (b) Structural elements of the myosin motor 
domain. A schematic diagram illustrates the positions of 
the four subdomains and connectors of the myosin motor 
domain. Subdomains are colored as follows: N-terminal 
(dark grey), upper 50-kDa (blue), lower 50-kDa (light 
grey) and converter (green). The actin-binding site is 

composed of actin-binding loops as well as a helix-loop-
helix region of the lower 50-kDa subdomain. Thus, the 
binding site contains elements of both the upper and 
lower 50-kDa subdomains, which are separated by a 
large cleft. While the outer cleft region corresponds to 
the surface of the molecule that binds to actin, the inner 
cleft is near the switch-II connector, at a position close 
to the position where the gamma-phosphate of ATP is 
bound. (A movement of switch-II opens a backdoor (∗) 
to release phosphate upon actin binding at the beginning 
of the power stroke). The central beta-sheet is part of the 
transducer region (cyan) that plays a critical role in clos-
ing the cleft during the power stroke on actin. This 
affects the relative position of two elements of the nucle-
otide-binding site, namely the P-loop (which is part of 
the N-terminal subdomain) and switch-I (which is part 
of the Upper 50-kDa subdomain), and thus controls the 
release of MgADP from the active site. While the ADP is 
held in the P-loop, Mg2+ and ADP must indeed interact 
with switch-I for strong binding. Rearrangements within 
the motor domain are transmitted to the lever arm by 
rotation of the most mobile of the subdomains, the con-
verter, which is connected to the rest of the motor domain 
by two highly deformable connectors: the Relay and the 
SH1 helix

H. L. Sweeney et al.
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in all eukaryotic cells. The different classes of 
myosin motors provide for a number of types of 
cellular functions, as reviewed in Chaps. 11, 12, 
and 15. All known myosin superfamily members 
follow the blueprint shown in Fig. 2.1a. The myo-
sin head can be subdivided into the motor domain, 
which is the actin-activated ATPase and a subdo-
main of the head, known as the converter, which 
in combination with an extended helix containing 
a variable number of consensus calmodulin or 
calmodulin-like light chain-binding sites, forms 
the myosin “lever arm”. The lever arm amplifies 
the movements within the myosin motor domain. 
For some classes of myosins the lever arm is 
extended by regions of higher flexibility, which 
could be important for their functions in cells. 
The lever arm is followed by a region of coiled 
coil in two-headed myosins, and may contain 
sequences that act as elements for protein fold-
ing. Lastly is the targeting domain, which binds 
the myosin to its cellular target. The myosin 
motor domain itself can be divided into a number 
of subdomains, as diagramed in Fig. 2.1b.

All myosin motors are ATPases that hydrolyze 
ATP when not bound to actin, but only slowly 
release the hydrolysis products, MgADP and inor-
ganic phosphate (Pi), unless the myosin binds to an 
F-actin filament. Once myosin does bind to F-actin, 
the binding catalyzes the release of Pi, followed by 
the release of Mg and ADP, before rebinding ATP, 
which dissociates the myosin from actin, allowing 
hydrolysis to occur again, and the cycle to repeat. 
The structural changes required to allow hydrolysis 
bring about a large movement of the myosin lever 
arm. This movement is reversed when the products 
are released while the myosin head is bound to 
actin. The movement of the lever arm on actin is 
known as the myosin power stroke, and generates 
force and movement. The movement of the lever 
arm that is associated with hydrolysis is known as 
the recovery stroke, and involves a rapid isomeriza-
tion with a low free energy barrier. While all classes 
of myosin have the same basic kinetic cycle, the 
rates of transition between the states are highly 
variable. This allows myosin motors to be “kineti-
cally tuned” for a variety of cellular functions by 
not only altering the rate that they proceed through 
the ATPase cycle, but also by changing the relative 

amount of the cycle that the myosin motor spends 
in strong actin-binding (force- generating) states. 
[See De La Cruz and Ostap 2004 for review.] The 
ratio of the occupancy of the strong states to the 
occupancy of the weak + dissociated + strong states 
is known as the the duty ratio.

The IQ motifs with associated calmodulins/
light chains are generally thought to function as a 
lever arm for the myosin motor. Altering the 
length of the lever arm will change the step size 
of the myosin movement, as well as alter the ratio 
between speed of movement and ATP consumed. 
The lever arm region of some myosin classes, 
such as myosin X (Myo10), is extended by a sin-
gle, stable alpha-helix that follows the IQ motifs, 
and for myosin VI, a three-helix bundle unfolds 
to form a lever arm extension when two myosin 
VI monomers dimerize. The compliance of these 
lever arms is likely quite variable and may be 
critical for the cellular functions of different 
myosin classes.

All but one class of myosins that have been 
studied move towards the (+)-end (barbed end) of 
an actin filament. Class VI myosin (Myo6) moves 
in the opposite direction (i.e., towards the (−)-end 
of the actin filament) as compared to other classes 
(Wells et al. 1999). Myo6 achieves this reversal of 
directionality by repositioning the lever arm, as 
shown in Fig.  2.2. The most conserved feature 
within the myosin superfamily is the motor 
domain itself. The differences that do exist within 
the motor domains of myosin are primarily 
restricted to additions/deletions at the N-terminus 
of the motor, and to variations in surface loops, 
many of which interact with actin. Myo6 is an 
exception to this with two unique insertions 
within the motor domain. One of the Myo6 
inserts, insert 2, reverses the directionality of the 
motor by repositioning the lever arm (Figs.  2.1 
and 2.2), while insert 1 alters ATP binding under 
load. Both of these adaptations are to optimize 
processive movements in the reverse direction 
[see Sweeney and Houdusse 2010a for review].

Perhaps the least conserved myosin feature is 
the C-terminus of the myosin molecule. While all 
two-headed myosins contain a coiled coil follow-
ing the light chain-binding region, the most 
C-terminal region is different in each class of 

2 Myosin Structures
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myosin, likely due to its role in cargo binding 
(see Chap. 3). Only the myosin II class (Myo2) 
appears to have a C-terminal coiled coil domain 
that promotes filament formation, although class 
XVIII myosin (Myo18) has a C-terminal region 
that promotes tetramer formation.

2.3  Myosin Structures: 
The Recovery Stroke

The first high-resolution myosin structure was of 
the entire head fragment of chicken fast skeletal 
myosin (Rayment et al. 1993). This first structure 
was initially referred to as a near-rigor state as it 
fit well into cryo-EM maps of skeletal muscle 
myosin in rigor. It later was recognized that the 
state corresponds to the ATP state populated after 
MgATP binds to and dissociates myosin from 
actin. (Although the crystals did not contain 
nucleotide, a sulfate was coordinated at the active 
site.) The actin-myosin complex with no nucleo-
tide bound is known as the rigor state. The term 
comes from rigor mortis, which is the stiffening 
of skeletal muscle as the tissue dies, due to the 
irreversible actin and myosin cross-linking once 
ATP is depleted. Once it was realized that the ini-
tial structure corresponded to the state that is 
formed when ATP binds to the rigor state, trig-
gering detachment from actin, the state became 
known as the post-rigor state. This state has now 
been crystallized for a number of myosin classes 
and all structures are quite similar (Table 2.1).

Two key features of the myosin motor mecha-
nism were predicted by the first high-resolution 
myosin post-rigor structure (Fig. 2.2). First, the 
presence of a large cleft (so called 50-kDa cleft; 
see Figs. 2.1b and 2.2) in the middle of the head 
that ran from the nucleotide-binding site to the 
actin interface caused Rayment et  al. (1993) to 
suggest that the cleft likely closes when myosin 
loses its hydrolysis products upon strong binding 
to actin. Indirect evidence from electron micros-
copy combined with image reconstruction, as 
well as fluorescent probes located in the cleft, 
supported this prediction (Volkman et  al. 2000; 

Fig. 2.2 The recovery stroke. The first two high- 
resolution crystal structures of the myosin head repre-
sented the states of myosin that exist in a rapid equilibrium 
in the absence of actin. The first of the structures (below) 
is the post-rigor structure, and was the state represented in 
the original chicken Myo2 structure of Rayment et  al. 
(1993). The structure has been seen for myosin II with 
ADP, ATP, ATP analogues or no nucleotide at the active 
site. Depicted is the scallop striated muscle Myo2 post- 
rigor (PR) structure with MgADP at the active site (1SR6). 
ATP cannot be hydrolyzed in this state. This is the state 
created when ATP binds to myosin and dissociates it from 
the actin-myosin complex. Above the post-rigor state is 
the pre-power stroke state (PPS; 1QVI). This state is 
formed by structural rearrangements of the post-rigor 
state involving a movement of switch-I and a kinking of 
the switch-II helix that moves the lever arm to a primed 
position so that it is positioned for the next power stroke 
on actin. It is the state in which ATP is hydrolyzed to form 
ADP and inorganic phosphate, which are both trapped in 
the active site and only slowly released unless the myosin 
binds to actin

H. L. Sweeney et al.
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Yengo et  al. 1999). The later high-resolution 
structure of the myosin V (Myo5) motor without 
nucleotide (described below) demonstrated how 
this cleft closes (Coureux et al. 2003).

The second striking feature and prediction of 
the Rayment structure focused on the myosin 
light chains. The light chains (which are mem-
bers of the calmodulin superfamily) were bound 
to the C-terminal portion of the heavy chain, 
which formed an extended alpha helix. It 
appeared that this region formed a lever arm that 
could likely amplify small movements within the 

motor domain. This came to be known as the 
swinging lever arm hypothesis (Holmes and 
Geeves 1999) and has been validated by a num-
ber of lines of experimental evidence (Holmes 
and Geeves 1999; Huxley et al. 2006; Tyska and 
Warshaw 2002).

The second structural state that was seen at 
high resolution was of a state that allows hydroly-
sis of ATP and traps the hydrolysis products in the 
active site (Fisher et al. 1995; Dominguez et al. 
1998). It is known as the pre-power stroke state 
(Figs.  2.2 and 2.3) and revealed the structural 

Table 2.1 List of myosin crystal structures by structural state

State in ATPase cycle Genus and species Myosin class PDB accession number
Post-rigor Gallus gallus Myosin II 1MYS

Dictyostelium Myosin II 1MMD
Scallop striated Myosin II 1SR6
Gallus gallus Myosin V 1W7J
Gallus gallus Myosin V 1W7J
Sus scrofa Myosin VI 2VAS / 2VB6
Homo sapiens/Homo sapiens/Bos 
taurus

Cardiac M2 4DB1
4P7H
6FSA

Plasmodium falciparum Myosin XIV 6I7D
Pre-power stroke Dictyostelium Myosin II (Myo2) 1VOM

Gallus gallus SMMII (SM Myo2) 1BR1
Scallop striated Myosin II (Myo2) 1QVI
Dictyostelium MyoE Myosin I (Myo1) 1LKX
Sus scrofa Myosin VI (Myo6) 2 V26
Homo sapiens Myosin Ic 4BYF
Homo sapiens Myosin Vc 4ZG4
Homo sapiens Myosin X 5I0H/5I0I
Homo sapiens NMIIc 5I4E
Bos taurus Cardiac Myo2 5N6A
Toxoplasma Myosin XIV 6DUE
Plasmodium falciparum Myosin XIV 6I7E

Phosphate release Sus scrofa Myosin VI (Myo6) 4PFO/4PJM/4PJN/
Rigor-like Gallus gallus Myosin V (Myo5) 1OE9/1W7I

Squid Myosin II (Myo2) 2AKA
Pig Myo6 2BKH/2BKI
Squid Myo2 3I5G
Rattus norvegicus Myosin Ib (Myo1b) 4 L79
Homo sapiens NMIIb (NMMyo2b) 4PD3
Drosophila melanogaster Embryonic Myo2 5W1A
Plasmodium falciparum Myosin XIV (Myo14) 6I7D

Intermediate recovery 
stroke

Sus scrofa Myo6 5O2L

2 Myosin Structures
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Fig. 2.3 Actin-activated ATPase cycle of myosin super-
family. (a) The ATPase cycle with known structures. The 
known transitions within the actin-myosin force- 
generating ATPase cycle depicting the different biochemi-
cal states along with the structural states (with PBD 
accession numbers) solved by X-ray crystallography and/
or cryo-electron microscopy. When the myosin is detached 

from actin, it is in the post-rigor state (PR) bound to 
ATP.  ATP hydrolysis along with the lever arm priming 
occur in the transition to the pre-power stroke state (PPS), 
which is able to dock on the actin filament with a low 
affinity. Actin-driven conformational changes allow first 
the release of the Pi when the Pi release state (PiR) is 
formed, which allows a rapid movement of the lever arm 

H. L. Sweeney et al.
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changes necessary for lever arm priming and ATP 
hydrolysis (Fisher et al. 1995; Dominguez et al. 
1998; Houdusse et  al. 2000). In this structure, 
switch-II rearranges from its post- rigor conforma-
tion in order to position water in the active site for 
hydrolysis of ATP to generate ADP and inorganic 
phosphate. This switch-II movement requires 
kinking of the helix that follows switch-II (part of 
the Relay in Fig. 2.1b). and repositioning of the 
subdomains in a manner that leads to a movement 
of the converter subdomain and thus the lever 
arm. This structure fully launched the swinging 
lever arm hypothesis (Holmes and Geeves 1999).

The movement of the lever arm associated 
with the re-priming, or recovery stroke in the 
absence of actin, correlated quite well with the 
measured size of the power stroke on actin 
(Fig. 2.2). However, the two states involved in the 
recovery stroke were obviously not the actin- 
bound states that generate force and the move-
ment of the power stroke. The power stroke on 
actin begins with a rearrangement of the pre- 
power stroke (PPS) conformation so that it can 
bind to actin and ends with the rigor state that 
ATP disrupts when it forms the post-rigor state. 
As described below, the lever arm position in 
post-rigor, following detachment from actin, is in 
approximately the same position as in rigor, and 
the lever arm position in the phosphate release 
state (presented below) is similar to the position 
in the pre-power stroke structure. This accounts 
for the close correspondence of the amplitude of 
the lever arm movement in the recovery stroke 
with the size of the power stroke on actin.

Another early line of evidence in support of 
the lever arm hypothesis as the generator of 
movements by myosin is that the one class of 
myosins that moves in the reverse direction 
(Wells et  al. 1999), class VI myosins (Myo6), 
does so largely by reversal of the lever arm posi-
tion with respect to the converter (Ménétrey et al. 

2005). However, there are additional specialized 
adaptations to optimize this reverse movement 
(Ménétrey et  al. 2007; Mukherjea et  al. 2009; 
Sweeney et al. 2007). The motor domain itself is 
that of a plus-end directed myosin other than 
these adaptations, and in fact replacement of the 
Myo6 lever arm with a Myo5 lever arm results in 
plus-end directed movement (Park et al. 2007).

Comparison of the known myosin structures 
show that the myosin motor domain is function-
ally made up of four major subdomains (Fig. 2.1b) 
that are linked by four flexible structural connec-
tors that are highly conserved in sequence 
(Houdusse et al. 1999). The connectors are found 
at the periphery of the subdomains and can read-
ily change conformation, in coordination with the 
movement of the subdomains relative to one 
another. Among these subdomains, the converter 
(which leads directly to the lever arm) has by far 
the greatest potential for movement since it is 
connected to the lower 50-kDa and N-terminal 
subdomains by only two deformable connectors 
(the relay and the SH1 helix, respectively). Thus, 
the converter functions as an amplifier of move-
ments of the subdomains, which are further 
amplified by the rest of the myosin lever arm. 
Internal coupled rearrangements of the subdo-
mains allow direct communication among the 
nucleotide-binding site, the actin-binding inter-
face, and the lever arm (Sweeney and Houdusse 
2010b). Coupling between the actin- and 
nucleotide- binding sites is mediated via the large 
cleft between the upper and lower 50-kDa subdo-
mains, which separates the actin-binding inter-
face in two distinct sites and communicates with 
the γ-phosphate pocket via a connector called 
switch-II (see Fig. 2.1b). In the pre-power stroke 
state, partial closure of the 50-kDa cleft involves 
only the inner part of the cleft (near switch-II) 
trapping the hydrolyzed phosphate (Fisher et al. 
1995). In the nucleotide-free myosin V rigor-like 

Fig. 2.3 (continued) and cleft closure to form the ADP 
strong state. A small lever arm swing coupled to relative 
movements of switch-I and the P-loop results in the 
release of MgADP and formation of the rigor state. ATP 
can then bind to the empty active site of myosin, recruit-
ing a movement of switch-I that is coupled to a re-opening 
of the actin-binding cleft. This weakens the binding with 

actin, which allows the myosin to detach from the actin 
filament and to re-enter a new cycle. (b) The power stroke 
on actin. During the transition between the phosphate-
release state (PiR) and the rigor states, movements of the 
relay helix (1; yellow) and a piston-like movement of the 
SH1 helix (2; red) are coupled to the swing of the lever 
arm (3)
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state, the outer cleft and the inner cleft are totally 
closed generating a new actin-binding interface 
that has a high affinity for actin (Coureux et al. 
2003).

2.4  Myosin Structures: 
The Power Stroke

The power stroke begins with stereo-specific 
binding to actin that must create at least a subset 
of the actin-myosin interactions that will be 
maintained throughout the power stroke. Once 
this interface forms and the large cleft in the 
myosin at the actin-binding interface begins to 
close, the lever arm can swing, driving the power 
stroke. At the same time, the initial actin-bound 
state must create a means of allowing phosphate 
to escape from the active site, where it is trapped 
in the pre-power stroke state.

A structural state of Myo6 appears to fulfill 
these requirements. The structure was trapped in 
the absence of actin, but it demonstrates how the 
initial binding of myosin in the pre-power stroke 
state may cause the myosin interface with actin to 
rearrange, opening an escape route for the trapped 
phosphate (Llinas et al. 2015). In this structure, 
there has been a rotation of the lower 50-kDa 
subdomain coupled to a switch-II movement that 
creates an escape tunnel for the inorganic phos-
phate, without any significant movement of the 
lever arm, as compared to the PPS state. Once the 
phosphate is no longer trapped at the active site, 
the actin-interface can further rearrange, likely 
closing the cleft near actin, which is coupled to a 
large movement of the lever arm. At some point, 
the movement of the lever arm and closure of the 
actin-binding cleft must result in closing of the 
phosphate tunnel, as it no longer exists in the 
Rigor state discussed below. Blocking re-entry of 
the phosphate to the active site would make the 
reaction essentially irreversible.

This interpretation of what is referred to as the 
Myo6 phosphate-release (PiR) state has resulted 
in significant controversy, due to the fact that 
release of phosphate into the solution is not 
detected until after lever arm movement is 
detected. Studies on muscle fibers suggest that 

force generation, and thus strong actin binding, 
occurs prior to phosphate release (Dantzig et al. 
1992). However, this interpretation of the data 
has recently been brought in question (Stehle 
2017). Nonetheless, the initial component of 
force production does not require lever arm 
movement, but does require that myosin bind to 
actin, which must precede phosphate release. In 
the phosphate-release state the movement of the 
lower 50-kDa subdomain coupled to a rearrange-
ment of switch-II creates the actin-binding inter-
face and in doing so opens an escape route for 
phosphate. If all that is necessary for the initia-
tion of lever arm movement coupled to cleft clo-
sure is for phosphate to leave the active site, then 
the phosphate may not appear in solution until 
after the lever arm movement begins, given that 
there must be a delay between leaving the active 
site, entering the phosphate tunnel and then 
appearing in solution (Houdusse and Sweeney 
2016). In fact, a rapid cleft closure coupled to 
lever arm movement once the phosphate leaves 
the active site would ensure the near irreversibil-
ity of the transition in the absence of load, assum-
ing that at some point these rearrangements lead 
to closure of the phosphate tunnel. Load on the 
myosin that prevents lever arm movement, and 
presumably the completion of cleft closure, can 
allow phosphate to re-enter the active site, pro-
moting isomerization back to the pre-power 
stroke state and detachment from actin.

The power stroke on actin ends when myosin 
has completed its lever arm swing and has 
released MgADP, forming the actin-myosin 
rigor complex. A structure of Myo5 revealed 
details of the rigor structure of myosin, albeit not 
bound to actin. It shows major rearrangements of 
the subdomains, leading to a movement of 
switch-I relative to the P-loop to weaken nucleo-
tide binding, as well as closure of the actin-bind-
ing cleft in this final rigor state. However, as 
compared to the post-rigor state, the lever arm 
position appears to be similar. Thus, there is no 
reversal of the lever arm swing when ATP binds 
to myosin attached to actin to induce dissocia-
tion. What was not deduced from the initial myo-
sin structures was that the subdomain movements 
associated with closing the cleft requires reliev-
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ing a nucleotide binding-induced distortion of 
the seven-stranded β-sheet and associated loops 
(including the much-studied loop 1) and linkers 
(what we refer to as the “transducer” region of 
the myosin motor) underlying the nucleotide 
pocket (Coureux et al. 2003). This allows a rela-
tive movement of the N-terminal and upper 
50-kDa subdomains and the associated elements 
of the nucleotide-binding site (P-loop and 
switch-I, see Figs.  2.1b and 2.3). This leads to 
release of the MgADP and an additional move-
ment of the lever arm (beyond the main power 
stroke), resulting in the nucleotide-free (rigor) 
structure (Wulf et al. 2016).

While there are now multiple rigor-like struc-
tures that have been obtained (Table  2.1), only 
the Myo5 rigor structure has a completely closed 
cleft and well fits the rigor head density of cryo-
 EM maps of myosin-decorated actin (Wulf et al. 
2016), such as those depicted in Chap. 4. This 
may be due to non-conserved interactions within 
the closed cleft of Myo5 that stabilize the closed 
cleft conformation (Coureux et  al. 2003). ATP 
dissociates this rigor structure from actin by 
reopening the actin-binding cleft and thus weak-
ening the interaction between myosin and actin. 
When MgATP binds to the rigor conformation of 
myosin, it induces a distortion of the seven- 
stranded β-sheet in order to position switch-I 
close enough to the P-loop to allow coordination 
of the MgATP.  This regenerates the post-rigor 
confirmation of myosin, which rapidly detaches 
from actin, completing the ATP-consuming, 
force-generating cycle.

There are no high-resolution structures of the 
states/transitions that occur between the 
phosphate- release state, which is the first force- 
bearing actin-bound myosin state and the rigor 
structure that is the final actin-bound state. There 
is a cryo-EM structure of the state that strongly 
binds both ADP and actin (Wulf et al. 2016), and 
represents the state and the end of the main power 
stroke. Its features are discussed in Chap. 4.

Further movement of the lever occurs when 
MgADP is released, forming the rigor state and 
completing the power stroke on actin. This is an 
important transition for many myosins not in the 
generation of force, but in maintenance of force. 

Until MgADP is released, the myosin cannot rap-
idly detach from actin. Thus, this final compo-
nent of the lever arm swing is highly load 
dependent. By altering the equilibrium between 
the strong MgADP-binding state and rigor, the 
myosin can be tuned to be more or less load 
dependent, and more suited to being an anchor on 
actin than for movement on actin (Laakso et al. 
2008).

2.5  Correlation Between 
Structural and Kinetic States

High-resolution crystal structures of the myosin 
head with various nucleotides bound have thus 
provided direct visualization of the myosin motor 
in four distinct conformational states, as shown 
in Figs. 2.2 and 2.3. Understanding the chemo- 
mechanical coupling in the myosin motor 
requires assigning structural states to the distinct 
steps of the actin-myosin ATPase cycle character-
ized by kinetic studies. Of the high-resolution 
myosin structural states described above, the first 
two (post-rigor and pre-power stroke) can bind 
only weakly to actin. The post-rigor structure is 
the state represented in the original chicken myo-
sin II structure of Rayment et  al. (1993). ATP 
cannot be hydrolyzed in this state. In the overall 
actin-myosin ATPase cycle (see Fig. 2.3), it is the 
state created when ATP binds to myosin and dis-
sociates it from the actin-myosin complex. The 
second state that was crystallized (Fisher et  al. 
1995; Dominguez et  al. 1998) is known as the 
pre-power stroke state (formerly called the transi-
tion state). This state is formed by structural rear-
rangements of the post-rigor state, and is the state 
in which ATP is hydrolyzed to form ADP and 
inorganic phosphate. It has been referred to as the 
closed state, since there is partial cleft closure in 
this state, as well as trapping of the inorganic 
phosphate upon hydrolysis (Yount et  al. 1995). 
There is rapid, reversible isomerization between 
these states, indicating that there is a low free 
energy change between them.

The pre-power stroke structures crystallized 
when either ATP or ATP analogs are bound to 
myosin show that ATP hydrolysis requires inter-
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actions between switch-II and the γ-phosphate 
that result in the closure of the γ-phosphate 
pocket, preventing phosphate release. To avoid 
steric hindrance, the rigid conformation of 
switch-II in this state must be coupled with pre-
cise conformations of both the relay and the SH1 
helix that leads to a primed position for the con-
verter and the lever arm, characteristic of the pre- 
power stroke conformation of the myosin head. 
Site-directed mutagenesis studies confirmed that 
this conformation is essential for ATP hydrolysis 
and is preceded by a lever arm movement (Suzuki 
et  al. 1998). Hydrolysis of ATP in the myosin 
motor is thus coupled to the priming of the lever 
arm. Trapping of the phosphate explains the sta-
bility of the pre-power stroke conformation until 
actin binding favors an isomerization that allows 
phosphate release. This underlies the low intrin-
sic ATPase activity of myosin in the absence of 
actin (Lymn and Taylor 1971).

The existence of an initial actin-binding state 
on myosin that can be detached by phosphate has 
long been described from muscle physiology 
experiments, and may be equivalent to a state that 
was described by Sleep and Hutton (1980). While 
the interpretation of the phosphate-release state 
(PiR) is controversial, kinetic data support its 
assignment as this initial force-generating state, 
prior to lever arm movement. Amino acid substi-
tutions that place bulky residues inside the myo-
sin cleft near the actin interface greatly slow a 
kinetic transition that is monitored by the rate of 
pyrene-quenching of actin (so called weak-to- 
strong transition), but have no impact on phos-
phate release (Llinas et al. 2015). It is not clear if 
such mutations will slow or prevent lever arm 
movements, since this has not been measured. 
There is a drug, omecamtiv mercarbil, that can 
bind to cardiac myosin and prevent (or greatly 
slow) lever arm movement, but allows (and even 
accelerates) phosphate release (Rohde et  al. 
2017; Woody et al. 2018) (see Chap. 5). Thus, it 
would appear that formation of the state that 
releases phosphate precedes both the movement 
of the lever arm and complete closure of the 
actin-binding cleft of myosin.

The confusion surrounding the interpretation 
of the phosphate state results from the fact that 
while the rates of phosphate release and lever arm 
swing are both fast, the lever arm swing appears 
faster if unconstrained. However, if one views the 
critical transition that gates the lever arm swing 
as phosphate leaving the active site and entering 
the phosphate tunnel, and not the appearance of 
phosphate in solution, then the movement of the 
lower 50-kDa domain on actin that is coupled to 
the switch-II conformational change that creates 
the phosphate tunnel, is the initial rapid transition 
that precedes lever arm swing or phosphate 
release into the solution. Following the isomeri-
zation from the PPS state to the PiR state on 
actin, phosphate release into solution and lever 
arm swing precede in parallel.

The next kinetic transition that we can mea-
sure following the lever arm swing is the 
quenching of the pyrene probe that has been 
used to label Cys-374 of actin (Coates et  al. 
1985). This has been referred to as the weak-
to-strong transition and indeed likely monitors 
the final closure of the actin-binding cleft and 
formation of the Strong ADP state on actin. 
Since the probe is not within the actin-myosin 
interface, it likely indicates that the complete 
closure of the myosin cleft near actin requires 
a rearrangement of the actin subdomains. It is 
also clear that this closure on actin destroys the 
phosphate tunnel preventing access of phos-
phate in solution to the active site. What is not 
clear is exactly how much of the actin-binding 
cleft closure occurs prior to the pyrene-quench-
ing step and at what point the phosphate-bind-
ing tunnel is no longer accessible. There is 
likely some compliance in the coupling 
between the lever arm position and cleft clo-
sure on actin, but it is clear that preventing the 
complete swing of the lever arm (power stroke) 
can prevent formation of the strong ADP state 
(and presumably pyrene-actin quenching) and 
can keep the phosphate tunnel open. This 
allows phosphate in solution to re-enter the 
active site and to drive the transition back 
toward the PPS state.
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Thus, the power stroke may largely occur 
prior to complete closure of the actin-binding 
cleft and is completed with formation of the 
strong ADP-bound state of myosin on actin. It 
may be that the closure of the cleft near actin is 
also complete with the formation of the strong 
ADP interface. Indeed, cryo-EM reconstruction 
of Myo5 in strong ADP and rigor can detect no 
significant changes in the actin-myosin interface 
during this transition (Wulf et al. 2016). While it 
is clear that during the transition from the initial 
force generating state (phosphate-release state) to 
the strong ADP-binding state the large swing of 
the lever arm that comprises the power stroke 
occurs and is coupled to closure of the actin- 
binding cleft, we currently have no detailed 
knowledge of the structural changes within the 
motor that allow this to happen.

As already discussed above, Myo5 has been 
crystallized in a “rigor” state in the absence of 
actin (Coureux et  al. 2003). The kinetic tuning 
that allows Myo5 to predominately populate 
strong binding actin states in the presence of ATP 
likely involves changes in the cleft and trans-
ducer region that favor cleft closure in the absence 
of nucleotide even in the absence of actin. In con-
trast to skeletal myosin II, nucleotide-free Myo5 
does not undergo any temperature-dependent 
conformational changes when it binds to actin 
(Coureux et  al. 2003). Based on this and on a 
number of other important structural changes, the 
nucleotide-free structure of Myo5 likely repre-
sents the conformation of the myosin motor 
domain when it is bound to actin in rigor, with the 
likely exception of the surface loops that contrib-
ute to the actin-binding interface. Cryo-EM 
reconstructions support this assertion (Chap. 4).

2.6  Future Challenges

All of the crystal structures obtained to date are 
by nature without any strain imposed on the mol-
ecule, other than the internal strain generated by 
nucleotide binding. This leaves us with no real 
insights as to how the motor conformations are 

altered by load, which is of course what the motor 
is designed to move against. Applying load to the 
force-generating myosin heads will manifest in 
distortions of compliant regions of the motor 
itself. EM reconstructions have allowed the direct 
visualization (at low resolution) of the conse-
quences of strain imposed by one myosin head on 
the other in the case of a single two-headed Myo5 
molecule walking on actin (Walker et  al. 2000; 
Oke et al. 2010). High speed AFM studies also 
visualized changes in lever arm position, but in 
real time (Uchihashi et  al. 2012; Kodera and 
Ando 2014) (see Chap. 7). In this case, the ele-
ments that are notably distorted by the strain are 
the lever arm itself and the position of the con-
verter. These structures, along with the trans-
ducer, are likely the major source of compliance 
within the myosin motor itself. Because of differ-
ent crystal packing conditions (for example, see 
Ménétrey et  al. 2012), we have been able to 
observe that the most mobile of the subdomains 
is the converter, due to compliant regions adja-
cent to the converter subdomain. This may be the 
primary or even sole source of compliance in the 
coupling between the actin-binding site and the 
lever arm.

While we have generated considerable insights 
in the mechanism of force production on actin 
from two high-resolution structures of myosin in 
the absence of actin (PiR and Rigor structures), 
ultimately a detailed structural understanding of 
the subdomain rearrangements and actin-binding 
loop rearrangements during the state transitions 
of the force-generating cycle on actin can only 
come from high-resolution structural studies of 
myosin bound to actin. For X-ray studies, this 
will require small fragments of F-actin that can 
be co-crystallized with myosin trapped in distinct 
states of the cycle. It is likely that the general 
scheme of internal conformational changes 
within the motor domain throughout the cycle is 
relatively conserved among myosin classes. 
Whether essential elements in the actin-binding 
loops are conserved to produce the power stroke 
cannot be predicted. However, the variability of 
these loops suggests that they may give rise to 
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different actin interactions for different myosin 
classes that both position the motor somewhat 
differently on actin as well as differentially tune 
the kinetic transitions.
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Cargo Binding by Unconventional 
Myosins
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Abstract

Unconventional myosins are a large superfam-
ily of actin-based molecular motors that use 
ATP as fuel to generate mechanical motions/
forces. The distinct tails in different uncon-
ventional myosin subfamilies can recognize 
various cargoes including proteins and lipids. 
Thus, they can play diverse roles in many bio-
logical processes such as cellular trafficking, 
mechanical supports, force sensing, etc. This 
chapter focuses on some recent advances on 
the structural studies of how unconventional 
myosins specifically bind to cargoes with their 
cargo-binding domains.

Keywords

Unconventional myosins · Myosin cargo- 
binding domain · Cargo recognition · Cargo 
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3.1  Introduction

Myosin family proteins typically contain three 
major parts: a motor or head domain responsible for 
actin-filament binding and ATP hydrolysis, an 
IQ-motif-containing neck region for movement 
amplification, and additional N- or C-terminal tails 
(Block 1996; Ruppel and Spudich 1996; Krendel 
and Mooseker 2005). Myosins can be generally 
grouped into two major categories, namely conven-
tional myosin-II with their C-terminal tails contain-
ing a characteristic long coiled-coil for bipolar 
filament formation (e.g. muscle myosins), and 
unconventional myosins with diverse tails (Krendel 
and Mooseker 2005; Hartman et al. 2011; Hartman 
and Spudich 2012; Howard 1997; Huxley 1998; 
Geeves and Holmes 1999; Vale 1999; Berg et  al. 
2001). The human genome contains 24 unconven-
tional myosins that can be classified into 11 sub-
families according to their domain structures in the 
tail region (Foth et al. 2006).

The specific domains in each unconventional 
myosin subfamily enable them to perform dis-
tinct functions (Hartman et  al. 2011; Lu et  al. 
2014; Li et  al. 2016b). Many well-defined 
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domains are found in unconventional myosins 
(Fig.  3.1). For example, some myosins contain 
well-known protein-protein interacting domains 
like the SH3 (Src homology 3) domain in myo-
sin- I, myosin-VII and myosin-XV; the MyTH4- 
FERM (myosin tail homology 4; band 4.1, ezrin, 
radixin, moesin) tandems in myosin-VII, myo-
sin- X and myosin-XV; the PDZ (PSD-95, Dlg, 
ZO-1) domain in myosin-XVIII; and the ANK 
(ankyrin) repeats in myosin-XVI. Some myosins 
contain lipid-binding domains like the PH (pleck-
strin homology) domains in myosin-I and myo-
sin- X, and some myosins even contain an 
additional catalytic domain like the kinase 

domain in myosin-III and the GAP (GTPase acti-
vating protein) domain in myosin-IX. There are 
also specific domains only found in myosins, 
including the globular tail domain (GTD) in 
myosin-V and the helical cargo-binding domain 
(HCBD) and cargo-binding domain (CBD) in 
myosin-VI.  Besides these well-folded domains, 
some myosins also contain long intrinsically dis-
ordered regions, such as the C-terminal tails of 
myosin-III, myosin-XVI and myosin-XIX, and 
the large N-terminal extension in myosin-XV.

Unconventional myosins have been reported 
to function in many biological processes. 
Myosins-I, -V, and -VI are involved in vesicle 

Fig. 3.1 Schematic representations showing the domain organizations of human myosins. The conserved motor 
domains are colored in salmon and the diverse cargo binding domains are colored in cyan or blue 
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trafficking events such as exocytosis, endocytosis 
and intracellular actin filament-based vesicle 
transport (Hammer and Sellers 2012; McConnell 
and Tyska 2010; Tumbarello et al. 2013). Myosin- 
III, -VII, -X and -XV are shown to be critical for 
development and maintenance of actin-based 
protrusions such as stereocilia, microvilli and 
filopodia (Hasson et al. 1995; Berg and Cheney 
2002; Les Erickson et al. 2003; Belyantseva et al. 
2005; Crawley et al. 2014). Despite their involve-
ments in various biological processes, the func-
tions of unconventional myosins are majorly 
divided into two: cellular transportation and 
dynamic tethering. These functions all depend on 
the specific binding of target proteins or lipid 
membranes to myosins which in turn facilitates 
their precise subcellular localization and function 
(Hartman et al. 2011).

Growing numbers of studies, especially high- 
resolution structural studies in recent years, have 
greatly advanced our knowledge towards under-
standing the mechanistic basis of how myosins 
can recognize specific cargoes via their distinct 
tails. Here we attempt to summarize these 
findings.

3.2  Myosins Participate 
in Diverse Biological 
Processes via Binding 
to Various Cargoes

3.2.1  Myosin-V Subfamily Binds 
to Various Cargoes Using 
Their Globular Tail Domain

The myosin-V subfamily is one of the best char-
acterized cargo-transporting myosins (Hammer 
and Sellers 2012; Langford 2002; Sellers and 
Veigel 2006; Taylor 2007; Titus 1997). It con-
tains all the typical elements required for cargo 
transportation along actin filaments: a motor or 
head domain for energy generation, a lever arm 
for movement amplification, a coiled-coil for 
dimerization, and a globular tail domain for cargo 
loading (Fig. 3.2a) (Trybus 2008).

The myosin-V subfamily is also one of the 
three most ancient myosin subfamilies (the other 
two are myosin-I and myosin-II) and found in 

nearly all eukaryotes (Reck-Peterson et al. 2000). 
Yeast (e.g., Baker’s yeast Saccharomyces cerevi-
siae) contains two class V myosins (Myo2p and 
Myo4p), while humans contain three members 
(Myo5a, Myo5b and Myo5c). Yeast Myo2p/
Myo4p have been shown to be responsible for 
transporting organelles such as vacuoles, peroxi-
somes and secretory vesicles (Schott et al. 1999; 
Catlett et  al. 2000). Similarly, mammalian 
Myo5a/Myo5b/Myo5c not only transport organ-
elles along actin-filaments, but also tether them 
to actin (Hammer and Sellers 2012).

The C-terminal globular tail domain (GTD) 
recognizes a broad range of cargoes, which is 
essential for myosins to carry out diverse func-
tions. Although the GTD from yeast myosin-V 
and mammalian myosin-V only share ~20% 
sequence identity, the overall folding is highly 
similar to each other as shown by the several 
high-resolution structures of the cargo-free mam-
malian and yeast GTDs (Heuck et  al. 2010; 
Nascimento et  al. 2013; Pylypenko et  al. 2013; 
Velvarska and Niessing 2013; Wei et  al. 2013; 
Tang et al. 2019; Shi et al. 2014). They both form 
a helical bundled structure with two subdomains 
connected by a long helix and stabilized by 
another long C-terminal extended loop. The only 
subtle difference between yeast and mammalian 
GTDs comes from the subdomain I. The two ter-
mini in mammalian GTD form antiparallel 
β-strands, whereas those in yeast GTD form anti-
parallel α-helices (Fig. 3.2) (Wei et al. 2013).

A few binding sites have been identified in 
mammalian GTDs by structural studies 
(Fig. 3.2b, c). The most frequently used binding 
site is located at subdomain I between α4 and α7 
and binds to the so-called GTBM (globular tail- 
binding motif) from a number of proteins. These 
proteins include melanophilin (MLPH, related to 
melanosome transport), granuphilin (Gran, 
related to secretory granules transport) and spire 
homolog 1/2 (Spir1/2, an actin nucleator) 
(Pylypenko et  al. 2013, 2016; Wei et  al. 2013). 
Though with slightly different detailed binding 
modes, the structures of Myo5a/MLPH and 
Myo5a/Spir2 complexes reveal a common fea-
ture required for specific GTBM/GTD interac-
tion (Pylypenko et al. 2016): a few hydrophobic 
residues sandwiched by positively- and 
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negatively- charged residues in the N- and 
C-termini, respectively. Another binding site 
located at subdomain I, on the opposite side of 
the GTBM binding site, is responsible for 
RILPL2 (Rab interacting lysosomal protein-like 
2) binding (Wei et  al. 2013). RILPL2 is also a 
binding partner of vesicle adaptor Rab protein 
(Cantalupo et al. 2001). Biochemical and struc-
tural studies showed that RILPL2 coiled-coil 
region can form a 2:2 complex with GTD of 
Myo5a but not Myo5b or Myo5c, and dimeriza-
tion of RILPL2 is indispensable for complex for-
mation (Wei et al. 2013). Besides the recognition 
of Rab-binding partners, mammalian myosin-V 
can also directly bind to Rab proteins. High- 
resolution structures show that both GDP- and 
GTP-bound Rab11 bind to Myo5a/Myo5b GTD 
subdomain II (Pylypenko et al. 2013, 2016), the 
only binding located in subdomain II that has 
currently been identified.

The cargo recognition mechanisms of yeast 
Myo2p/Myo4p GTD are also extensively studied 
(Shi et al. 2014; Tang et al. 2019), and three bind-

ing sites have been revealed (Fig. 3.2d–f). One is 
found in Myo2p GTD subdomain I shared by the 
MIS (Myo2-interacting site) of Smy1 and Inp2, 
which are cargo proteins for polarization of 
secretory vesicles and peroxisome transport, 
respectively (Tang et al. 2019). The yeast GTD- 
specific antiparallel helices (α1/α16) are critical 
for adopting the extended structures of Smy1/
Inp2 MIS.  The structure of Myo2p in complex 
with Mmr1 (mitochondria receptor Myo2 
receptor- related protein 1) reveals another bind-
ing site in Myo2p GTD (Tang et  al. 2019). 
Although with no high-resolution complex struc-
ture available, mutagenesis experiments con-
firmed that this binding site is shared by another 
cargo protein called Vac17, a vacuole-related 
protein. The third binding site is for Myo4p to 
recognize She3p (swi5p-dependent HO expres-
sion 3), a protein that links Myo4p to messenger 
ribonucleoprotein particles (mRNPs) (Shi et  al. 
2014). The coiled-coil dimer of She3p binds to 
Myo4p GTD at subdomain II, forming a 2:1 
complex (Fig. 3.2e).

Fig. 3.2 Myosin-V GTD can recognize diverse cargoes. 
(a) Domain architecture of Myosin-V. (b) Structures of 
Myo5a/Myo5b GTD in complex with MLPH (PDB: 
4KP3), Spir2 (PDB: 5JCY), RILPL2 (PDB: 4KP3) and 
GTP bound Rab11 (PDB: 4LWZ). The GTDs in these 
structures are aligned together and only the one in PDB: 
4KP3 is shown for simplicity. (c) Schematic model show-
ing the positions of three cargo binding sites in Myo5a/

Myo5b/Myo5c. (d) Structures of yeast Myo2p GTD in 
complex with MIS of Smy1 (PDB: 6IXQ), Inp2 (PDB: 
6IXR) and Mmr1 (PDB: 6IXP). The GTDs in these struc-
tures are aligned together and only the one in PDB: 6IXP 
is shown for simplicity. (e) Structures of yeast Myo4p 
GTD in complex with She3p (PDB: 4LL8). (f) Schematic 
model showing the positions of three cargo binding sites 
in yeast Myo2p/Myo4p
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Interestingly, there is little overlap between 
the binding sites identified in mammalian Myo5a/
Myo5b/Myo5c and yeast Myo2p/Myo4p. These 
findings highlight the extremely high capacity of 
myosin-V to recognize a large number of car-
goes. Moreover, the distinct binding sites in yeast 
and mammalian myosin-V may also suggest that 
motor/cargo proteins coevolve with each other 
during evolution.

3.2.2  Myosin VI Contains Two 
Regions for Cargo Binding

The myosin-VI subfamily contains only one 
member, Myo6 (Buss et al. 2004). In contrast to 
the other unconventional myosins, which travel 
towards the plus end of actin filaments, Myo6 is 
the only one that moves to the minus end due to a 
specific insertion in its motor domain (Wells 
et  al. 1999; Rock et  al. 2001; Menetrey et  al. 
2005). The tail of Myo6 contains two consecu-
tively arranged regions for cargo binding: an 

N-terminal helical cargo-binding domain 
(HCBD) and a more distal C-terminal cargo 
binding domain (CBD) (Fig. 3.3a).

The Myo6 CBD is of great interest as it has 
been shown to undergo cargo binding-induced 
dimerization (Spudich et al. 2007; Yu et al. 2009). 
The cargo-free form of Myo6 CBD exists as a 
stable monomer as shown by biochemical and 
structural studies. Unexpectedly, binding to the 
monomeric cargo protein Dab2 (Disabled homo-
log 2, an endocytic adaptor protein) converts both 
molecules into a stable 2:2 complex (Fig. 3.3b) 
(Yu et  al. 2009). In this complex structure, no 
direct contacts are observed between the two 
Myo6 CBDs, suggesting that CBD dimerization 
is solely mediated by its cargo adaptor Dab2. 
This cargo-induced dimerization is suggested to 
be a possible mechanism to facilitate the proces-
sive movement along actin filaments towards the 
minus end. Other reported cargoes of Myo6 CBD 
like LMTK2 (Lemur tyrosine kinase 2) are not 
known to dimerize the motor (Chibalina et  al. 
2007). Therefore, Myo6, upon binding to these 

Fig. 3.3 Cargo recognition mechanisms of Myo6 CBD 
and HCBD. (a) Domain architecture of Myosin-VI. (b) 
Structure of Myo6 CBD/Dab2 complex (PDB: 3H8D) 
showing the cargo binding induced formation of 2:2 com-
plex. (c) Structure of Myo6 HCBD/GIPC complex (PDB: 
5V6E) showing the potential of oligomer formation. (d) 

NMR structure model of Myo6 HCBD/Ubiquitin com-
plex (PDB: 2N13) showing that the Ubiquitin binding site 
overlaps with the GIPC binding site in HCBD. (e) NMR 
structure model of long isoforms of Myo6 HCBD (PDB: 
2N12) showing that α2 helix sterically hinders the binding 
of GIPC/Ubiquitin
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cargoes, may not function as a dimeric processive 
transporter but a monomeric tether.

Great research interests have been developed 
focusing on a region of ~130 residues located 
between the CBD and the putative SAH (He et al. 
2016; Wollscheid et al. 2016; Shang et al. 2017; 
Hu et al. 2018). This region is composed of five 
α-helices, thus here referred to as HCBD.  The 
α-helix immediately preceding the CBD contains 
an Arg-Arg-Leu (“RRL”) motif which is impor-
tant for binding to NDP52 (nuclear dot protein 
52), TAX1BP1 (TRAF6-binding protein), OPTN 
(optineurin) and GIPC (GAIP-interacting protein 
C terminus) (Sahlender et al. 2005; Morriswood 
et al. 2007; Spudich et al. 2007). Crystal struc-
tures of Myo6/GIPC1 and Myo6/GIPC2 com-
plexes reveal a higher order oligomerization state 
of the complex (Shang et al. 2017), mediated by 
two interfaces between Myo6 HCBD and GIPCs 
GH2 domains (Fig. 3.3c). The previously identi-
fied “RRL” motif is involved in both interfaces. 
This oligomeric complex formation provides an 
explanation of how GIPC1 and Myo6 can cluster 
cell surface receptors into clathrin-coated pits 
(Hasson 2003). The same HCBD region can also 
bind to K63-linked ubiquitin, as shown by the 
NMR (nuclear magnetic resonance) structure of 
Myo6/K63-ubiquitin complex (Fig.  3.3d) (He 
et  al. 2016). The Myo6/K63-ubiquitin interface 
partially overlaps with one of the Myo6/GIPCs 
interfaces, suggesting that the binding is mutu-
ally exclusive. Although with no high-resolution 
structures, it is expected that Myo6 HCBD will 
adopt a similar conformation to recognize other 
binders like NDP52, TAX1BP1 and OPTN; and 
all these binders may also be mutually exclusive 
(He et al. 2016; Shang et al. 2017; Hu et al. 2018).

Alternative splicing adds to the complexity of 
the cargo-recognition mechanism of Myo6 
HCBD.  Myo6 CBD has 3 isoforms: the 
α2-containing long isoforms 1 and 3, and the 
α2-missing short isoform 2 (Buss et  al. 2001; 
Tomatis et  al. 2013; Wollscheid et  al. 2016). 
These splicing variants have different cargo- 
binding specificities: the longer isoforms can 
bind to clathrin via α2, whereas the short isoform 
binds to GIPCs, NDP52, TAX1BP1 and 
OPTN. More interestingly, although the long iso-
forms also contain  the “RRL” motif, they are 

unable to bind the latter four cargoes. Comparing 
the atomic structures of the longer Myo6 HCBD 
isoform and the Myo6 HCBD/cargo complex, it 
is clearly demonstrated that the additional α2 
helix sterically hinders K63-ubiquitin or GIPCs 
binding (Fig. 3.3e). This thus provides the struc-
tural basis for differential cargo selection between 
the long and short isoforms (He et  al. 2016; 
Wollscheid et al. 2016; Shang et al. 2017).

3.2.3  Diverse Cargo Recognition 
Mechanisms of MyTH4-FERM 
Tandem Containing Myosins

Another group of unconventional myosins con-
tain MyTH4-FERM tandems in their tails. 
MyTH4-FERM containing myosins are also 
widespread in the eukaryotic kingdom and can 
even be found in unicellular amoebae of 
Dictyostelium discoideum (Dd) (Foth et al. 2006; 
Petersen et  al. 2016; Planelles-Herrero et  al. 
2016; Kollmar 2006; Weck et  al. 2017). Three 
subfamilies are found in humans: myosin-VII 
(Myo7a and Myo7b), myosin-X and myosin-
 XV.  These myosins are characterized by the 
MyTH4-FERM tandem, a supramodule formed 
by a MyTH4 domain and a FERM domain. 
MyTH4 domain is found not only in myosins but 
also in several other proteins such as PLEKHH 
(pleckstrin homology domain-containing family 
H, also known as MAX-1) (Huang et al. 2002), 
ArhGAP39 (Rho GTPase-activating protein 39) 
(Lundstrom et al. 2004), as well as a plant kinesin 
KCBP (kinesin-like calmodulin binding protein) 
(Reddy and Reddy 1999), but the function of this 
domain is not yet clearly understood. The FERM 
domain is a well-studied protein-protein interac-
tion module and is found in many proteins includ-
ing a number of cytoskeletal-associated proteins 
like ezrin, talin, etc., (Chishti et al. 1998; Tepass 
2009; Frame et al. 2010; Moleirinho et al. 2013).

The myosin-VII subfamily comprises the first 
identified MyTH4-FERM-containing myosins 
(Gibson et  al. 1995; Hasson et  al. 1995; Well 
et al. 1995, 1996). Mutations in the Myo7a gene 
are closely related to an inherited disease called 
Usher Syndrome. Patients with Usher Syndrome 
suffer from blindness and deafness. There are 
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two vertebrate paralogs in the myosin-VII sub-
family, namely Myo7a and Myo7b (Chen et al. 
2001). Both members have a pair of MyTH4- 
FERM tandems in their tails with a SH3 domain 
in between (Fig. 3.4a, left). Recent studies have 
demonstrated that both motors are essential for 
the development and maintenance of actin-based 
protrusions (Myo7a in hair cell stereocilia and 
Myo7b in brush border microvilli) (Lefevre et al. 
2008; Crawley et al. 2014). They are both central 
components of the tip-link complexes by binding 
to the CEN region of USH1G/ANKS4B using 
their N-terminal MyTH4-FERM (NMF) and to 
the PDZ3 domain of USH1C using their 
C-terminal MyTH4-FERM domain (CMF) (Wu 
et  al. 2011; Crawley et  al. 2014, 2016 Li et  al. 
2016a, 2017; Yu et al. 2017). Structures of Myo7a 
NMF/USH1G CEN and Myo7b NMF/ANKS4B 
CEN complexes reveal an unexpected binding 
mode for FERM domains (Fig.  3.4b). The 
N-terminal part of the CEN region (CEN1) in 
USH1G/ANKS4B snugly sits in the center of the 
clover-leaf-shaped FERM domain, making con-
tacts with all three lobes. And the C-terminal part 

of the CEN region (CEN2) is proposed to bind to 
a positively-charged surface within the MyTH4 
domain, as suggested by the sparse densities in 
electron density maps of both complex structures 
(Wu et  al. 2011; Li et  al. 2016a). Binding of 
CEN2 to the MyTH4 domain is the only struc-
tural evidence showing that the MyTH4 domain 
can serve as a protein-binding module. The 
CMFs of Myo7a/Myo7b also use the clover-leaf 
center in their FERM domain for protein binding 
as shown by the high-resolution structures of 
Myo7a/USH1C and Myo7b/USH1C complexes 
(Fig. 3.4c) (Li et al. 2017; Yu et al. 2017). The 
very C-terminal tail of USH1C inserts into a 
positively- charged pocket formed by the three 
lobes. In addition, the PDZ3 domain of USH1C 
loosely attaches onto the F3 lobe of CMF. Both 
the NMF- and CMF-mediated interactions, 
together with the extremely strong association 
between USH1C and USH1G/ANKS4B (Kd of 
1–3  nM), are believed to stabilize the Myo7a/
USH1C/USH1G and Myo7b/USH1C/ANKS4B 
tripartite complexes and contribute to the proper 
function of stereocilia and microvilli.

Fig. 3.4 Diverse cargo recognition mechanisms of 
MyTH4-FERM tandems in unconventional myosins. (a) 
Domain architectures of Myosin-VII (left) and Myosin-X 
(right). (b–d) Structures (top) and schematic models (bot-

tom) of Myo7a/USH1G complex (PDB: 3PVL, panel b), 
Myo7b/USH1C complex (PDB: 5XBF, panel c) and 
Myo10/DCC complex (PDB: 3PZD, panel d)
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The tail of Myo15 is structurally homologous 
to that of myosin-VII where a pair of MyTH4- 
FERM tandems are separated by a SH3 domain 
(Liang et  al. 1999), although there is a 
~370- residue insertion within the F1 domain of 
myosin-XV NMF. Not only are the domain orga-
nizations similar, these two motors also share 
similar functions. Myo7a together with its bind-
ing partners USH1G and USH1C forms the upper 
tip-link density (UTLD) in stereocilia, a protein 
dense region at the base of the tip-link (Bahloul 
et al. 2010; Grati and Kachar 2011). On the other 
end of the tip-link at the adjacent stereocilium, 
there is another protein dense region called the 
lower tip-link density (LTLD) (Furness and 
Hackney 1985; Kachar et al. 2000). It is reported 
that Myo15, whirlin and Eps8 interact with each 
other in this region (Manor et al. 2011; Zampini 
et al. 2011). Whirlin and USH1C are both multi-
ple PDZ domain containing scaffold proteins 
(Verpy et al. 2000; Mburu et al. 2003). Given the 
high similarity in the two components, it will be 
interesting to know whether the structural organi-
zation of Myo15/Whirlin/Eps8 tripartite complex 
resembles that of Myo7a/USH1C/USH1G or 
Myo7b/USH1C/ANKS4B.

Myo10 differs from the other MyTH4-FERM- 
containing myosins in that it only contains one 
MyTH4-FERM tandem (Fig. 3.4a, right). Despite 
this difference, Myo10 is also reported to be 
enriched in actin-based protrusions especially 
filopodial structures in various tissues, and it 
plays important roles in many developmental 
processes such as neurogenesis and angiogenesis 
(Kerber and Cheney 2011). Like the MyTH4- 
FERM tandems in Myo7a/Myo7b, Myo10 
MyTH4-FERM serves as a cargo-binding 
domain. Myo10 MyTH4-FERM can bind to the 
axon guidance receptor DCC (deleted in colorec-
tal cancer) and regulate axon pathfinding in neu-
rons. In the crystal structure of Myo10/DCC 
complex (Hirano et al. 2011; Wei et al. 2011), the 
C-terminal tail of DCC forms a short helix and 
binds to the α/β groove of the FERM domain F3 
lobe, representing a novel target recognition 
mode of the FERM domain (Fig. 3.4d). It is noted 
that, this α/β groove is used in other FERM/tar-
gets binding. For example, the FERM domains 

from ERM family members (Ezrin/Radixin/
Moesin) bind to a β-strand forming a “GTY” 
motif, as seen in the structures of Radixin/
ICAM-2 and Moesin/Crumbs (Hamada et  al. 
2003; Wei et al. 2015); the Merlin FERM domain 
uses this groove to interact with the β-hairpin of 
DCAF FBD (FERM-binding domain) (Li et  al. 
2014). Myo10 MyTH4-FERM has also been 
implicated in the binding of other targets. 
Co-sedimentation and pull-down experiments 
concluded that the MyTH4 domain is required 
for microtubule binding mainly through charge- 
charge interactions provided by the positively- 
charged surface of MyTH4 domain and the acidic 
tails of α- and β-tubulins (Hirano et  al. 2011; 
Planelles-Herrero et  al. 2016); pull-down assay 
showed that the FERM domain is sufficient to 
bind the cytoplasmic tail of β5 integrin (Hirano 
et  al. 2011). High-resolution structures will be 
needed to illustrate the molecular basis of these 
interactions.

Atomic structures of these MyTH4-FERM 
domains alone or in complex with their cargoes 
in the past decade have greatly advanced our 
understanding of this special group of myosins. 
By comparing all the structures of MyTH4- 
FERM, noticeable subdomain movements are 
present, although the overall architectures are 
more or less the same. This is likely due to the 
relatively low sequence homology between dif-
ferent MyTH4-FERM domains (20%–30% 
sequence identities). The differences in relative 
subdomain positions and presence of amino acids 
on exposed surfaces may dictate the diverse tar-
get recognition modes.

3.2.4  Myosin-IX Contains 
an Enzymatically Active 
RhoGAP Domain for Small 
GTPase RhoA

Myosin-IX and myosin-III are special because 
they both contain another enzymatically-active 
domain in addition to the motor domain and are 
therefore known as motorized signaling molecules 
(Bahler 2000). Myosin-IX subfamily mem-
bers  contain a RhoGAP (GTPase-activating pro-
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tein for Rho GTPases) domain, while members of 
the myosin-III subfamily contain a kinase domain.

The vertebrate myosin-IX subfamily contains 
two members, Myo9a and Myo9b (Reinhard 
et al. 1995; Chieregatti et al. 1998). The RhoGAP 
domain in their tails has been shown to promote 
GTP hydrolysis of the small GTPase RhoA 
(Fig. 3.5a, b) (Wirth et al. 1996), and thus con-
verts it from an active GTP-bound state to an 
inactive GDP-bound state. RhoA is an important 
modulator of the actin cytoskeleton (Etienne- 
Manneville and Hall 2002), and Myo9a/Myo9b 
have been implicated to function in actin filament 
dynamics (van den Boom et  al. 2007; Saczko- 
Brack et al. 2016). Myo9a is highly expressed in 
developing and adult brain tissues and plays roles 
in regulating neuronal morphology and function. 
Defects in Myo9a are associated with neurologi-
cal diseases like the congenital myasthenic syn-
dromes (O’Connor et  al. 2016). Myo9b is 
detected in many different tissues including lung, 
liver, spleen, as well as the immune system. 
Myo9b is related to a number of immune disor-

ders such as celiac disease and inflammatory 
bowel disease (Nunez et  al. 2007). And it has 
recently been reported to be involved in Slit/
ROBO signaling-mediated lung cancer suppres-
sion by interacting with the intracellular domain 
of ROBO (Kong et al. 2015). The function of the 
myosin-IX RhoGAP domain on RhoA is con-
served during evolution. HUM-7, the C. elegans 
homolog of myosin-IX, was recently reported to 
modulate RHO-1 (the ortholog of RhoA in C. 
elegans) in embryonic morphogenesis (Wallace 
et al. 2018).

The catalytic activity of the RhoA GAP 
domain usually requires an arginine finger and a 
conserved auxiliary asparagine (Fig.  3.5c). The 
arginine finger inserts into the nucleotide-binding 
pocket as well as binds to the P-loop, and is thus 
essential for GAP activity. The auxiliary aspara-
gine is another conserved polar residue in 
the  majority of RhoGAP domains. It stabilizes 
the effector loop by making a  hydrogen bond 
with the backbone of a tyrosine residue (Tyr34 in 
RhoA) from switch I (Rittinger et al. 1997a, b). 

Fig. 3.5 Myosin-IX RhoGAP domain uses an unusual 
mechanism to catalyze small GTPase RhoA hydrolysis. 
(a) Domain architecture of Myosin-IX. (b) Structure of 
Myo9b/RhoA complex (PDB: 5HPY) showing the dual 

arginine fingers catalytic mechanism. (c) Structure of 
P50-RhoGAP/RhoA complex (PDB: 1TX4) showing the 
canonical catalytic mechanism
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However, the absence of this conserved auxiliary 
asparagine residue in  the Myo9a/Myo9b 
RhoGAP domain is contradictory to the well- 
characterized GAP activity towards RhoA, indi-
cating that there must be an unknown catalytic 
mechanism for this RhoGAP domain. The struc-
ture of the Myo9b/RhoA complex elicits how this 
works (Fig. 3.5b) (Yi et al. 2016). The arginine 
finger performs a  similar function in Myo9b 
RhoGAP.  Surprisingly, although the asparagine 
residue is missing, another arginine residue inter-
acts with the aromatic ring of Tyr34 to stabilize 
the switch I loop, compensating the function of 
the canonical asparagine. Therefore, this dual- 
arginine- finger mechanism enables the enzyme 
to accelerate RhoA GTP hydrolysis.

3.2.5  Myosin-III Uses 
the Intrinsically Disordered 
Sequences for Cargo Binding

Myosin-III is another enzymatic myosin. It con-
tains an evolutionary-conserved Ser/Thr kinase 
domain at its very N-terminus, preceding the 
motor domain. It was reported that the kinase 
domain can regulate the ATPase activity by auto- 
phosphorylating the motor domain. The first 
myosin-III called NinaC (neither inactivation nor 
afterpotential C) was identified in Drosophila 
photoreceptors by genetic screening for essential 
genes involved in phototransduction (Montell 
and Rubin 1988). Myo3a and Myo3b, expressed 
mainly in vertebrate retina and cochlea, are the 
two members of the vertebrate myosin-III sub-
family and have partially redundant functions in 
vertebrate visual and auditory systems (Dose and 
Burnside 2000).

In contrast to the above-mentioned unconven-
tional myosins that contain well-folded domains 
in the tails, no folded domains are predicted to 
exist in the tails of NinaC, Myo3a and Myo3b 
(Fig. 3.6a). Instead, these tails are predicted to be 
intrinsically disordered. Nevertheless, vertebrate 
Myo3a/Myo3b still shares a highly-conserved 
stretch of sequences known as THDI (tail homol-

ogy domain I), which is later confirmed to inter-
act with an actin-bundling protein, Espin1 (Dose 
et al. 2003; Salles et al. 2009; Merritt et al. 2012). 
Besides, there are two other conserved regions 
specific in Myo3a, one N-terminal to THDI and 
responsible for MORN4 binding, and the other at 
the very C-terminus (referred to as THDII, tail 
homology domain II) and responsible for direct 
actin binding (thus also known as ABM, actin 
binding motif) (Fig. 3.6a).

Sequence analysis and structural characteriza-
tions together demonstrate that the THDI in 
Myo3a/Myo3b tails contains a pair of consecu-
tive motifs capable of strongly binding to Espin1 
ANK repeats (Liu et al. 2016). Espin1 is encoded 
by the gene Espin, the isoforms of which are 
shown to be expressed in a number of F-actin rich 
protrusions like hair cell stereocilia, brush border 
microvilli and Purkinje cell dendritic spines 
(Bartles et al. 1996). All these isoforms can use 
their common C-terminal actin bundling domain 
(ABD) to bundle actin filaments. Espin1 is the 
longest isoform that contains N-terminal ANK 
repeats, a well-known protein binding module. 
The binding of ARB1&2 motifs of Myo3a/
Myo3b results in a Myo3a/Myo3b:(Espin1)2 
complex. Each motif forms an extended structure 
and lies in the inner groove of the ANK repeats 
(Fig. 3.6b, c), a binding mode that is also seen in 
other ANK repeats/targets binding such as 
Ankyrin R/B/G, RFXANK (Xu et al. 2012; Wang 
et al. 2014). Fluorescence imaging-based studies 
and transmission electron microscopy (TEM) 
studies demonstrate that the cross-linking of 
Espin1 by the two repeating motifs of Myo3a/
Myo3b significantly promote the actin bundling 
activity of Espin1, leading to higher-order bun-
dles (Liu et al. 2016).

In addition to THDI, Myo3a specifically con-
tains another highly conserved region that can 
bind strongly to MORN4 (referred to as MBD 
for MORN4 binding domain) (Mecklenburg 
et  al. 2015). MORN4 contains four MORN 
repeats, which were named after their proposed 
function as “Membrane Occupation and 
Recognition Nexus” when first found in the pro-

J. Li and M. Zhang



31

tein junctophilin (Takeshima et  al. 2000). The 
structure of Myo3a/MORN4 complex reveals 
that Myo3a MBD forms an elongated α-helix to 
interact with the hydrophobic U-shaped groove 
of the single- layered β-sheet formed by the 
MORN repeats of MORN4 (Fig. 3.6d) (Li et al. 
2019). Consistently, biochemical and structural 
characterizations show that NinaC and 
Retinophilin (RTP), the Drosophila orthologs of 
Myo3a and MORN4, form a tightly-associated 
complex (Mecklenburg et  al. 2010; 
Venkatachalam et  al. 2010), although there is 
only very low sequence homology between 
Myo3a MBD and NinaC RBD (short for RTP 
binding domain). This structural finding implies 
that MORN repeats from other proteins like 
SETD7 (a lysine methyltransferase) and juncto-
philins (the tethering proteins between the 
plasma membrane and sarcoplasmic/endoplas-
mic reticulum membranes) may also be used to 
bind to their target proteins to execute their dis-
tinct functions (Takeshima et  al. 2000; Wilson 
et al. 2002).

3.2.6  Myosins Can Target to Plasma 
Membranes or Vesicles via 
Direct Lipid Binding

In addition to protein cargoes, some myosins can 
also directly bind to lipid molecules. Examples 
include the three consecutive PH domains in 
class X myosins and the extended PH domain in 
class I myosins (Fig. 3.7a).

N-terminal to the MyTH4-FERM tandem in 
Myo10’s tail are three PH domains arranged in an 
unusual way. The first PH domain is split into two 
halves in the β3/β4 loop by the second PH 
domain. Split PH domain arrangements are also 
seen in proteins like α-syntrophin, phospholipase 
Cγ and Rho kinase, etc. (Yan et al. 2005, 2008; 
Wen et  al. 2006). The Myo10 PH1N-PH2-PH1C 
forms a structural supramodule as shown by its 
crystal structure (Fig.  3.7b) (Lu et  al. 2011). 
Biochemical data together with structural analy-
sis confirm that the PH2 domain can specifically 
bind to phosphatidylinositol (3,4,5)-triphosphate 
[PI(3,4,5)P3], whereas the PH1 domain displays 

Fig. 3.6 Myosin-III subfamily bind to their cargoes using 
their intrinsically disordered tails. (a) Domain architec-
tures of Myosin-III subfamily showing the intrinsically 
disordered tails. (b, c) Structures of the two consecutive 
ARBs (ARB1, PDB: 5ET1, panel b; ARB2, PDB: 5ET0, 

panel c) of Myo3b in complex with Espin1 ANK repeats. 
(d) Structure of Myo3a MBD/MORN4 complex (PDB: 
6JLE) showing that MORN4 uses the conserved U-shaped 
groove to interact with Myo3a
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no specificity for lipid molecules. More interest-
ingly, the crystal structure shows that the lipid- 
binding pockets of PH1 and PH2 face the same 
site, supporting a model in which PH2 is respon-
sible for specifically selecting PI(3,4,5)P3 while 
PH1 functions to enhance the avidity of the tan-
dem. This selective and strong lipid binding 
makes Myo10 a faithful interpreter of PI3 kinase 
activation signals. Together with its ability to 
bind other transmembrane receptors (e.g., netrin 
receptor DCC, integrin) by the C-terminal 
MyTH4-FERM tandem (Hirano et al. 2011; Wei 
et al. 2011), Myo10 can integrate both signals in 
regulating its cellular localization and motor 
activities and play a critical role in biological 
processes like promoting filopodia elongation 
(Kerber and Cheney 2011).

Myosin-I is another subfamily of unconven-
tional myosins that contains a PH domain in its 
C-terminal tail. The myosin-I subfamily was the 
first unconventional myosin subfamily to be 
identified and has been shown to be single headed 
(Pollard and Korn 1973), in sharp contrast to con-

ventional myosin-II.  Myosin-I is the largest 
unconventional myosin subfamily and humans 
contain eight members (McIntosh and Ostap 
2016). These members are involved in numerous 
physiological processes. For example, Myo1a is 
important in brush border microvilli assembly 
(Tyska et al. 2005); Myo1b participates in intra-
cellular trafficking by regulating membrane 
remodeling in the trans-Golgi network (Almeida 
et al. 2011); Myo1c plays roles in sound percep-
tion, glucose uptake, podocyte formation and 
polarity maintenance in epithelial cells (Bose 
et al. 2002; Holt et al. 2002; Arif et al. 2011; Fan 
et  al. 2012; Tiwari et  al. 2013; Tokuo and 
Coluccio 2013); Myo1d is critical in left-right 
axis determination during development (Juan 
et al. 2018; Saydmohammed et al. 2018; Tingler 
et  al. 2018); and Myo1e, Myo1f, and Myo1g 
have been shown to be essential in the immune 
system (Giron-Perez et  al. 2019). The study of 
the lipid-binding properties of myosins-I dates 
back nearly 30 years (Adams and Pollard 1989; 
Miyata et al. 1989; Hayden et al. 1990), but the 

Fig. 3.7 Myosin-X and Myosin-I can bind to phospho-
lipid with their PH domains. (a) Domain architectures of 
Myosin-X (left) and Myosin-I (right) showing the posi-
tions of PH domains in their tails. (b) Ribbon representa-
tion and surface electrostatic potential of the Myo10 
PH1N-PH2-PH1C structure (PDB: 3TFM) showing the 
supramodule formation of the split PH domains for syner-
gistic lipid binding. (c) Ribbon representation and surface 

electrostatic potential of the extended PH domain in 
Myo1c (PDB: 4R8G). The PI(4,5)P is modeled to indicate 
the phospholipid binding pocket. (d) Ribbon diagram of a 
modeled full-length Myo1c structure in complex with 
three copies of CaM. The full-length structure was gener-
ated by combining the structure of the Myo1b motor 
domain (PDB: 4L79) and the structure of the  Myo1c 
neck-tail domain (PDB: 4R8G)
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existence of PH domains was not recognized 
until 2006 (Hokanson et  al. 2006). The crystal 
structure of the entire neck-tail region of Myo1c 
in complex with calmodulin (CaM) clearly con-
firms that the C-terminus of Myo1c contains an 
extended PH domain, i.e., a canonical PH-domain 
fold with an N-terminal α-helical and C-terminal 
β-sheet extension (Fig.  3.7c) (Lu et  al. 2015). 
This extended PH domain is tightly associated 
with the CaM bound post-IQ region, making the 
entire tail of Myo1c an integrated structural unit. 
Unlike Myo10 PH2, the Myo1c PH domain is not 
a lipid-specific binder but has preferences 
towards phospholipids with phosphates at the 4- 
or 5-position (Hokanson and Ostap 2006). 
Moreover, structural studies demonstrate that its 
lipid-binding pocket is fully accessible to lipid 
membrane, with no steric hindrance by the exten-
sions. The role of the extension sequence is still 
unknown, but it can possibly serve as a protein 
cargo-binding site given the high sequence con-
servation during evolution.

As a single-headed myosin, it is unclear 
whether Myo1c can act as a cargo transporter 
along actin filament. Combining the high- 
resolution structures of the motor domain and the 
entire neck-tail region of Myo1c gives us an 
opportunity to build the first atomic model of full 
length Myo1c (Munnich et  al. 2014; Shuman 
et al. 2014; Lu et al. 2015). The model suggests 
that Myo1c adopts a rigid conformation 
(Fig. 3.7d). With its C-terminal PH domain bind-
ing to lipid membrane and N-terminal motor 
domain binding to actin filament, we propose that 
Myo1c may serve as a molecular tether to bridge 
the plasma membrane and the cytoskeleton. More 
intriguingly, structural and biochemical data sug-
gest that when the Ca2+ concentration is increased 
(e.g., the cells are stimulated), CaM binding on 
Myo1c leads to a dramatic structural rearrange-
ment whereby the neck and post-IQ region 
becomes unstructured. The loss of rigidity 
induced by the increase in Ca2+ concentration 
will further lower the mechanical load of the 
motor, and finally lead to the dissociation of the 
motor from actin filaments (McConnell and 
Tyska 2010; Lu et al. 2015). This then breaks the 
linkage between the plasma membrane and the 

cytoskeleton and eventually releases tension, a 
process probably related to the adaptation mech-
anism in the hair cells of our auditory system 
(Gillespie and Muller 2009; Batters et al. 2004).

3.3  Conclusions 
and Perspectives

Due to the structural and biochemical studies in 
the most recent 10  years, our understanding of 
the cargo-recognition mechanisms of unconven-
tional myosins has reached an unprecedented 
level. For the majority of human unconventional 
myosins, we already have atomic structures of 
the cargo-binding domains either alone or with at 
least one cargo bound. Even for some myosins, 
the structures of the cargo-binding domain in 
complex with various cargoes (e.g., myosin-V) 
are also available. We believe that the number of 
structures will continue growing.

Now with more and more structural informa-
tion in hand, research into myosin cargo binding 
will reach another level. Cargo binding is pre-
cisely regulated to achieve the highly organized 
motion in cellular environment. Research is 
needed to understand how reversible cargo load-
ing and unloading is regulated at certain times 
and locations. Moreover, accumulating evidence 
shows that cargo binding is not a passive behav-
ior but can actively affect the motor. For example, 
myosin-V is reported to be autoinhibited when 
no cargo is loaded. Binding to cargoes like MLPH 
can release its autoinhibition and thus activate the 
motor. Such cargo binding-induced activation 
may also exist in other myosins such as Myo7a, 
Myo10. Elucidating how these myosins are auto-
inhibited and how cargo binding can release the 
autoinhibition will be another direction to follow 
in the future. Another exciting direction of future 
research is to further understand the mechanistic 
basis of diseases caused by mutations of myosins 
and to search for therapeutic methods for treating 
these diseases.
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The Structure of Acto-Myosin

Rasmus R. Schröder

Abstract

After several decades studying different acto- 
myosin complexes at lower and intermediate 
resolution  – limited by the electron micro-
scope instrumentation available then – recent 
advances in imaging technology have been 
crucial for obtaining a number of excellent 
high-resolution 3D reconstructions from cryo 
electron microscopy. The resolution level 
reached now is about 3–4  Å, which allows 
unambiguous model building of filamentous 
actin on its own as well as that of actin fila-
ments decorated with strongly bound myosin 
variants. The interface between actin and the 
myosin motor domain can now be described 
in detail, and the function of parts of the inter-
face (such as, e.g., the cardiomyopathy loop) 
can be understood in a mechanistical way. 
Most recently, reconstructions of actin fila-
ments decorated with different myosins, 
which show a strongly bound acto-myosin 
complex also in the presence of the nucleotide 
ADP, have become available. The comparison 
of these structures with the nucleotide-free 
Rigor state provide the first mechanistic 
description of force sensing. An open question 

is still the initial interaction of the motor 
domain of myosin with the actin filament. 
Such weakly interacting states have so far not 
been the subject of microscopical studies, 
even though high-resolution structures would 
be needed to shed light on the initial steps of 
phosphate release and power stroke initiation.

Keywords

Acto-myosin complex · Strongly bound state 
· Weakly bound state · Force sensing · Cryo 
electron microscopy

4.1  Introduction

When considering “the structure of acto-myosin” 
two seemingly different meanings come to mind: 
in the first place we think about the mechanism of 
force generation and motility via the actin/myo-
sin molecular motor system. The notion that the 
structure of the interacting complex of the motor 
protein myosin and its track, filamentous actin, 
will define function is evident, and ever since 
electron microscopists produced the first visuali-
sation of the interactions of myosin with actin in 
a muscle sarcomere (cf. Fig. 4.1; Huxley 1957) 
structural biologists carried out work to under-
stand different states of the crossbridge cycle at 
finer and finer detail.
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On the other hand, the phrase “acto-myosin” 
has for a long time been used by electron micros-
copists when talking about “decorated F-actin”. 
This means purified filaments of either actin on 
its own, or sometimes as reconstituted or even 
native thin filaments with their tropomyosin and 
troponin components “decorated” with myosin 
sub-fragments where myosin binds strongly to 
the actin in its nucleotide-free Rigor state. This 
protein complex was for many years the only 
state of the crossbridge cycle accessible until 
crystals of myosin could finally be grown 
(Rayment et  al. 1993a; Houdusse et  al. 2000). 
“Decorated actin” was thus excessively studied, 
first by conventional electron microscopy via the 
so-called negative-staining technique, then since 
the 1990s by cryo electron microscopy. Typical 
reconstructions are shown in Fig. 4.2 illustrating 
some very early examples of this work (Moore 

et  al. 1970; Milligan and Flicker 1987; Flicker 
et al. 1991).

As has happened often in structural biology, 
high-resolution structures from protein X-ray 
crystallography and not from electron micros-
copy have dominated the progress in our under-
standing of molecular functions. The common 
wisdom was that X-ray structures intrinsically 
have higher resolution and will give much more 
information than 3D reconstructions from elec-
tron micrographs. Acto-myosin has not been an 
exception from this rule, and X-ray crystallogra-
phers have produced a very large number of 
structures using nucleotide analogues, myosin 
mutants and/or unconventional myosins to pro-
duce a detailed picture of the possible conforma-
tional space of the motor domain on its own. 
What has been lacking for a long time was 
detailed information about the motor domain 

Fig. 4.1 Electron micrograph of an ultrathin section of 
chemically fixed, heavy metal stained, and resin embed-
ded muscle sample. Note the sarcomere Z-lines and the 
area of overlapping thick and thin filaments (red circle). In 
the area one can clearly see the myosin motor domains as 
“crossbridges” between the filaments. Such micrographs 

represent the typical first visualization of the acto-myosin 
complex and are considered recently again – in their 3D 
tomogram flavour  – a valuable source for information 
about crossbridge states (cf. Figs. 4.11, 4.12 and text Sect. 
4.5). (Image adapted from Huxley 1957)
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interacting with its track F-actin. Despite numer-
ous attempts to form a small enough acto-myosin 
complex, which might be in the correct binding 
conformation and able to form crystals (Dawson 
et al. 2003; Qu et al. 2018), to date there is not yet 
any crystallographic interaction structure.

This leaves the field still wide open for elec-
tron microscopy, which in recent years has devel-
oped from a medium-resolution technique, 
providing typical 1-nm resolution data, to a truly 
structural biology tool, contributing data at the 
3–4-Å resolution level at present. Over the last 
25 years advances in sample preparation, image 
processing, as well as development of new micro-
scopes, detectors, and automated data collection 
have boosted the field (cf. review by Schröder 
2015) resulting in the awarding of Nobel prizes 
to Dubochet, Frank, and Henderson (Cressey and 
Callaway 2017). In the last 2  years high- 
resolution structures of F-actin (3.1 Å, Chou and 
Pollard 2019) and myosin-decorated F-actin 
(3.7 Å, Mentes et al. 2018) have been published. 
They show very clearly that electron microscopy 
can now be used to study the mechanism of the 
actin-myosin motor system.

Figure 4.3 illustrates the crossbridge cycle of 
actin and myosin, indicating also which struc-
tural biology technique (X-ray crystallography or 
electron microscopy) might be most useful to 
obtain additional information in the future. In this 
chapter we will briefly look back at some earlier 
work, which already pointed out interesting ques-
tions, such as the mechanism for the actin- 
activation of myosin ATP hydrolysis or the 
coupling between nucleotide state and lever arm 
movement, also known as the power stroke. It is 
also interesting to see how the increase in resolu-
tion developed and fostered a completely new 
understanding of how the conformational 
changes connect to function. This will lead to an 
in-depth discussion of the highest resolution 
structure of decorated F-actin to date and its 
implications for the detailed description of the 
strongly interacting acto-myosin states. Here, we 
will not repeat the crystallographic results. They 
are described in detail in Chap. 2 by Sweeney and 
colleagues and also in a very recent review by 
Robert-Paganin et al. 2019. We will end the chap-
ter by exploring some ideas regarding future 
microscopy studies, which should close the blind 
spots of both X-ray crystallography and static 
electron microscopy.

Fig. 4.2 Typical micrographs and 3D reconstructions 
from early myosin decorated F-actin in their nucleotide- 
free strong binding state, contrasted with negative stain 
(a), or embedded in a vitrified ice layer (b). In the case of 
the cryo electron microscopy sample (b), tropomyosin 
(blue in the 3D reconstruction) was present. (Images in (a) 
adapted from Moore et  al. (1970), in (b) from Flicker 
et al. (1991))
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4.2  Studying the Canonical 
Acto-myosin State – 
The Strongly Bound Motor

As discussed above, electron microscopy was the 
natural technique to investigate the strongly 
bound states of myosin to F-actin (cf. Fig.  4.3, 
light orange background). At times when only 
skeletal myosins were examined, the nucleotide- 
free myosin state (Rigor) was studied, as no dif-
ference between an ADP-bound or nucleotide-free 
state could be observed at the resolution  attainable 
then. Early work was satisfied with visualising 
the binding state with a first attempt to dock the 

quasi-molecular crystallographic structure into 
the reconstructed density, which was at a resolu-
tion level of about 20–30 Å (Flicker et al. 1991; 
Rayment et  al. 1993b; Schröder et  al. 1993). 
These models were in hindsight not very helpful 
as their definition of the actin-myosin interface 
was not good enough to draw detailed 
conclusions.

This situation changed when myosins other 
than skeletal muscle myosin 2 were explored. For 
example, two states were reported for smooth 
muscle myosin 2 (Whittacker et al. 1995) shown 
in Fig. 4.4a and for brush border myosin 1 (now 
myosin 1A; Myo1a) (Jontes et al. 1995). Besides 

Fig. 4.3 Schematics of the acto-myosin crossbridge 
cycle. The background pie segments assign the states in 
the cycle to either X-ray crystallography (blue) or cryo 
electron microscopy (orange) as that technique, which is 
most commonly used to obtain structural information 

about that particular acto-myosin state. The two orange 
ellipses denote states, which might become accessible for 
cryo electron microscopy in the future (cf. also Sect. 4.5). 
(Image of the crossbridge cycle adapted from Wulf et al. 
2016)
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Fig. 4.4 (a) Low resolution helical reconstruction of 
F-actin decorated with the smooth muscle myosin 1 motor 
domain and its light chain, left in the nucleotide-free 
Rigor state, right in AM.ADP state. Images adapted from 
Whittacker et al. (Whittaker et al. 1995). Note the differ-
ence in the direction of the light chains pointing away 
from the F-actin axis. Together with work on brush border 
myosin 1 (Jontes et al. 1995), these were the first struc-
tural data indicating that the motor domain and its lever 
arm are in an intermediate power stroke position when 
ADP is still bound. Cf. Sect. 4.3 and the high-resolution 
work by Mentes et al. (2018), also Fig. 4.9. (b) Closure of 

the cleft in the upper 50 kDa motor domain upon strong 
binding to actin. Image from Holmes et  al. (2003). The 
reconstruction of the acto-myosin complex at medium 
resolution provided a well-defined molecular envelope, 
which then allowed molecular fitting of the crystallo-
graphic model of skeletal myosin 2. To fit into the enve-
lope the crystal structure had to be modified. The upper 
row shows the unmodified structure with the lower 50 kDa 
domain (grey) already docked to the actin surface. The 
lower row shows the fit with the closed cleft and both, 
upper and lower 50 kDa domain in a position forming the 
actin-myosin interface for the strongly bound complex
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the conventional Rigor state, the ADP state was 
described, i.e., the strongly bound myosin where 
the nucleotide ADP is still bound. Such a nucleo-
tide state can be populated for a number of myo-
sins, e.g., myosin 5 (Wulf et al. 2016) and myosin 
1B (Mentes et al. 2018) as will be discussed later. 
Interestingly, the reconstructions showed a clear 
difference in the direction the lever arm is point-
ing. In the Rigor state it swings slightly down-
wards towards the barbed end of the decorated 
filament, while the ADP state reveals a more 
upwards directed lever arm. These two states 
were also subsequently found in single-molecule 
mechanics experiments, identified as the two 
states in displacement graphs from optical trap 
studies (Veigel et  al. 1999; Sellers and Veigel 
2006).

in the middle of the 1990’s it was already well 
anticipated from these experiments that the 
“strongly bound” state should come in different 
flavours and should be more populated in some 
myosins than others. This also indicates a corre-
lation between existence of the ADP state and 
motor function. The existence of such a long- 
lived ADP state is today understood as a stopping 
point in the crossbridge cycle. In this state the 
myosin can sense force, e.g., strain pulling at the 
lever arm (cf. e.g., Chap. 8 by Sellers and Takagi 
as well as the discussion of the ADP high- 
resolution reconstructions below).

Another flavour of the strongly bound state is 
its function as a trigger for the power stroke. 
Rephrased in a more mechanistical way, the tran-
sition from a weakly to a strongly bound myosin 
must be the signal for the motor to start with the 
power stroke. This order of events is mandatory, 
as otherwise – in a decoupled scenario – part of 
the power stroke’s effect would be lost. Myosin’s 
sensing of its binding coordination upon binding 
to F-actin has been investigated in numerous 
studies, again using electron microscopy, but also 
myosin mutants, spectroscopic probes, and elab-
orate biochemical state preparations for X-ray 
crystallography. One of the first visualisations of 
a conformational change upon strong binding is 
illustrated in Fig. 4.4b (Holmes et al. 2003) where 
the closure of the cleft between the upper and 
lower 50-kDa domains was observed when trying 

to fit the original crystallographic skeletal myo-
sin 2 model into a 3D reconstruction of decorated 
actin at about 14-Å resolution.

Unfortunately, this level of resolution was still 
not good enough to derive a detailed model of the 
molecular mechanisms, but it pointed to a num-
ber of hotspots in the myosin structure which 
were then studied with a number of different 
approaches.

4.3  Changing the Game – Cryo 
Electron Microscopy 2.0 
and High-Resolution 
Reconstructions 
of the Nucleotide-Free Rigor 
State and ADP States

4.3.1  Pushing the Limits – Advances 
in Instrumentation and Image 
Processing

In the years from about 2010 new ideas and tech-
nical advances have changed electron micros-
copy. While progress in many details such as 
instrument stability and automated data collec-
tion had happened in secrecy, the appearance of 
novel reconstruction software (Scheres 2012) 
coincided with the availability and application of 
direct electron detectors (Campbell et  al. 2012; 
Clough et  al. 2014; McMullan et  al. 2016) and 
put a spotlight on the possibility of obtaining 
high-resolution structures in the 3–4-Å resolution 
range by cryo electron microscopy (Kühlbrandt 
2014).

This development is reflected in the boost of 
resolution for many reconstructions of F-actin 
and myosin-decorated F-actin or thin filaments 
over the years. Figs. 4.5 and 4.6 reflect the change 
in appearance and information content of the 3D 
reconstructions obtained. For myosin-decorated 
actin filaments (Fig.  4.5) representative recon-
structions were published by Behrmann et  al. 
(2012, 7.4  Å resolution, data found as EMD- 
1988 in EMDataResource.org), Fujii and Namba 
(2017, 5.2  Å, EMD-6664), and van der Ecken 
et al. (2016, 3.9 Å, EMD-8165), which illustrate 
also the limits of resolution imposed, e.g., by the 
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electron detectors used. Maybe the best compari-
son and most obvious effect is seen by the direct 
juxtaposition of a by then state-of-the-art “pre- 
revolution” F-actin reconstruction (Fujii et  al. 
2010) and the at present best published F-actin 
cryo electron microscopy reconstruction at about 
3.1  Å resolution (Chou and Pollard 2019) as 
shown in Fig. 4.6.

That latter study included an interesting com-
parison of F-actin structures published over the 
years derived by different techniques ranging 
from X-ray diffraction on ordered gels to cryo 
electron microscopy. Again, the boost in resolu-
tion for microscopy is apparent, but also the dif-
ferences in resolution, which correlate with 
details of data collection and data processing. 
Here, technologies proved a mixed bag, e.g., the 
use of electron energy filtering microscopy, 
which has been around for a long time but has 
been belittled, seems to improve resolution, while 
the recently hyped physical phase plates in their 
current implementation seem to deteriorate high-
est resolution. It will be interesting to see where 
cryo electron microscopy goes from there and 
which standard will emerge in the next years.

The newest reconstructions of F-actin provide 
a detailed analysis of the actin polymerization 

mechanism derived from the comparison of three 
reconstructions (AMPPNP, ADPPi, ADP), all in 
the resolution range of 3.1–3.7  Å (Chou and 
Pollard 2019; cf. also Bradshaw and Paul 2019).

4.3.2  The 50-kDa Domain in Its 
Strongly Bound State 
and the Acto-myosin Interface

Quite a few high-resolution reconstructions have 
by now described the Rigor state of the myosin 
motor domain bound to F-actin alone (Mentes 
et  al. 2018) or thin filaments without troponin 
(Behrmann et  al. 2012; van der Ecken et  al. 
2016). In the overall structure of the Rigor com-
plex, i.e., the orientation of myosin’s motor 
domain at the surface of F-actin, there have been 
very few changes to earlier medium resolution 
data (cf. Fig. 4.4b, Holmes et al., 2003). In par-
ticular, the details about the closure of the deep 
cleft in the 50-kDa domain of myosin still hold. 
This closure changes the orientation of the so- 
called switch-1 with respect to the bound nucleo-
tide (cf. Fig.  4.10 and also Chap. 2 on myosin 
structure by Sweeney and colleagues), thus 
weakening its binding interaction. The detailed 

Fig. 4.5 Recent 3D helical reconstructions of actin fila-
ments decorated with myosin subfragment-1 at increasing 
resolution: (a) 7.4 Å from Behrmann et al. (2012) including 
tropomyosin, data found as EMD-1988 in EMDataResource.
org; (b) 5.2 Å from Fujii and Namba (2017) as pure F-actin, 
EMD-6664; (c) 3.9  Å from von der Ecken et  al. (2016) 

including tropomyosin, EMD-8165. Note the different 
appearance of details with increasing resolution but also the 
likeness of the general fit of the binding motor domain. The 
red circle marks the N-terminal beta-barrel of myosin. (All 
maps are visualized using the graphics software USCF 
Chimera (Pettersen et al. 2004))

4 The Structure of Acto-Myosin



48

amino acid interactions of this coordination vary 
slightly among the different reconstructions, but 
the general concept that the transition from a 
weakly to a strongly bound state of the acto- 
myosin interaction will affect nucleotide coordi-
nation and binding strength is still correct. 
Interestingly, the dissociation of the motor 
domain from the filament upon ATP binding 
must – in principle – reverse this step. That is, by 
recruiting switch-1 for nucleotide coordination, 
the cleft in the 50-kDa domain is forced to open 
and the motor domain dissociates from F-actin. 
As is described below, the weakly bound state 
upon formation of the acto-myosin binding com-
plex and also the structures when myosin dissoci-
ates from the strongly bound complex are not 
known at present, and thus a molecular mecha-
nism for this is not really known. But we can 
assume that the detailed interactions in myosin 
are not “symmetric”, i.e., the sequence of steps 
when going through the crossbridge cycle is 
reflected in an order of structural changes not 
freely interchangeable. An example of such a 
directed change could be the coordination of the 
N-terminal extension of myosin with the lever 
arm now seen upon ADP release (cf. Fig.  4.9, 
Mentes et al. 2018). It has to be seen which other 

structures of the crossbridge cycle will be avail-
able in the future.

It should be mentioned that the structures by 
Behrmann et al. (2012) and van der Ecken et al. 
(2016) show additional details about the interac-
tions of amino acids in the interface between 
myosin and actin. This gives new information 
regarding the effects of mutations in surface 
loops of actin and myosin interrupting the inter-
face between myosin and actin and thus cause 
pathological effects, such as, e.g., familial 
cardiomyopathies.

4.3.3  The ADP-State of Myosin 
Strongly Bound to Actin – 
And What It Tells Us About 
Force Sensing

Two studies, albeit at different levels of resolu-
tion, lately compared the nucleotide-free myosin 
Rigor model with the conformation where the 
nucleotide ADP is bound. Wulf et al. (2016) used 
myosin 5 (myo5) for their reconstructions (end-
ing up at about 6-8 Å resolution), while Mentes 
et al. (2018) used myosin 1b (Myo1b) reaching 
resolutions in the order of 3.2–4.1 Å. Figure 4.7 

Fig. 4.6 Comparison of 3D reconstructions of filamen-
tous actin before (a) and after (b) the “resolution revolu-
tion” originating from the use of movie correction made 
possible by the fast frame rates of Direct Electron 
Detectors. (a) from Fuji et al. (2010), data found as EMD- 
5168 in EMDataResource.org; (b) from Chou and Pollard 

(2019), EMD-7936. This direct comparison of the two 
reconstructed 3D maps illustrates the difference in infor-
mation content and obvious detail when highest resolution 
(here 3.1 Å) is available. (All maps are visualized using 
the graphics software USCF Chimera (Pettersen et  al. 
2004))
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shows the general appearance of the reconstruc-
tions and focusses also on the central beta-sheet 
(the so-called transducer; Coureux et al. 2004). It 
was long speculated that this beta-sheet – together 

with other structural elements, in particular the 
N-terminal domain, which includes part of the 
beta-sheet  – couples the lever arm to the 
nucleotide- binding site. And indeed, one of the 
more obvious changes between the ADP and 
Rigor state is the position of the lever arm and the 
bending and twisting of the transducer domain. 
In simple terms, pulling at the lever arm in oppo-
site direction to its power stroke will also pull at 
the central beta-sheet (and other structural ele-
ments, see below) which leads to a lower proba-
bility of the ADP leaving the nucleotide-binding 
site. Conversely, when allowed to swing freely in 
its genuine power stroke direction, myosin 
changes its conformation such that ADP can rap-
idly leave the molecule.

This simple scheme can provide a first mecha-
nistical model, e.g., for the coordination of heads 
in the processive walking of myosin 5 as well as 
the force sensing of a number of different 
myosins.

Mentes et al. (2018) in fact contribute a very 
detailed mechanistical model of how mechanical 
load prevents MgADP release and thus obstructs 
the transition from an intermediate acto-myosin- 
ADP state to the final Rigor state after the power 
stroke. Figure  4.8 (adapted from their original 
publication) illustrates the detailed changes of 
the molecular conformation when transitioning 
from (i) an AM.ADP state (denoted AM.ADPA) 
with the lever arm not yet in a Rigor-like position 
to (ii) a second AM.ADP state which still has 
ADP bound, but the lever arm has already moved 
(AM.ADPB), to (iii) the Rigor state. The defini-
tion of the second AM.ADPB state with its moved 
lever arm resulted from the classification of 
reconstructed data, i.e., while the majority of 
acto-myosin complexes were in the state 
AM.ADPA, about 15% of the complexes included 
in the reconstruction had the lever arm almost in 
the Rigor position, but ADP was still present. 
This succession of states and their changes 
regarding the coordination of loop 5 and the 
N-terminal subdomain, as illustrated in Fig. 4.9, 
can be put together as a working hypothesis in 
the following mechanistical model: The swing-
ing of the lever arm is coupled to the nucleotide, 
which is bound in the motor domain by the now 

Fig. 4.7 Comparison of 3D reconstructions of F-actin 
decorated with myosin 5 (a) from Wulf et al. (2016) and 
F-actin 1B decorated with myosin (b) from Mentes et al. 
(2018). Note the difference in resolution (about 6 Å for 
(a), about 3.3 Å for (b)), equivalent to the situation for 
F-actin alone illustrated in Fig. 4.6. Both reconstructions 
are from samples in their AM.ADP states. (Pictures copy-
right by PNAS/United States National Academy of 
Science (US))
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so-called N-terminal subdomain (which also 
includes part of the central beta-sheet). In the 
individual small figures in row D this subdomain 
is shown in blue, also including the N-terminal 
extension. While the latter coordinates with the 
subdomain in the AM.ADP state (aka AM.ADPA, 
cf. Fig. 4.9 row C, note the different binding of 
the extension coloured in magenta), it starts to 
interact with the lever arm in the intermediate 
state (AM.ADPB). Future studies (e.g., Molecular 
Dynamics calculations driving a transition among 

these three structures) may show what the energy 
landscape of these three structures looks like and 
why the conformational changes happen in the 
sequence observed now. It may be envisaged that 
pulling at the lever arm may allow the N-terminal 
extension to change its binding position with a 
higher probability and thus to weaken the other-
wise stabilized AM.ADPA state. In the rigor state 
this extension is then again coordinated to the 
lever arm. The important result of the work is the 
visualization of an existing intermediate state, 

Fig. 4.8 The conformations of myosin’s central beta- 
sheet in the nucleotide-free Rigor state and the AM.ADP 
state – where ADP is still bound in the nucleotide binding 
pocket (upper two rows; top row from Wulf et al. (2016) – 
beta strands in the sheet are not resolved at 6 Å resolution, 
while the strands are very well resolved in the reconstruc-
tion from Mentes et al. (2018) at 3.3 Å resolution. Note 

the distinct difference in the bending of the beta-sheet for 
the two different nucleotide states. The difference between 
Rigor and AM.ADP is also reflected in the direction of the 
lever arm, which is illustrated for the data from Mentes 
et al. (2018) (bottom row). (Pictures adapted from images 
in the cited publications in PNAS/United States National 
Academy of Science (US))
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Fig. 4.9 Figure from Mentes et al. (2018) illustrating the 
detailed changes in lever arm direction and coordination 
of the N-terminal subdomain/N-terminal extension in the 
different states AM.ADPA, AM.ADPB, and Rigor (AM). 
The two ADP states were found in the ensemble of 
recorded ADP acto-myosin filaments, with the majority 
(85%) of complexes in the AM.ADPA form. AM.ADPB is 
supposed to be an intermediate with the lever arm already 
swinging into the usual direction of the Rigor state. (a) 
shows the general conformation of nucleotide binding 

pocket, central beta-sheet, N-terminal domain (blue) and 
lever arm (red). (b) shows details of the nucleotide bind-
ing site, and (c) illustrates the corresponding conforma-
tions for the N-terminal extension (magenta) interacting 
either with the N-terminal domain or the lever arm. These 
changes are combined with a large change of the coordi-
nation of loop-5 and the swinging of the lever arm into its 
Rigor direction. (d) Schematic models for the three dis-
cussed states. (Picture copyright by PNAS/United States 
National Academy of Science (US))
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which shows the changes of the coordination of 
the N-terminal extension.

It should be mentioned here that for myosin 6 
(Wells et al. 1999) mechanisms for force sensing 
were discussed as well (Gurel et  al. 2017), but 
they were not based on any structural data of 
acto-myosin at that level of resolution.

4.4  Putting All the Information 
Together – The Crossbridge 
Cycle

By combining all the crystallographic, spectro-
scopic and microscopic data, one can compile a 
detailed description of states and transitions of 
the motor’s crossbridge cycle. The best compila-
tion to date is given in Fig. 4.10, adapted from a 
recent review by Robert-Paganin et al. (2019; cf. 
also Chap. 2 on myosin structure by Sweeney and 
colleagues).

Two details of this crossbridge cycle scheme 
are noteworthy: At present we have no experi-
mental evidence for a defined structure after the 
first, non-stereospecific initial association of the 
ADP.Pi-loaded pre-power stroke myosin. 
However, there must be a transition to a specific 
binding of the lower and upper 50-kDa domain, 
which initiates a sequence of conformational 
changes leading to the power stroke. The second 
point then concerns the structure of this specific 
binding, which can be imagined as a somewhat 
open conformation as proposed by Robert- 
Paganin et  al. (2019) or already with a further 
closed cleft as proposed e.g., by Behrmann et al. 
(2012). Experimental evidence for such details is 
not overwhelming as all the modelling is based 
on crystallographic states of myosin on its own. It 
is most likely that these conformations – which a 
priori only describe possible states in free myo-
sin’s conformational space – will also be used by 
myosin when interacting with actin. But we have 
to remember that there are no interpretable struc-
tural data for any weakly bound acto-myosin 
states (cf. below). Considering the evidence for 
other states and transitions in the crossbridge 
cycle, in particular our detailed understanding of 
the transition between AM.ADP and the Rigor 

state, it seems not irrelevant to wait for more 
structural data of such weakly bound complexes. 
Whether this will be crystallographic data or 
reconstructions from cryo electron microscopy 
has to be seen, but certainly both will help to shed 
more light onto the details of the initial binding 
of myosin to actin, phosphate release and the ini-
tiation of the lever arm swing with its transition 
to the above discussed AM.ADPA state.

4.5  The Future of the Field – 
Chasing the Weakly Bound 
Acto-myosin States

Very little progress has been reported on crystal-
lizing any acto-myosin complex, and the small 
steps, e.g., efforts to stop actin from polymeriz-
ing resulting in formation of a small, F-actin-like 
oligomer (Qu et al. 2018; Dawson et al. 2003), 
should not be overinterpreted. However, after the 
success of cryo electron microscopy described so 
far in analyzing more or less ordered complexes – 
and also watching the advances of classification 
and sorting of states applied in other fields of bio-
medical research  – one should reconsider the 
possibilities of advanced sample preparation.

As is well known from stop-flow kinetic 
experiments, rapid mixing is one possible way to 
populate transient states. In the case of electron 
microscopy this could be translated into a rapid 
mixing and freeze experiment. In this experiment 
a myosin suspension with gold nanoparticles is 
sprayed onto an electron microscopy grid that is 
already covered by a thin film of a suspension of 
actin filaments. The grid is quick-frozen millisec-
onds after spraying, so that the mixing time is 
very short. The gold nanoparticles in the myosin 
solution are used as markers that the myosin 
spray has actually hit the sample. Figure  4.11a 
from Walker et  al. (1999) shows a vitrified ice 
layer with two such nanoparticles and two F-actin 
filaments, which do not show the typical arrow-
head appearance of well-ordered myosin deco-
rated F-actin filaments (cf. Figs. 4.2 and 4.3), but 
look like myosin randomly interacting with the 
filament. This indicates that myosin might not yet 
be bound in a stereospecific way, which makes it 
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Fig. 4.10 Schematic of the crossbridge cycle proposing a 
detailed structural and mechanistic model for the different 
states of the myosin motor domain. This detailed model 
has very recently been proposed in Robert-Paganin et al. 

(2019), cf. also chapter 2 on the structure of myosin in this 
book. (Picture copyright by American Chemical Society 
(US))
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Fig. 4.11 Capturing dynamic states of the acto-myosin 
complex, which are intermediates in the crossbridge cycle 
(cf. Fig.  4.3, states marked by orange ellipses). (a) 
nucleotide- free myosin subfragment-S1 sprayed onto a 
suspension of F-actin and then quick-frozen to stop bind-
ing reaction in an early/intermediate weak binding state. 
Picture from Walker et  al. (1999), copyright by PNAS/
United States National Academy of Science (US). Note 
the disordered appearance of the myosin molecules inter-
acting with F-actin. Conventionally, i.e. some more time 
after mixing, myosin would form nicely ordered “arrow-
heads” as shown in Fig. 4.2. The data are consistent with 
the hypothesis that the initial coordination of myosin mol-
ecules upon actin binding is non-stereospecific. However, 

it should be noted that the experiments shown here are in 
the absence of nucleotide, i.e., they are not identical to the 
initial binding of myosin in an ADP.Pi state. (b) Time- 
resolved dissociation of myosin subfragment-1 from 
F-actin (Ménétret et  al. 1991). In this experiment flash- 
photolysis of caged-AMPPNP was used, which slows 
down nucleotide binding and complex dissociation and 
thus allows to freeze intermediate states. Freezing delay 
after flashing (left to right): no flashing, 20  ms, 30  ms, 
80 ms, 2 s. Scale bar 35.5 nm. Note the curly appearance 
of the intermediates at 30 ms delay time, which may indi-
cate breaking of the helical symmetry of the F-actin fila-
ment by the still interacting myosin molecules. (Picture 
from Ménétret et al. (1991), copyright by Elsevier)
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likely that such myosins are attached in a weakly 
binding state – as desired.

The lack of symmetry, which is in contrast to 
what would be expected from a well-ordered dec-
oration, makes image processing complicated for 
such samples. In principle, a single-particle 
approach could be applied if myosin molecules 
were only sparsely attached to the filament. Then, 
the F-actin backbone could be used for aligning 
the molecules, while classification might sort a 
wider distribution of motor domain attachment 
geometries. If enough molecules are selected 
even averaging the molecules to higher resolu-
tion might be feasible. Such an approach needs to 
be repeated with modern microscopes and direct 
electron detectors. It may help to visualize the 
first interactions of the motor domain with F-actin 
and to find out what conformation of the 50-kDa 
cleft is adopted (cf. Fig.  4.9 and discussion 
above). An additional interesting detail is exposed 
by Fig.  4.10a: While a cooperative effect for 
strong binding of myosin to actin has been 
described many times (e.g., Prochniewicz et  al. 
1996), it seems as if the weakly bound states 
could prime the filament for motor domain bind-
ing, too. While two actin filaments seem to be 
covered by myosin to a rather high degree, 
another filament is still completely bare. This is a 
surprising observation, which might indicate that 
already for non-stereospecific interactions myo-
sin molecules can link adjacent actin monomers, 
e.g., bridge them with different attachment geom-
etries of the lower and upper 50-kDa domain 
with a still reasonably open cleft. This is all spec-
ulation at this point, but this discussion should 
awaken interest in more dynamic sample prepa-
ration experiments and high-resolution image 
processing of micrographs from such samples.

Another experiment exploring a dynamic 
sample preparation technique is illustrated in 
Fig. 4.11b, which shows the detachment of motor 
domains from filamentous actin. In this experi-
ment (Ménétret et  al. 1991) flash-photolysis of 
ATP or AMPPNP was used to add nucleotide just 
milliseconds before rapid freezing. While ATP 
leads to a rapid detachment of myosin from 
F-actin, AMPPNP slows down this process and 
“intermediates” of the detachment process can be 

followed. In Fig. 4.10b a succession of filament 
appearances from left (no free nucleotide is 
added) to right (freezing 2  s after AMPPNP 
release) is shown. In itself the detachment pro-
cess is certainly less exciting to study as we can-
not expect further insight into the power stroke 
mechanism. One aspect of the process is the 
appearance of “curly” filaments, which could be 
explained by a local symmetry breaking of the 
actin helical symmetry when individual motor 
domains are detaching. This is interesting, as 
helical symmetry of actin filaments does indeed 
change when proteins bind to actin; a very large 
symmetry change was discovered by McGough 
et al. (1997) for cofilin binding to actin. But on a 
smaller scale this is also observed for the acto- 
myosin complex as decorated filamentous actin. 
Chou and Pollard (2019) report a consistent 
27.4-Å axial repeat/ −166.6° helical turn for their 
different F-actin reconstructions, while actin fila-
ments decorated with myosin 5 (Wulf et al. 2016) 
showed similar axial repeats at a larger helical 
turn (−167.1 to −167.4°) as refined by an itera-
tive helical reconstruction process (Egelman 
2007). Recently, work by Huehn et al. (2018) on 
cofilin-decorated filaments demonstrated that the 
change in symmetry of the filaments occurs quite 
localized at the boundary between decorated and 
bare filament areas. In that particular case the 
change in helical symmetry is quite large result-
ing in a helical turn of −162.1° (McGough et al. 
1997; Galkin et al. 2011).

While information about the mechanism of 
the motor might not be derived from these obser-
vations they might help to better understand the 
dynamics of actin and how different conforma-
tions of the filament might be adopted.

Finally, a more complex approach to the visu-
alization of weakly bound states – and in fact all 
the states in the myosin crossbridge cycle – should 
be discussed: cryo electron tomography on sarco-
meres of vitrified muscle samples. It is possible to 
quick-freeze contracting muscle fibers (Taylor 
et al. 1999), and Figs. 4.12 and 4.13 show differ-
ent views of 3D tomographic reconstructions of 
ultrathin sections of freeze-substituted and plas-
tic-embedded muscle (Wu et  al. 2010, 2012). 
While there is no doubt that such a sample prepa-
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Fig. 4.12 Conventional electron tomography of ultrathin 
plastic sections of quick-frozen muscle after freeze substi-
tution. Picture from Wu et al. (2010), copyright by PLOS, 
US. The 3D rendering illustrates different classes of inter-
action motives found for the crossbridges between thick 

and thin filaments (cf. also Fig. 4.2). These motives are 
found after classification and averaging of corresponding 
motives in 3D.  This averaging procedure reduces noise 
considerably, permitting an initial attempt of docking 
myosin motor domains into the reconstructed densities
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ration comes with quite severe fixation, staining, 
and embedding artifacts, it is still surprising at 
what level of detail such tomograms can be inter-
preted. They can certainly not satisfy the need for 
high-resolution structures, but they do illustrate a 
possible roadmap to high- resolution structures. 
What has to be developed next is a routine work-
flow to prepare cryo samples of sarcomeres for 
cryo electron tomography. Focused ion beam 
milling of cellular samples has been developed in 
recent years (Schaffer et al. 2017) as well as cryo 
lamella lift out from larger samples (Schaffer 
et al. 2019). If a really large number of tomograms 
from such lamella can be recorded, then classifi-
cations similar to those discussed in Taylor et al. 
(2019) might result in many different states of the 
myosin motor domains. When bringing these 
states into the correct successive order such work 
might provide us with movie-like data of all pos-
sible structures of actin and myosin and the acto-
myosin complex in the crossbridge cycle.
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Small Molecule Effectors of Myosin 
Function
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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 

D. J. Manstein and M. Preller



75

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).
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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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Abstract

Inside the cellular environment, molecular 
motors can work in concert to conduct a vari-
ety of important physiological functions and 
processes that are vital for the survival of a 
cell. However, in order to decipher the mecha-
nism of how these molecular motors work, 
single-molecule microscopy techniques 
have been popular methods to understand the 
molecular basis of the emerging ensemble 
behavior of these motor proteins.

In this chapter, we discuss various single- 
molecule biophysical imaging techniques that 
have been used to expose the mechanics and 
kinetics of myosins. The chapter should be 
taken as a general overview and introductory 
guide to the many existing techniques; however, 

since other chapters will discuss some of these 
techniques more thoroughly, the readership 
should refer to those chapters for further details 
and discussions. In particular, we will focus on 
scattering-based single-molecule microscopy 
methods, some of which have become more 
popular in the recent years and around which 
the work in our laboratories has been centered.

Keywords

Single molecule microscopy techniques · In 
vitro actin gliding assay · Single molecule 
fluorescence microscopy (SMFM) · 
Optical trap or tweezer (OT) · Dark-field 
microscopy · Interferometric scattering 
(iSCAT)

6.1  Why Use Single-Molecule 
Assays?

Single-molecule techniques have been employed 
in the actomyosin/cytoskeletal field for the last 
30+ years. These methods have been very  popular 
in this field, because it was generally difficult to 
decrypt the molecular details of how individual 
proteins function from ensemble or bulk mea-
surements. In ensemble experiments, the mea-
sured variable is usually an average over the 
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entire population of molecules. More critically, 
the observables are often  large scale solution 
properties, such as light absorption, scattering, 
fluorescence and conductivity, which can change 
in response to a molecular behavior, but they do 
not visualize the molecular behavior itself. This 
limits the interpretation of the underlying mecha-
nism. For instance, it would require some basic 
understanding of the system if an increase in light 
scattering of a solution of actin were to be inter-
preted as a polymerization into filaments. For 
myosins, it would require a large array of differ-
ent experiments to conclude that a motor walks 
processively along actin filaments. Using single- 
molecule techniques, however, these mechanisms 
become immediately apparent. One can then 
even start to probe molecular behavior on a 
molecule- by-molecule basis, which allows the 
characterization of sub-populations and ulti-
mately leads to the understanding of the resultant 
bulk behavior from a “bottom-up” perspective.

In recent decades or so, single-molecule tech-
niques have become so advanced that dynamic 
behavior of proteins can be measured with ang-
strom level spatial resolution and micro-second 
temporal resolution. This information can be 
used to draw a detailed picture of how conforma-
tional changes are linked to enzymatic activity 
and in the case of molecular motors to directed 
force production. In combination with structural 
studies, single-molecule techniques can decipher 
molecular dynamics at the atomic level and make 
it possible to even understand design principles 
that can be used to build artificial molecular 
motors (Chen et  al. 2012; Furuta et  al. 2017; 
Furuta and Furuta 2018).

6.2  The Original Assays – Bead 
Motility and in vitro Actin 
Gliding Assays

To understand the advances in single-molecule 
microscopy techniques utilized in the actomyosin 
field, we have to first step back and discuss an 
ensemble microscopy assay that has become the 
“granddaddy of them all”: the myosin motility 
assay.

Initial experiments to understand the mechan-
ical activity of myosins used an assay geometry 
whereby native actin bundles (i.e., polar actin 
cables of the alga Nitella axillaris) (Sheetz and 
Spudich 1983; Vale et  al. 1984) or stereocilia 
from bullfrog sacculi and semicircular canals 
(Shepherd et al. 1990)) were adhered to a cover-
slip glass as tracks for myosins attached to large 
polystyrene beads, the motion of which could be 
followed under a microscope. An illustration of 
this assay is shown in Fig. 6.1. In the presence of 
ATP, these beads moved along the actin filament 
bundles in a processive unidirectional manner 
(Sheetz and Spudich 1983; Sheetz et  al. 1986; 
Hynes et al. 1987). This bead motility assay was 
the first practical and quantitative assay to deter-
mine the motion of ensembles of myosins and 
was also used as a prototype system for future 
single-molecule assays in the late 1980’s/early 
1990’s.

The second type of assay, the in vitro actin- 
gliding assay, was first shown to work by the 
Spudich group (Kron and Spudich 1986). Here, 
myosin motion was measured using a purified 
protein system (in vitro) in a chamber with essen-
tially myosin, actin filaments and ATP. This was 
similar to the bead motility assay but used puri-
fied individual actin filaments instead of bundled 
actin filaments.

In this assay, flow cells were constructed with 
a microscope coverslip coated on one surface 
with either rabbit skeletal muscle myosin or 
Dictyostelium discoideum myosin. A mixture of 
fluorescent phalloidin-labeled actin filaments 
together with ATP was then infused into the flow 
cell. The motion of the fluorescently-labeled 
actin filaments, propelled by the surface-attached 
myosins, was observed using a microscope 
equipped with a wide-field fluorescence imaging 
modality (Fig. 6.2). Videos of the actin filaments’ 
motion were saved on video-tapes for further 
analysis such as to determine actin filament 
lengths, velocities and distances traveled. More 
details on the assay can be found in a methodol-
ogy paper by Kron et al. (1991).

In vitro actin gliding formed the basis of the 
single-molecule mechanical and kinetic assays, 
whereby a simplified system with only actin fila-
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ments and myosin is reconstituted inside a micro-
scope flow cell. Over time, advances in the 
theoretical understanding of the underlying pro-
cesses have produced variations of this assay in 
which other actin-binding proteins apply loads to 
the propelled actin filaments by retarding their 
movement (Warshaw et  al. 1990; Bing et  al. 

2000; Greenberg and Moore 2010; Aksel et  al. 
2015). This variation of the assay has been used 
to investigate the response of myosin ensembles 
to external forces.

In recent years, in order to quantitatively ana-
lyze in vitro actin gliding data, new programs 
such as FIESTA and FASTA have been devel-

Fig. 6.1 Bead motility assay. (a) Diagram showing cut-
ting of the cylindrical Nitella cell, pinning of the cut cell, 
and deposition of the myosin-attached beads. (b) Diagram 
showing the open cell from the top. Arrows indicate direc-
tion of movement of vesicular elements in vivo. Myosin- 

2- coated beads move in the same direction in vitro. (c) 
Diagram showing the motion of the myosin-2-coated 
beads on the actin cables. (Diagrams reproduced from 
Sheetz et al. 1986 and Kodera and Ando 2014. Copyright 
1986 Elsevier BV)

Fig. 6.2 in vitro actin gliding assay. Diagram illustrating the motion of the fluorescently-labeled actin filaments on a 
bed of myosins attached to the surface. (Diagram reproduced from Kodera and Ando 2014)

6 Single-Molecule Biophysical Techniques to Study Actomyosin Force Transduction
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oped (Ruhnow et  al. 2011; Aksel et  al. 2015) 
making analysis easier and more efficient. 
However, other “analog” motion analysis type 
modules have been utilized to quantify data in a 
similar fashion since the 1990’s (Homsher et al. 
1992; Sellers et al. 1993).

For measuring the mechanics of higher-order 
myosin macromolecular complexes such as myo-
sin- 2 assembled into bipolar filamentous struc-
tures, experiments have been performed by 
attaching native molluscan myosin-2 “thick fila-
ments” onto a glass surface and measuring the 
actin filaments moving above them (Sellers and 
Kachar 1990). These experiments used a combi-
nation of differential interference contrast (DIC) 
and wide-field fluorescence microscopy to visu-
alize the myosin thick filaments and actin, respec-
tively. As expected from the bipolar structure of 
the myosin filament, the actin filaments were 
seen to move towards the center of the thick fila-
ments. The study showed that the actin filaments 
moved on the myosin filament structure towards 
the center of the bare zone at a rate of ~9 μm s−1. 
Contrary to this expected direction of motion, the 
authors also showed that the actin filaments can 
move from the center bare zone towards the out-
side of the bipolar myosin filament but at a slower 
velocity, ~1 μm s−1. This result suggested that any 
given orientation of the actin filament could 
interact with any portion of the myosin filament 
and contribute to the force generation process. 
This assay topology has been used in a recent 
study of cardiac myosin-2  in the presence of a 
variety of wild-type and mutant cardiac myosin 
binding protein-C (Previs et  al. 2012) to show 
how cardiac myosin-binding protein-C modu-
lates cardiac contractility.

Myosin filament-based assays can also be 
used in an “inverted” geometry where the actin 
filaments are bound to the surface and the move-
ment of the myosin filaments is observed. In 
recent years, such experiments have been per-
formed with smooth, skeletal and cardiac myo-
sin- 2 (Brizendine et  al. 2015; Brizendine et  al. 
2017), as well as non-muscle myosin-2A and 
myosin-2B filaments (Nagy et  al. 2013; Melli 
et  al. 2018) to decipher the molecular mecha-
nism of force generation and motion of these 

filament complexes as a more physiological 
motile unit.

All of these “motor ensemble” in vitro motil-
ity assays developed in the 1980’s-90’s laid the 
foundation for the single-molecule microscopy 
assays performed in the following decades.

6.3  Early Days of Single- 
Molecule Fluorescence 
Assays

When light propagates through a medium such as 
a glass coverslip and encounters a medium of 
lower refractive index such as water or buffer, it 
is either refracted or reflected depending upon 
the angle of incidence and the difference in 
refractive indices of the two media. At the critical 
angle, i.e. ~62° for a glass/water interface, where 
light is totally internally reflected, an evanescent 
wave extends into the aqueous medium whose 
intensity falls exponentially with penetration 
depth (~100 nm), thus illuminating only a shal-
low volume above the interface.

This fluorescence technique, called Total 
Internal Reflection Fluorescence (TIRF) micros-
copy, allows only the fluorophores that are very 
close to the interface to be excited without excit-
ing the “background” fluorophores that are not 
reached by the evanescent wave. This technique 
achieves an increased signal-to-noise ratio of the 
intensity of fluorophores that are very close to the 
coverslip. Different optical paths, or methods, to 
accomplish TIRF microscopy have been 
described previously in Axelrod 2001 and 
Axelrod 2008, which can be referred to for more 
details (Fig. 6.3).

Single-molecule fluorescence measurements 
of myosins began with an article published in 
1995 by the Yanagida group who used TIRF 
microscopy to visualize single molecules of skel-
etal muscle heavy meromyosin (HMM) labeled 
with a Cy3 dye and bound to a coverslip surface 
(Funatsu et al. 1995). The authors demonstrated 
that the fluorescence of the observed “myosin” 
spots disappeared in either one or two quantal 
steps of photobleaching, providing evidence that 
either one or two fluorophores were covalently 
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bound to the molecule. Furthermore, they 
explored the binding and dissociation of Cy5- 
labeled ATP using TIRF microcopy and found 

that lifetimes of merging Cy3/Cy5 spots were 
consistent with the known kinetics of binding, 
hydrolysis and release of ATP by the myosin.

Microscope/epi-illuminator/
filter cube/objective

OBJ

BFP

Removable opaque disk
or off -axis crescent slit

rear port w/ BFP

or slit image
Opaque disk

Hg arc:

Laser optical fiber

BFP

SPOBJ

OBJ

BFP

Hg arc

Laser

OBJ SP

L1 L2

BFP

Laser.
rear port w/ BFP

BFP

L2

Mirror or
prism

Laser

Beam expander

L

A

D E

GF

Condenser

Sample
Objective

Laser.
side port

Prism-based TIRF

Laser optical fiber.
rear port w/o BFP

Mirror or
prism

B C

Fig. 6.3 TIRF microscopy examples. (a–c) Schematic 
illustrations of different types of prism-based TIRF 
microscopy. Sample chambers can be made as a “sand-
wich” with a lower glass coverslip, a spacer such as Teflon 
or double-sided sticky tape and a coverslip with sample 
which is mounted upside-down so that the sample faces 
downwards. The outer surface of the sample coverslip is 
put into contact with a prism through a film of immersion 
oil. (d–g) Schematic illustrations of different objective- 
type TIRF in an inverted microscope. (d) Laser illumina-
tion from the side port using a dichroic mirror cube facing 
towards the side port. The beam is focused onto the BFP 
at a radial position sufficient to lead to supercritical angle 

propagation at the coverslip. Transverse motion of L can 
be used to alter between epi-fluorescence and TIRF 
modes. (e) Laser illumination using an optical fiber, 
through the rear port. (f) Laser illumination using an 
equivalent BFP in some microscope systems to focus the 
beam. Another equivalent back focal plane sometimes 
marked as the aperture lane exists in some systems. (g) An 
arc lamp can be used for total internal reflection illumina-
tion, too. For more details on these schemes, please refer 
to Axelrod 2001 and Axelrod 2008. OBJ = objective lens, 
SP = sample plane, BFP = back focal plane, L = focusing 
lenses. (Diagram reproduced from Axelrod 2008. 
Copyright 2008 Elsevier BV)
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6.4  Single-Molecule 
Fluorescence Assays Using 
Enhanced Localization 
Techniques

The movement of processive molecular motors 
was commonly studied using the inverted geom-
etry of the in vitro actin gliding assay, with the 
actin filaments bound to the surface of the image 
plane, such that the motion of these molecular 
motors could be observed. Rather than linking a 
large bead to myosins as in the early studies from 
the 80’s described above, scientists created other 
methods to “tag” a protein with fluorescent 
probes so that the motion of the protein could be 
inferred from the motion of the attached marker. 
Genetically encoded fluorophores (such as green 
fluorescent protein (GFP) or enhanced GFP 
(eGFP)) (Snyder et al. 2004; Yildiz et al. 2004b), 
an accessory protein (i.e., calmodulin) attached 
to an organic dye (Forkey et al. 2003; Yildiz et al. 
2004b; Sakamoto et  al. 2005) or quantum dots 
(Qdots) (Warshaw et  al. 2005; Ali et  al. 2007) 
were a few examples of how researchers attached 
fluorophores to the myosin.

6.4.1  FIONA

At first, TIRF-based inverted single-molecule 
motility assays were used to measure only veloci-
ties and run lengths of individual myosins over 
actin filaments fixed to the surface (Sakamoto 
et al. 2000, 2003). However, the detailed translo-
cation, or stepping, mechanism at the nanometer 
resolution was still unresolved using fluorescence 
techniques.

In microscopy, Abbe’s law dictates that in 
order for two objects to be resolved they must be 

separated by a distance �x
NA

�
�
�

2
, where λ 

is the wavelength of light and NA is the numeri-
cal aperture of the objective lens. This separation 
distance is thus typically around 200–350 nm for 
visible light (λ ~ 400–750 nm), which also defines 
the width of the imaged spots of the fluorophores 
or the so-called point spread function (PSF). In 
order to overcome this limit, a method was devel-

oped that used the shape of the PSF to localize 
fluorescent probes at higher precision than was 
dictated by Abbe’s diffraction limit (Yildiz et al. 
2003) and was applied to studying the detailed 
mechanics of myosin-5a translocation.

This method, named FIONA for Fluorescence 
Imaging at One Nanometer Accuracy, allowed 
the specificity and sensitivity of single-molecule 
fluorescence with nanometer localization preci-
sion of the position of the fluorophore. The two- 
dimensional PSF of a fluorophore was observed 
such that sufficient photons (~5000–10,000) 
were collected per diffraction limited PSF of a 
single fluorophore. A Gaussian fit to the PSF was 
used to localize the average position of the fluo-
rophore to approximately 1.5  nanometer 
accuracy.

The mathematical expression for this emis-
sion intensity distribution was described as a 
two-dimensional Gaussian in the form:
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where IBackground is the background intensity (or 
noise floor), x0 and y0 describe the coordinates of 
the center position of the fluorophore, and Sx and 
Sy are the standard deviations of the distribution 
in both directions.

The width, or the standard error of the mean, 
� �

x y, , of this distribution can be described as:
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where, NPhotons is the number of collected photons, 
a is the pixel size of the image detector and b is 
the standard deviation of the background fluctua-
tions (Thompson et al. 2002; Yildiz et al. 2003). 

The first term in Eq. 6.2, 
S

N
x y

Photons

,
2

, is the photon 

noise; the second term, 
a

NPhotons

2

12 ⋅
, is the effect 
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of the pixel size of the detector; and the third 

term, 
8 4 2

2

� � �

�

� S b

a N
x y

Photons

, , is the effect caused by back

ground fluctuations. Thus, for a photon noise lim-
ited case – i.e., when the noise in each pixel is 
dominated by photons originating from the par-
ticle being localized – the equation above can be 
reduced to show that the expression for the best 
estimate of the position of the fluorophore is:
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where Δx is the error in  localization, Sx,y is the 
standard deviation of the point-spread function 
and NPhotons is the number of photons collected. 
Thus, increasing the number of collected photons 
leads to lower localization uncertainty. In this 
case ~1.5 nm localization precision was achieved 
by collecting ~10,000 photons per diffraction 
limited spot, or fluorophore (Fig. 6.4).

This ability to achieve a high localization pre-
cision, together with the observation that certain 
fluorophores undergo blinking, was the starting 
point for imaging techniques later developed for 
use in cell biological studies such as photoacti-
vated localization microscopy (PALM) (Betzig 
et al. 2006) and stochastic optical reconstruction 
microscopy (STORM) (Rust et al. 2006; Huang 
et al. 2008).

The results with myosin-5a using FIONA led 
to the development of a model in which the 
motor steps in a hand-over-hand motion, taking 
alternating step sizes between 37  +  2x and 
37 − 2x nm, where x is the distance along the 
direction of motion between the dye and the 
midpoint between the two heads (Yildiz et  al. 
2003) (Fig.  6.5). The same “super-resolution” 
localization method has been applied to other 
cytoskeletal motor systems such as kinesin 
(Yildiz et al. 2004a) and dynein (Reck-Peterson 
et al. 2006).

6.4.2  Two Fluorophore Super- 
Resolution Fluorescence 
Imaging

With the development of FIONA, other single- 
molecule localization methods to determine dis-
tances have emerged such as Single-molecule 
High-Resolution Imaging with Photobleaching 
(SHRImP) (Gordon et al. 2004) and NAnometer- 
Localized Multiple Single-molecule fluorescence 
microscopy (NALMS) (Qu et  al. 2004). These 
methods were conceived to measure distances 
between two identical fluorophores in the range of 
10–200  nm using photobleaching. Similarly, 
Single-molecule High REsolution Colocalization 
(SHREC) was developed to measure intramolecu-
lar distances using two different fluorophores 
(Churchman et  al. 2005). Both SHRImP and 
SHREC have been used extensively to observe the 
stepping mechanics of myosin-5a and myosin- 6 
(Churchman et  al. 2005; Warshaw et  al. 2005; 
Balci et al. 2005). Figure 6.6 shows an example of 
a dual Qdot-labeled myosin-5a with head spacing 
of ~36 nm measured by the distances between the 
two Qdots, and step size of 72 nm calculated from 
tracking one Qdot over time.

6.4.3  polTIRF

Nanometer measurements of intramolecular 
domain distances and stepping patterns have 
been extremely useful for understanding how 
motor proteins work. Moreover, detecting the 
rotational dynamics of myosins has been another 
direction for single-molecule fluorescence 
microscopy development that has advanced our 
understanding of the mechanisms behind force 
and motion generation in myosins. On this ave-
nue, fluorescence polarization techniques have 
been used extensively to probe the angular 
changes of the lever arm domain of myosins 
 during their enzymatic cycle. polTIRF or polar-
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ization Total Internal Reflection Fluorescence 
microscopy (Fig. 6.7) is an imaging modality that 
takes advantage of the polarized characteristic of 
the emission dipole of the fluorophore with 
respect to the excitation laser or incident light 
source. polTIRF microscopy has been performed 
using a prism-type TIRF microscope arrange-
ment, allowing complex combinations of multi-
ple input laser paths and polarizations for 

fluorophore excitation in the field-of-view of the 
microscope. Emission of the fluorophores in dif-
ferent polarizations are monitored using ava-
lanche photodiodes (APDs). Using this method, 
it was possible to measure the rotational motion 
of a fluorophore (bifunctional rhodamine) 
attached to the calmodulin on the lever arms of 
myosin-5 (Forkey et al. 2003) and myosin-6 (Sun 
et  al. 2007), as well as myosin-10 (Sun et  al. 
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Fig. 6.4 FIONA example – Cy3. (a) Point-spread func-
tions (PSF) of individual Cy3 molecules attached to a cov-
erslip with 0.5 s integration time. (b) Gaussian fit to the 
PSF, with center position determined at 1.3 nm precision. 
Width of PSF is 287 nm. (c and d) Coverslip with Cy3 dye 

molecules were moved using the piezo-stage, using a con-
stant or a Poisson distributed rate, while the PSF of the 
dyes were tracked. Precision is approximately 1  nm. 
(Diagram reproduced from Yildiz et al. 2003. Copyright 
2003 Science/AAAS)
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Fig. 6.5 FIONA example – Myosin-5a. Stepping trajec-
tory of three different myosin-5a molecules, displaying 
~74 nm steps since only one of the lever arms was labeled 
with a bifunctional rhodamine or Cy3 dye. Histogram of 

all steps (inset) confirms an average step size of ~74-nm. 
(Diagram reproduced from Yildiz et al. 2003. Copyright 
2003 Science/AAAS)

Fig. 6.6 SHREC  – Myosin-5a with Qdots. Myosin-5a 
with a biotinylation site on the motor domain was labeled 
with Qdot 565 (Green) and Qdot 655 (Red). Upper left 
image shows the averaged Qdot images for the steps 
labeled A to D with the two-color images offset vertically 

for clarity. The yellow lines emphasize the alternating 
relative head positions. Inset histograms show inter-head 
spacing (~36 nm average) and step-size (~72 nm average). 
(Diagram reproduced from Warshaw et  al. 2005. 
Copyright 2005 Elsevier BV)
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2010). More details can be found in the following 
articles and reviews about this method (Forkey 
et al. 2000, 2003; Beausang et al. 2012, 2013).

6.4.4  DOPI

DOPI, or Defocused Orientation and Position 
Imaging, another twist on the single-molecule 
localization method (Toprak et  al. 2006), was 

developed to quantify the rotational motion, or 
orientation, of a fluorescent probe while simulta-
neously measuring its position. The rotational 
orientation of the fluorophore was determined by 
imaging a defocused PSF (Fig. 6.8). By tracking 
the translational and rotational motion of a single 
bifunctional rhodamine probe attached to one of 
the calmodulins of the light-chain binding 
domain (LCBD) of myosin-5, it was found that 
the rhodamine probe dwelled in two distinct ori-

Fig. 6.7 polTIRF-scheme and myosin-5a. (a) Scheme 
for single-molecule polTIRF setup. Dual path illumina-
tion of an input laser is used to create an evanescent wave 
at the sample surface using a prism –type TIRF micro-
scope. Emission of a fluorophore is collected using an 
objective lens and passed through a polarization splitting 
prism. A pair of avalanche photodiodes is used to collect 
the x- and y-polarized fluorescent emissions. This config-
uration of the polTIRF allows collection of 8 different 
combinations of polarized excitation/emission intensities. 
Further analysis of these measurements allows interpreta-
tion of single-molecule rotational motion of the studied 
fluorophores. (Image from Rosenberg et  al. 2005. 
Copyright 2005 American Chemical Society). (b) polT-
IRF data of a single molecule of myosin-5a labeled with a 
bifunctional rhodamine-labeled calmodulin moving along 
an actin filament. Polarized fluorescence intensities (s_I_ 

and p_I_; units  =  photocounts per 10  ms gate) and total 
intensity (I_; units  =  photocounts per 40  ms  cycle) are 
shown (upper four graphs). The first subscripts, s_ and p_, 
describe the linear excitation polarizations along the x- 
and y- axes and the excitation polarizations approximately 
along the z-axis, respectively. The second subscripts rep-
resent the detection polarization in the x- and y-axes of the 
experimental coordinate system. Measurements are used 
to define the motion of the labeled calmodulin bound to 
myosin-5a during translocation via the β, α and δ angles 
(represented as red, green and blue; lower two graphs). 
The β angle shows two distinct angles of the probe, repre-
senting the tilting of the lever arm between two structural 
states. The inset (bottom right) defines these angles rela-
tive to the actin filament and the polTIRF apparatus coor-
dinate systems as shown. (Images from Forkey et al. 2003. 
Copyright 2003 Nature Publishing Group)

Y. Takagi et al.



95

entations. These dwells coincided with two dis-
tinct step sizes which could be explained by the 
asymmetric positioning of the calmodulin bound 
to one of the myosin-5 heavy chain’s LCBD on 
the lever arm, which was then alternating between 
the leading and trailing position.

6.5  Scattering-Based Microscopy

The field has gained considerable insight into the 
molecular details of myosin stepping mecha-
nisms from single-molecule fluorescence stud-
ies. However, some of the conformational 
transitions in myosins, such as the diffusive 
period of a detached motor domain during a pro-
cessive walk, happen at the timescale of a few 
ms down to μs. Although fluorescence-based 
imaging has enabled the localization of single 
motors down to a precision of a nanometer (see 

FIONA), the fundamental physics of the fluores-
cent process eventually limit the achievable pre-
cision and time resolution as it becomes more 
and more difficult to capture a sufficient number 
of photons (Eq. 6.3). The maximum speed of the 
excitation- emission cycle of a fluorophore is dic-
tated  by its photophysics. Many fluorophores 
can also return to their ground-state without 
emitting a photon at all. Oxidative stress and 
photobleaching further hamper the quest for an 
ever-higher imaging speed that requires more 
and more incident light.

The process of light scattering is not affected 
by these fundamental limits of fluorescence, as 
the number of scattered photons simply scales 
with the number of incident photons. Theoretically, 
the detection in scattering is therefore only lim-
ited by the light intensity that can be directed onto 
the sample. In practice, however, scattering-based 
detection has a major disadvantage over fluores-

Fig. 6.8 DOPI  – Myosin-5a. (a) Actin-based coordi-
nate system used to analyze the relative motion of the 
dye attached to myosin-5a. (b) Cartoon of myosin-5 
undergoing two steps, showing the tilting emission 
dipoles of the dye attached to one of its IQ motifs 
(orange arrow). (c) DOPI (3D orientation) and FIONA 
(displacement) data for single molecules of myosin-5a. 
Figures show data from two different myosin-5a mole-
cules stepping on average 64–10 nm (first step – second 

step). The differences in stepping distances are due to 
the multiple positions where the labeled calmodulins 
can be bound on the lever arm. Upper panels are the 
images of the labeled myosin-5a. Second panel from 
top are the FIONA stepping data. Third and fourth from 
top show the β and α angles determined from fitting the 
images in the top panel. (Images from Toprak et  al. 
2006. Copyright 2006 National Academy of Sciences, 
USA)
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cence, which has probably been the main reason 
for its lower popularity. While the signal in fluo-
rescence measurements is specifically generated 
by the fluorophore and all background signal is 
suppressed through optical filters, scattered light 
is produced by all species in a sample, which 
therefore all contribute to the detected signal. This 
makes it crucial for scattering- based single-mole-
cule studies to have a strategy for removal of any 
unwanted background.

As mentioned in previous chapters, most 
single- molecule myosin experiments operate at a 
glass-water interface (Deniz et al. 2007). If light 
is directed onto such a sample, a glass-water 
interface will reflect 0.4% of the incident illumi-
nation (Hecht 1998). The light that is not reflected 
will then be scattered by any object with a differ-
ent refractive index to the surrounding medium, 
in this case, the aqueous solution. The intensity, 
Idet, detected by the camera depends on the ampli-
tudes of the reflected electric field including other 
background light, Er, and the scattered electric 
field, Es, as well as their relative phases φ:
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Equation (6.4) shows the three contributions 
to the detected intensity: the reference and back-
ground signal, |Er|2, the scattering signal, |Es|2, 
and an interference term, 2|Er||Es|cosφ.

To date, researchers have used two different 
scattering-based microscopic techniques to study 
myosin dynamics, dark-field (DF) microscopy 
and interferometric scattering microscopy 
(iSCAT).

Dark-field microscopes operate by reducing 
the background light, |Er|2, so as to make the pure 
scattering signal, |Es|2, the dominant term in Eq. 
(6.4). This produces a dark image with bright 
scattering objects.

Interferometric scattering microscopy, on the 
other hand, does not exclude all background light 
and uses the large signal from the glass-water 
interface as a reference field. For sufficiently 
small scatters, |Es|2 becomes negligible and there-
fore the detected signal is the interference term, 
2|Er||Es|cosφ, on top of a bright background, |Er|2.

6.5.1  Dark-Field Microscopy

As early as 1903, scattering was used as a con-
trast mechanism to visualize colloidal gold parti-
cles (Siedentopf and Zsigmondy 1903). The 
pioneering researchers used a so-called “ultrami-
croscope” to collect light from a sample at a 90° 
angle from the illuminating beam path. This ear-
liest example highlights the general principle of 
dark-field microscopy in which all background 
light is rejected while the pure scattering contri-
bution is detected. In this regard, dark-field 
microscopy is technically similar to fluorescence 
microscopy, only the strategy of attenuating the 
background illumination has to be adjusted, since 
the scattered light is not spectrally shifted as it 
usually is in fluorescence.

In modern commercial dark-field micro-
scopes, the illuminating light is usually focused 
onto the sample through a condenser  (Gage 
1920) as shown in Fig. 6.9a by which the light 
can be seamlessly shifted into and away from the 
detecting optic. This way the user can easily 
switch between bright- and dark-field imaging 
(Fig. 6.9a).

Other more recent strategies use laser beams 
that are coupled into the back focal plane of an 
objective and illuminate the sample in total inter-
nal reflection (Nishikawa et al. 2010; Ueno et al. 
2010; Mickolajczyk and Hancock 2018). The 
illuminating beam in these setups is directed into 
the objective using perforated mirrors (Nishikawa 
et  al. 2010; Ueno et  al. 2010) or micro-mirrors 
(Mickolajczyk and Hancock 2018) that leave 
space for the scattering image to be picked up 
into the detecting beam path while excluding the 
illuminating light (Fig. 6.9b and c).

Revisiting Eq. (6.4), dark-field microscopy 
rejects all background light from the sample and 
collects the pure scattering signal, reducing the 
expression to:
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where Ei is the electric field of incident light 
upon the sample and s is the complex scattering 
amplitude. As the scattering intensity is directly 
proportional to the intensity of the incident light, 
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the signal obtained from objects in dark-field 
microscopy can be arbitrarily increased through 
higher incident light intensities. Lasers help in 
this endeavor as they provide much higher pho-
ton fluxes than traditional non-coherent light 
sources.

Compared to the signal generated by fluores-
cent probes, however, the scattered light from 
most nano-objects has very low intensities. 
According to Mie theory  (Mie 1908;  Wriedt 
2012), the scattering amplitude, s, of a spherical 
particle (diameter < 1.6λ)  scales  (Baron and 
Willeke 2001) as:
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where εp and εm are the dielectric constants of the 
particle and its surrounding medium, respec-
tively, and d is the particle diameter. This means 
that the detected scattering signal of a particle 

decreases rapidly with its size. Following from 
the two Eqs. (6.5) and (6.6), a particle that 
reduces its diameter by half will only generate 
1/64th of the signal.

Most organic matter intrinsically has a very 
similar dielectric constant to aqueous solutions, 
which additionally exacerbates the detection of 
single protein molecules using scattering as a 
contrast mechanism. Therefore, it is common to 
attach a marker to the molecule of interest that is 
made from a material with stronger 
polarizability.

Gold nanoparticles have become very popular 
as molecular probes due to their surface plasmon 
resonance effect. If gold particles are smaller 
than the wavelength of light, their electrons can 
be displaced within the gold lattice by the electric 
field such that a dipole is generated (Fig. 6.10a). 
The positively-charged ions in the lattice gener-
ate a restoring force making the electrons behave 
like a harmonic oscillator (localized surface plas-

Fig. 6.9 Dark-field microscopy setups. (a) Schematic 
of commercial darkfield microscopes that are able to 
gradually switch between dark-field and bright-field by 
shifting the adjustable condenser. (b) TIRDF by Ueno 
et al. 2010 with perforated mirror (PM). ND = neutral-
density filter, BE =  beam expander, DP  =  diaphragm, 

M = mirror, L = lens. (c) Micro-mirror (mm) TIRDF by 
Mickolajczyk and Hancock 2018. M = mirror, L = lens, 
PH  =  pinhole, Ir  =  iris, WP  =  half-wave-plate, 
BB  =  beam blocker. (Images used with permission. 
Copyright 2010 Elsevier BV and Copyright 2018 Nature 
Springer)
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mon). The gold particles, therefore, act as “nano- 
antennas” with certain resonance frequencies, 
which depend on the surrounding medium and 
particle size, and they scatter light strongly at 
these frequencies (Amendola et al. 2017).

The strong scattering amplitude of gold parti-
cles has the additional advantage that their signal 
dominates over the background scattering in an 
aqueous sample and the species of interest can be 
equally well followed as a fluorescently-labelled 
molecule without any of the disadvantageous 
effects such as blinking and photobleaching that 

limit the achievable spatial and temporal resolu-
tion as discussed earlier.

The popularity of gold nanoparticles has led to 
the development of surface modification chemis-
try that enables the attachment of protein mole-
cules to the gold particles. Thus, well-established 
biomolecular labelling methods for attaching the 
nanoparticles to the molecules of interest, such as 
through biotin-streptavidin or biotin/NeutrAvidin, 
are available.

Dunn and Spudich (Dunn and Spudich 2007) 
demonstrated the superiority of dark-field imag-

Fig. 6.10 Dark-field microscopy – Myosin-5a and myo-
sin- 6  experiments. (a) The electric field of light reso-
nantly excites a localized surface plasmon (LSP) in a 
gold nanoparticle causing a strong scattering response. 
(Illustration from Amendola et al. 2017. Copyright 2017 
IOP Publishing Ltd.) (b–d) Tracking the motion of the 
myosin-5 lever arm with millisecond time resolution. (b) 
A myosin-5 dimer is labeled with a gold nanoparticle on 
one of its lever arms through a biotin-streptavidin link-
age. The myosin-5-gold conjugate walks along surface- 
immobilized actin. Light scattered by the gold particle is 
collected by the objective. (c) Sample data trace; 40 nm 
gold, 3  mM ATP.  Frames were taken every 0.32  ms 
(blue); a 6.4  ms sliding average is shown in red. (d) 

Sample 49 nm substeps; 3125 Hz, 40 nm gold. The end of 
the substep is indicated by an arrow. Each color corre-
sponds to an individual molecule. Note the increase in 
variance during the substep. (e) Dunn and Spudich swivel 
model how the observed increase in standard deviation 
for the gold location before each dwell can be explained. 
(Illustrations in b–e reproduced from Dunn and Spudich 
2007. Copyright 2007 Nature Publishing Group). (f) 
Myosin-6 stepping model based on Qdot fluorescence 
and gold particle dark- field tracking experiment by the 
Yanagida laboratory. The myosin either steps in a hand-
over-hand (left) or inchworm- like fashion (right). 
(Illustration from Nishikawa et al. 2010. Copyright 2010 
Elsevier BV)
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ing for the tracking of myosin motion in a study 
where they attached 40-nm gold particles to the 
lever arm of myosin-5 (Fig.  6.10b). Using this 
strategy, they could follow the conformational 
transitions of the motor during its processive runs 
at frame rates up to 3125 Hz, which enabled them 
to resolve the head motion in between the dwells 
on the actin filaments (Fig.  6.10c and d). They 
concluded that the detached head of myosin-5 
freely pivots around the forward-leaning lever 
arm of the attached head before rebinding to the 
actin filament (Fig.  6.10e). They also noticed a 
lateral displacement of 4–8 nm of the detached 
head to the side of the actin filament axis 
(Fig. 6.10e), which they attributed to an off-axis 
contribution of the power stroke that could 
explain the observation that myosin-5 walks in a 
left-handed spiral (Ali et  al. 2002). However, 
they argued that the size of the gold particle in 
this study could also have had a steric effect on 
the motor causing this displacement.

A similar study was conducted by Nishikawa 
and colleagues (Nishikawa et al. 2010) on myo-
sin- 6. They tracked 40  nm NeutrAvidin-coated 
gold particles attached to the biotinylated motor 
domain of an artificially dimerized myosin-6 con-
struct with 2  nm localization precision at 37 μs 
time resolution. These experiments revealed a 
very distinct stepping behavior of the myosin in 
which the motor switches between a hand-over- 
hand and an inchworm-like mechanism. As the 
dark-field experiments allowed the observation of 
the detached state of the myosin head, the authors 
were able to determine the respective lever arm 
orientations during the two step types (Fig. 6.10f).

Even though dark-field microscopy appears to 
be a valuable alternative to fluorescence micros-
copy and provides a deeper mechanistic under-
standing of the studied molecular system, the 
technique has its limitations and pitfalls that 
should be mentioned here.

First of all, scattering-based measurements 
require a much more careful sample preparation 
as larger particles on the glass surface and in 
solution will have much greater impact on the 
background signatures than in fluorescence 
where the signal is specific to the labelled 
molecules.

As the above two examples show, it is possi-
ble to achieve nm spatial precision at μs tempo-
ral resolution with modern dark-field setups. In 
this time regime, however, the diffusional 
motion of the gold particle around its tether 
starts to be resolved and the ability to localize 
the myosin domain structure may be limited by 
this effect rather than by the localization preci-
sion for the gold itself. Therefore, it should be 
carefully considered what time scales are rele-
vant for the chosen experiment and the average 
time window should be as long as possible when 
following a molecule’s motion (Young and 
Kukura 2019).

A 40-nm gold particle is still a large marker 
compared to most fluorescent dyes (< 1 nm) or 
quantum dots (~10–20 nm), or even to the motor 
itself. This may reduce labelling efficiency or ste-
rically interfere with the motor’s conformational 
freedom. In order to minimally perturb the 
labelled protein, it would be desirable to use 
smaller nanoparticles or image entirely label- 
free. As discussed earlier, the strong scaling of 
the scattering signal with size makes it techni-
cally very challenging to achieve similar results 
with smaller nanoparticles.

Another scattering-based imaging technique 
called interferometric scattering microscopy cir-
cumvents the size scaling problem and enables 
high signal-to-noise, non-resonant imaging of 
smaller sized gold nanoparticles and even direct 
detection of native, unlabeled biomolecules.

6.5.2  Interferometric Scattering 
(iSCAT) Microscopy

If the goal is to image very small particles with a 
low scattering amplitude, pure scattering as a 
contrast mechanism quickly loses sensitivity. In 
this case, it is beneficial to include the back-
ground light that is rejected in dark-field micros-
copy. If we inspect Eq. (6.4) again, we find that 
the pure scattering term |Es|2 becomes negligible 
for very small scatterers. However, the scattered 
light interferes with the background light and 
generates a signal defined by the third term 
2|Er||Es|cosφ, which scales linearly with the par-
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ticle volume and is therefore much more acces-
sible than the pure scattering signal.

This principle has originally been realized by 
interference reflection microscopy (IRM) (Curtis 
1964) or reflection interference contrast micros-
copy (RICM)  (Ploem 1975). Its first biological 
application was to investigate the adhesion of 
cells to a glass substrate, because the technique 
proved useful to probe the optical path differ-
ences along membrane-water-glass interfaces 
(Curtis 1964; Limozin and Sengupta 2009). 
Later, less complex systems were chosen to 
enable more quantitative measurements (Rädler 
and Sackmann 1993; Rädler et al. 1995). These 
studies, however, did not achieve the signal-to- 
noise ratios required for nanoparticle detection. 
The advent of lasers finally enabled coherent illu-
mination at much higher light intensities. A 
decade ago, the first laser-based setups, at this 
point called interferometric scattering (iSCAT) 
microscopes, were used to take non-fluorescent 
images of single quantum dots (Kukura et  al. 
2009a) and to track a virus particle diffusing on a 
lipid bilayer (Kukura et al. 2009b).

iSCAT’s ability to track single particles with 
high spatial precision and temporal resolution 
makes it an ideal tool for myosin motility assays. 
A simple experimental setup is shown in 
Fig. 6.11a. A collimated laser beam from a diode 
laser is scanned over the sample by imaging a 
deflection from two orthogonal acousto-optic 
deflectors (AODs) producing a large, even illumi-
nation pattern. In order to separate the detection 
and illumination beam paths, a polarizing beam 
splitter (PBS) is used. It sends linearly polarized 
illumination through a quarter waveplate (QWP) 
and into the objective. The QWP circularly polar-
izes the light so upon reflection, the detected sig-
nal will be of an opposite handedness to the 
illumination and therefore converted by the QWP 
back into orthogonally linearly polarized light 
which is then reflected into the detection pathway 
by the PBS (Fig. 6.12). The image is captured by 
an sCMOS camera.

As with dark-field microscopy, myosin-5a was 
the first motor protein studied with iSCAT.  The 
enhanced sensitivity of iSCAT makes it feasible 
to use smaller labels such as 20 nm gold nanopar-
ticles, which minimize steric perturbation of the 

labeled motors. This allowed the Kukura group 
(Andrecka et al. 2015) to track 20 nm gold parti-
cles directly attached to the motor domain of 
myosin-5a without noticeably affecting its motion 
at 1 kHz frame rate and 4 nm localization preci-
sion (Fig.  6.11b–g). The reduced noise on the 
position of the detached head during myosin-5a’s 
stepping cycle, compared to previous dark-field 
experiments, revealed that rather than undergoing 
a free 3D Brownian search, as suggested by the 
Dunn and Spudich study (Dunn and Spudich 
2007), it occupies a spatially constrained state 
upon detachment of actin 40  nm off-axis and 
about 24 nm above the plane of actin. This result 
provided evidence that myosin-5 preserves the 
angle between its lever arms through structural 
constraints. It thereby reduces the degrees of free-
dom during its step which leads to a more directed 
and efficient 2-dimensionally constrained search 
for the next actin-binding site.

The study also observed a small rotation of the 
N-terminal part of the bound motor domain dur-
ing its power stroke when the other head detaches. 
This is one of the only times a structural transi-
tion during the power stroke has been directly 
observed. The small rotation of the N-terminal 
domain during the power stroke, the constrained 
transient state of the unbound head together with 
results from a correlative fluorescence – iSCAT 
experiment (discussed later in this chapter) pro-
vide some interesting insight into how energy is 
transferred through myosin-5a’s structure to lead 
to concerted, efficient, unidirectional motion.

A study by Ortega Arroyo and colleagues 
(Ortega Arroyo et al. 2014) has demonstrated that 
iSCAT-based imaging can even be used to visual-
ize the motion of motor proteins without the need 
for external markers. Through careful removal of 
the static image background, the authors were 
able to extract the small scattering signal of native, 
single myosin-5a molecules (iSCAT contrast sig-
nal  =  0.18%) and follow their movement along 
actin filaments in real time (Fig.  6.13a–e). The 
sensitivity was sufficiently high to reproduce the 
characteristic 37 nm step of the motor (Fig. 6.13e).

The sensitivity limit for label-free detection 
of proteins ultimately comes down to how much 
their signal can be raised above the measurement 
noise level. Assuming one can achieve purely 

Y. Takagi et al.



101

shot-noise limited detection on a camera, which 
is possible using smart background removal 
strategies, the signal-to-noise ratio, (SNR), for a 
molecule is a function of its interferometric scat-
tering contrast and the number of acquired pho-
tons, N.

 
SNR

iSCATsignal

background fluctuations
contrast N= =

 (6.7)

One strategy for improving the SNR is there-
fore to accumulate more photons from a sample, 

Fig. 6.11 iSCAT – Myosin-5a tracking. (a) Illustration 
of a simple iSCAT microscope. AOD  =  acousto-optical 
deflector, PBS = polarizing beam splitter, QWP = quarter- 
wave- plate, O  =  objective (Diagram reproduced from 
Ortega Arroyo et al. 2014.) (b–g) High-speed nanometric 
tracking of myosin-5 with iSCAT microscopy. (b) 
Distance traveled as a function of time for a single myo-
sin- 5 molecule biotinylated at the N-terminus and labeled 
with a 20  nm streptavidin-functionalized gold particle. 
The lateral localisation precision, σ, defined as the stan-
dard deviation of the positional fluctuations of the label 
while bound to actin is given above each of the actin- 

attached periods. Inset: schematic of gold-labeled myo-
sin- 5 stepping along actin. (c) Corresponding 
2D-trajectory with the arrow indicating the direction of 
movement. (d–f) Close-up of the transient states indicated 
in B and C. ATP concentration: 10 μM. Scale bar: 50 nm. 
Imaging speed: 1000 frames/s. (g) Two states of the motor 
domain during myosin movement. Sample 2D trajectories 
for a 20 nm gold particle immobilised on the surface (left) 
and attached to the N-terminus of myosin-5a (right). The 
arrow indicates the direction of myosin movement. 
(Illustrations in B-G reproduced from Andrecka et  al. 
2015. Copyright 2015 eLife Science Publication)
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i.e., measure at higher light intensities. Higher 
photon fluxes can be captured on cameras with 
high photon capacities and by distributing the 
signal over many frames and pixels. However, 
this approach has its limitations, especially 
because most cameras with high photon capaci-
ties have low quantum yields making them less 
efficient for collecting the incident light. It would 
require the detection of 108 photoelectrons to 
detect a signal that is 0.1% of the background 
illumination with an SNR of 10, but most cam-
eras fail to provide a well capacity beyond 105 
photoelectrons (Cole et al. 2017).

The alternative strategy would be to increase 
the contrast of a molecule while capturing the 
same number of photons. The iSCAT contrast of 
a particle is determined by the ratio between its 
signal, Idet, and the background intensity, Ibkg, 
which according to Eq. (6.4) is:
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where |r|2 is the reflectivity of the interface that 
provides the reference light.  The contrast of a 
molecule can thus be increased by selectively 
reducing the amount of detected back-reflections 
from the sample. Technically, this is possible by 
making use of the fact that most of the signal from 
small scatterers is collected at high angles in the 
objective while the background light is evenly 

distributed over all angles of detection (typically 
the low numerical aperture of the objective) (Lee 
et al. 2011). By placing a partial reflective mirror 
into the back focal plane of the objective that 
attenuates the low numerical aperture contribu-
tions to the image, the contrast of scattering 
objects will be selectively enhanced (Cole et al. 
2017; Liebel et al. 2017). This procedure does not 
by itself improve the SNR due to the concomitant 
loss of detected photons on the camera, but this 
can be compensated for by increasing the illumi-
nation intensity accordingly. The major advantage 
of this strategy is that by using the right combina-
tion of illumination intensity and reflectance of 
the mirror, cameras do not require extremely high 
well depths and the photons can be captured more 
efficiently. Figure  6.13f–h illustrates this 
approach schematically.

These recent technological advances in iSCAT 
microscopy have enabled high SNR, label-free 
imaging of proteins across most of the relevant 
size range. The ability to detect and accurately 
determine the interferometric contrast of individ-
ual proteins opens up another very exciting pos-
sibility. As most proteins have a very similar 
refractive index and specific volume, their con-
trast scales linearly with their mass (Piliarik and 
Sandoghdar 2014; Young et al. 2018). This can be 
used to generate mass spectra of protein samples 
in solution (Young et al. 2018). Since the contrast 
of each molecule can be determined very accu-
rately, the size distributions obtained using this 
so-called mass photometry approach have better 
resolution than ensemble-based measurements 

Fig. 6.12 Polarization-based separation of illuminating 
light from the detection path in iSCAT. (Top) S-polarized 
laser illumination is reflected by the polarizing beam split-
ter (PBS) and converted to circularly polarized light by 
the quarter waveplate (QWP). (Bottom) Reflected light 

from the sample returns with opposite handedness circu-
larly polarised, is converted to p-polarized light by the 
QWP and transmitted by the PBS, effectively separating 
illumination and detection paths
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like dynamic light scattering (DLS), size- 
exclusion chromatography (SEC) and analytical 
ultracentrifugation (AUC). Figure 6.13I-K illus-
trates this mass photometry approach, including 
the quality of data which can be achieved with 
this method.

Young et  al. (2018)  demonstrated that mass 
photometry can be used to investigate complex 
binding equilibria. In the future, the technique may 
therefore prove very useful to investigate the inter-
action of myosins with interaction partners, which 
has become a stronger effort in the field over the 

Fig. 6.13 Label-free iSCAT. (a–d) Interferometric scat-
tering detection of myosin 5a HMM at the single- molecule 
level. (a) Sequence containing M iSCAT images, xi, of 
actin filaments on a microscope cover glass in the pres-
ence of myosin-5a HMM. (b) An image containing purely 
stationary iSCAT features obtained by taking the median 
or averaging over the sequence of images in (a). (c) 
Sequence of M differential iSCAT images, yi, obtained by 
subtracting the stationary iSCAT features from the image 
sequence in (a). (d) Time-averaged differential images 
generated by binning N = 170 consecutive frames together. 
Note the order-of-magnitude decrease in z-scale from (c) 
to (d). Scale bars: 1 μm (black line). (e) Distance traveled 
for a single myosin-5a molecule with contrast of 0.31% at 
10 μM ATP concentration. Imaging speed: 1  kHz aver-
aged to 25  Hz. (Illustrations in a–e reproduced from 
Ortega Arroyo et  al. 2014. Copyright 2014 ACS 
Publication.) (f–h) Concept and experimental realization 
of numerical aperture filtered interferometric scattering 
microscopy (iSCAT). (f) Emission pattern of a nanoscopic 

scatterer at a glass−water interface emerging from the 
back aperture of a high-numerical-aperture (1.42) micro-
scope objective for circularly polarized illumination. The 
semi-transparent circle indicates the region occupied by a 
partial reflector shown in the schematic experimental 
setup in g (g). Schematic of a numerical aperture-filtered 
iSCAT microscope. WFL = wide-field lens, BFP = back 
focal plane, OBJ  =  objective, PR  =  partial reflector, 
L = lens. (h) Emission density as a function of numerical 
aperture, with the gray area indicating the region attenu-
ated by the partial reflector. (Illustrations in f–h repro-
duced from Cole et  al. 2017. Copyright 2017 ACS 
Publication.) (i–k) Principle of iSCAT-based mass pho-
tometry. (i) Linear relationship between interferometric 
contrast and protein mass as determined using the stan-
dard proteins in j and k. (j) Size-distributions of the indi-
cated standard proteins. (k) Exemplary point spread 
functions representing the protein peaks in j. (Diagrams in 
i–k modified from Young et  al. 2018. Copyright 2018 
Science)
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past years. If mass sensitivity were combined with 
simultaneous single-particle tracking, iSCAT 
could become a very powerful tool for the investi-
gation of reconstituted physiological myosin com-
plexes and their motility entirely label-free.

6.6  Single-Molecule Force 
Measurements

6.6.1  Introduction

Considerable information about the functional 
principles of myosin motors has been extracted 
from single-molecule imaging methods. Only 
observing a motor, however, gives a superficial 
understanding of the way it works. The chemo- 
mechanical cycle of a myosin after all is designed 
to produce directed force that overcomes the ran-
dom nature of processes in solution and facili-
tates coordinated motion in all living beings. A 
single myosin motor produces forces on the scale 
of pico-Newtons and displacements in the order 
of nanometers, but the sum of these small indi-
vidual contributions can lead to macroscopic 
force production and displacements such as dur-
ing muscle contraction.

If the goal is to understand the smallest com-
ponents of a large-scale motor assembly on a 
molecular level and how force and motion are 
produced by its basic building blocks, it requires 
techniques that are sufficiently sensitive to detect 
pico-Newton forces and nanometer displace-
ments that are able to interact with the motors 
under investigation.

The following sections will introduce a num-
ber of methods that have been employed in the 
myosin field to measure forces and displacements 
on a single-molecule level.

6.6.2  Glass Microneedles and ZnO 
Whisker Crystal Scanning 
Probe

The first force measurements of actomyosin 
interactions were performed using a thin glass 
microneedle (~300 nm in diameter) (Fig.  6.14a 

and b) made from a larger (1-mm diameter) glass 
rod. The needle-like extension was generated 
using a glass pipette puller (Kishino and Yanagida 
1988) and had previously been used for microtu-
bule sliding force measurements in flagella 
(Kamimura and Takahashi 1981). Biomolecules, 
such as actin or myosin, can be attached to the 
glass microneedle, and when an external force is 
applied, the microneedle will bend (Fig. 6.14a). 
Therefore, it can be used as a sensor for exter-
nally applied forces. The advantage of using a 
microneedle for force measurements is that it 
does not require any special optics, i.e., micronee-
dles can be combined with an existing micro-
scope equipped with fluorescence optics. 
However, it does have its disadvantages, such as 
the fragility of the needles, and that every needle 
needs to be calibrated for use in force measure-
ment. The time resolution achieved by using a 
microneedle can be up to ~1 ms by making it stiff 
and short (Ishijima et al. 1996), but drag forces 
imposed onto the needle make it inferior to other 
methods described later in this chapter.

Kishino and Yanagida (1988) measured the 
tensile strength of tetramethyl-rhodamine 
phalloidin- stabilized actin filaments (~110  pN), 
thin filaments (actin filaments decorated with 
tropomyosin and troponin) (~120 pN), as well as 
the force production by full-length rabbit skeletal 
muscle myosin-2 and the subfragment-1 (S1) 
actomyosin. They concluded that double-headed 
(i.e., full-length) and single-headed proteins (i.e., 
S1) generated ~0.2  pN force per head/motor 
domain. Note that these force values for individ-
ual motors were inferred from an ensemble 
experiment, whereby the force was measured 
with a microneedle attached to a single actin fila-
ment that was pulled by a “bed of myosins”. The 
number of myosins attached to the surface in 
these studies was estimated based on the concen-
tration used to coat the surface and used to calcu-
late an “average” force from an individual 
molecule (Kishino and Yanagida 1988; Ishijima 
et al. 1991). A variation of the glass microneedle 
technique (Ishijima et al. 1994, 1996) was used 
later to probe single molecules of myosin-2 
incorporated inside a “synthetic filament” com-
posed of mostly tail domains of myosin-2.
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A zinc oxide (ZnO) crystal whisker scanning 
probe (Kitamura et  al. 1999) was used as an 
improvement to the glass microneedle method, 
where a 5–7 μm long crystal with a 15 nm tip 
was used to attach a single S1 fragment of myo-
sin-2 (Fig. 6.15). Rather than attaching an actin 
filament to a glass microneedle, actin was 
attached to a glass surface of an experimental 
chamber for this assay. This ZnO scanning probe 
instrument was also coupled to a TIRF micro-
scope to allow a combination of force measure-
ment using the ZnO scanning probe and 
fluorescence imaging to image the fluorescent 
myosin. The latter was used to ensure that the 

force measurements were taken with a single 
myosin on the tip. The study showed that a sin-
gle S1 fragment of myosin-2 could take multi-
ple, unidirectional, successive steps per actin 
encounter, varying from ~5 to ~30 nm, with an 
average step size of ~5.3 nm. These results indi-
cated the possibility that the myosin head may be 
able to store energy from ATP hydrolysis and 
later release it productively in several packets of 
work. Measurements using an S1 fragment of 
myosin-5 was shown to behave similarly to make 
unidirectional, successive steps per actin encoun-
ter with an average step size of ~5.3 nm (Okada 
et al. 2007).

Fig. 6.14 Glass microneedle: actin and myosin-2. (a) 
Illustration of a glass microneedle assay. A single actin 
filament is attached to the end of the glass microneedle, 
~50–100 μm long, and dragged along the myosin-2 coated 
surface. (b) Image of the glass microneedle using a dark- 

field microscope. (c) Schematic diagram of the high- 
resolution force and displacement measurement system 
using a microneedle transducer. (Diagrams reproduced 
from Ishijima et al. 1991, 1996. Copyright 1991 Nature 
Publishing Group and copyright 1996 Elsevier BV)
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More details on the glass microneedle and 
ZnO crystal whisker scanning probe can be found 
in this methods article (Yanagida et al. 2011).

6.6.3  Atomic Force Microscopy

Atomic force microscopy (AFM) is another scan-
ning probe microscopy method that has been 
used for decades for biophysical studies. AFM 
can be used for measuring forces and  imaging 
molecules, as well as for manipulations.

In brief, AFM is dependent on the measure-
ment of interactions between the sample surface 
and a probe, which is usually a thin tip. This tip is 
attached to a flexible cantilever that is bent as the 
tip interacts with the surface. There are different 
modes of how the tip can be used to probe. It can 
be brought into contact with the surface in order 
to sense a repelling force depending on the height 
of the surface. Alternatively, the tip can be held in 
close proximity and will experience attractive 
interactions. Another common method is to let 
the tip oscillate above the specimen. Detection of 

cantilever bending is detected via a laser focused 
onto the back of the cantilever and imaging the 
reflection of that laser beam on a photodiode. 
Changes in the position of the reflected laser 
beam on the photodiode are used to measure the 
interaction of the tip with the sample.

A basic scheme of an AFM is illustrated in 
Fig. 6.16 (Santos and Castanho 2004). The sam-
ple is attached to a piezo scanner, which can be 
moved at angstrom levels in order to generate an 
image of the surface topology at nm resolution. 
The AFM setup is usually coupled to an optical 
microscope for positioning the probe onto a field 
of interest.

As the bending of the cantilever is propor-
tional to the interaction force between the tip and 
its substrate, the technique can also be used to 
measure forces. A traditional AFM detects forces 
between 10−7 and 10−12  N (Neuman and Nagy 
2008).

The AFM is truly a useful method to measure 
forces of molecular interactions, however, due to 
the geometric constraints of how the AFM is set 
up with an optical microscope, it is hard to mea-

Fig. 6.15 ZnO whisker with myosin-2 subfragment-1 
(S1) on tip. Scheme of the experiment is shown. A single 
myosin-2  S1 fragment, which was biotinlylated and 
labeled with a Cy3 dye, was attached to the tip of the ZnO 
whisker attached to a glass microneedle. Under TIRF illu-
mination, the single myosin-2 S1 fragment can be manip-

ulated onto the actin bundle while visualizing the Cy3 
dye, and simultaneously, the ZnO whisker is used for 
nanometry to measure the force generation of a myosin-
 2 S1 in the presence of ATP. (Diagram reproduced from 
Kitamura et al. 1999. Copyright 1999 Nature Publishing 
Group.)
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sure the mechanics or locomotion of a myosin. 
However, the method has been used to compare 
the elasticity of the tail domains of processive 
and non-processive myosin-5 at the single- 
molecule level (Nagy et al. 2009).

As mentioned above, an AFM can be used as a 
molecular imaging technique rather than for 
measuring forces between molecules. Technical 
advances in scanning speed and probing mecha-
nism have led to the development of “high-speed” 

AFMs that achieve imaging speeds close to video 
rate. High-speed AFM has been used to directly 
observe single molecules of myosin-5 as they 
move on actin filaments, while actually resolving 
the structure of the protein (Kodera et al. 2010; 
Kodera and Ando 2018). The researchers in these 
studies were capable of visualizing myosin-5 
translocation at ~7 frames-per-second (FPS) of a 
field-of-view (FOV) of ~100 × 100 nm2, with a 
typical spatial resolution of ~2–3 nm in the lat-
eral direction and ~0.15 nm in the vertical direc-
tion (Ando et  al. 2013; Ando 2018). This 
incredible method, which is further discussed in 
Chap. 7 of this book, can be applied to studying 
many biomolecular systems, making it possible 
to directly watch motion and interactions at a 
molecular scale in action. It is a valuable tool that 
will surely be in the spotlight for many years in 
the single-molecule biophysics field (Ando 2014; 
Uchihashi and Scheuring 2018).

6.6.4  Optical Trap Measurements

The optical-trapping technique, invented by 
Arthur Ashkin in the mid 1970’s, has been used 
widely in the biophysics field to study the detailed 
force-generating mechanism of molecular 
motors. Ashkin was one of three scientists who 
were awarded the 2018 Nobel prize in physics for 
creating groundbreaking tools from beams of 
light. Ashkin discovered that the momentum of 
light can be used as an extremely sensitive “trap” 
or “tweezers” to manipulate small particles.

Optical trapping started as “optical levitation” 
(Ashkin and Dziedzic 1975, 1985) whereby liq-
uid droplets or particles could be trapped in air 
using the radiation pressure created by a laser 
beam. This is due to the fact that photons possess 
a momentum, p, that is dependent on their wave-
length, and can be expressed as
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where h is the Planck constant. Thus, when a 
beam passes through a dielectric particle, such as 
a polystyrene bead with a refractive index (n) 
greater than the surrounding medium, it is 

Fig. 6.16 Atomic force microscopy overview. A sche-
matic representation of the components for an AFM setup. 
A cantilever with an “AFM tip” to probe the sample. 
Bending or twisting of the cantilever is detected by focus-
ing a laser onto the cantilever face, opposite to the AFM 
tip. The reflection of the beam is focused onto a photodi-
ode to detect forces in the range of 10−7 to 10−12 N. Scanning 
can be performed by moving the probe or the sample 
using a piezo-scanner, and usually with some variation of 
a feedback mechanism. Computer control is required for 
scanning as well as detection. (Diagram reproduced from 
Santos and Castanho 2004. Copyright 2004 Elsevier BV)
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refracted away from the direction of the incident 
beam with a corresponding change in momentum 
of the laser. Due to conservation of momentum, 
there is an equal change in the momentum of the 
bead pointing into the opposite direction of the 
change in momentum of the laser beam. The 
momentum change leads to a force on the bead. 
The geometry of a laser focus is such that the net 
force on the particle directs it toward the center of 
the focus, where it will be trapped.

Another way to describe this effect is based on 
the particle’s polarizability χ. The light’s electric 
field induces an electric dipole moment pelec in 
the particle, expressed as

 pelec � �E  (6.10)

Thus, the force F on the particle in the electric 
field gradient of the light is

 F E E E� � � �pelec �  (6.11)

This means that small particles will be drawn 
along the electric field intensity gradient, which 
pulls them into the focus of the beam. By focus-
ing a beam of light to a diffraction limited spot, 
i.e., with a high numerical aperture objective 
lens, one can create a large electric field gradient 
to effectively immobilize the particles.

Eventually, Ashkin found that this method 
could also be used to optically “trap” a dielectric 
particle in three dimensions in water (Ashkin 
et al. 1986). Following this finding, he published 
numerous papers putting forth the elementary 
steps to using optical traps as a quantitative tool 
to measure biological mechanics and kinetics. He 
first showed that the optical trapping technique 
could be applied to the trapping of viruses and 
bacteria (Ashkin and Dziedzic 1987) using a spa-
tially filtered argon laser (wavelength = 5145 Å). 
He then changed the wavelength of the laser to an 
infra-red regime (1.06  μm neodymium-doped 
yttrium aluminum garnet, Nd:YAG) to minimize 
optical damage to live specimens and showed 
that the technique could be used to trap cells such 
as yeast and red blood cells (Ashkin et al. 1986) 
without altering their growth rate (for yeast), or 
flexibility and shape (for red blood cells). 
Furthermore, Ashkin showed that organelles 
inside the plant cytoplasm (Ashkin and Dziedzic 

1989), as well as in amoebae (Ashkin et al. 1990), 
could be trapped to perform “laser surgery” to 
pick up structures inside cells or to measure 
escape forces of organelles/mitochondria that 
were suspected to move via  microtubule-based 
motors, such as kinesin and dynein. An illustra-
tion of the early custom-made optical-trapping 
setup is shown as Fig. 6.17.

Apart from these cell-based applications, opti-
cal trapping allows for the manipulation of parti-
cles such as polystyrene or silica beads, which 
can be used as handles for proteins or other mol-
ecules. Unlike the microneedle transducer 
explained previously, the optical trap provides 
more freedom to manipulate these particles giv-
ing versatility to the assay geometry. Furthermore, 
the trapped particle with biomolecules attached 
exerts substantially lower drag force than the 
long microneedle due to the smaller particle size 
(i.e. 1 μm polystyrene beads).

While optical traps are useful as tools for the 
micromanipulation of small objects, they can be 
used as a very sensitive force sensor, too. At its 
simplest description, the optical trap functions as 
a very weak Hookean spring, which confines a 
particle within its three-dimensional potential 
well. The force F exerted on a displaced particle 
according to Hook’s law is

 F k x� � � ,  (6.12)

where k is the spring constant/optical trap stiff-
ness and x is the displacement of the particle 
from the center of the optical trap. The force 
exerted on the trapped particle can be directly 
measured through its displacement if the trap 
stiffness is known. It is worth noting that this 
relationship only works for small distances from 
the trap center  (~200–300 nm). Usually, either 
the bead image or the laser scattered by the 
trapped bead is monitored using a quadrant photo 
diode (Visscher et al. 1996) (Fig. 6.18).

6.6.4.1  Optical Trap Force Calibration
As the trap stiffness, k, depends on many differ-
ent parameters like the objective’s numerical 
aperture, the wavelength of the laser, the laser 
intensity and the refractive indices of particle and 
medium, its value is usually determined 
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 empirically for a given particle/trap speci-
men.  This procedure is referred to as a force 
calibration.

The simplest way of calculating the trap stiff-
ness from a sample record of the statistical posi-
tion fluctuations of a bead in a trap works through 
considering the equipartition theorem (Neuman 
and Block 2004), which predicts that the transla-
tional freedom of a particle in one dimension 
based on thermal fluctuations is ½kbT, where kb is 
the Boltzmann constant and T is the absolute 
temperature. Without external perturbations, a 
bead in an optical trap will therefore fluctuate 
within the spring potential ½ k < x2 > up to values 
of ½kbT.
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The trap stiffness k can thus be directly calcu-
lated from the bead’s mean squared displacement 
<x2>. The disadvantage of this simple method is 
that the value of the trap stiffness depends on the 
accuracy of the displacement measurements, 
which are themselves determined through a cali-
bration. Moreover, additional noise sources (e.g., 
localization noise, read noise from the position 
detector, drift) contribute to the value of <x2 > and 
lead to an underestimation of the trap stiffness.
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Fig. 6.17 Optical 
trapping overview. A 
schematic diagram of 
the combined high- 
resolution optical 
microscope and 
1.06 mm infra-red laser 
trap for observing, 
manipulating and 
separating bacteria and 
other organisms. 
L = lens; BS = beam 
splitter; WI 
OBJ = 1.25 N.A. water 
immersion objective 
lens; CL = condenser 
lens. I = illuminator; 
E = eye piece; 
VC = video camera; 
P = trapping beam 
focused at point P. 
(Diagram reproduced 
from Ashkin et al. 1987. 
Copyright 1987 Nature 
Publishing Group)
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Due to these shortcomings, it has become 
more common to determine the trap stiffness 
using the power spectrum of a bead’s position 
fluctuations (Visscher et  al. 1996; Gittes and 
Schmidt 1998; Neuman and Block 2004). This 
method does not require absolute position values 
to determine the trap stiffness. The Fourier trans-
form or power-spectrum of the position fluctua-
tions of an optically trapped bead usually shows 
a flat distribution at low frequencies (Fig. 6.19), 
which reflects the particle’s restricted motion in 
the focused laser beam. The particle is not 
restricted by the trap at high frequencies resulting 
in an exponential decay of the power spectrum as 
usual for a freely diffusing particle (Fig.  6.19). 
This behavior is commonly described with a 
Lorentzian function.

 

S f
D

f fc

� � �
�� �� 2 2 2

,

 

(6.15)

where D = kbT/γ is the diffusion coefficient for a 
spherical particle with the drag coefficient 
γ = 6πηr, the viscosity of the surrounding liquid, 
η, and the radius of the particle, r. The cut-off 
 frequency (also called corner or roll-off fre-
quency), fc, is a characteristic frequency that 
describes where the spectrum drops off and 

depends on the trap stiffness, k, in the following 
way:
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The cut-off frequency, and thus the trap stiff-
ness, can be determined by fitting the Lorentzian 
in Eq. (6.15) to an experimental power spectrum 
of the bead/trap combination that is meant to be 
calibrated.

The Lorentzian in Eq. (6.15) is an approxima-
tion that only holds when the sampling rate of the 
detection system is considerably higher than the 
cut-off frequency of the trapped bead, which 
ensures that the power spectrum can be deter-
mined reliably over a sufficient spectral fre-
quency range. This may not be fulfilled when 
operating at high trap stiffness and the simple 
Lorentzian will systematically underestimate the 
cut-off frequency and thus the trap stiffness. 
Berg-Sørensen and Flyvbjerg (2004) have intro-
duced an improved expression for the power 
spectrum that takes into account the frequency 
dependence of viscous drag on the particle and 
the effects of the sampling frequency and signal 
filtering during acquisition on the resulting 
experimental power spectrum. They provide a 
MATLAB routine that can be used to fit data 

Fig. 6.18 Optical trapping ray diagrams and detection. 
(a) Ray optics sketch of light rays within a focused laser 
light illustrated in a red gradient. The laser is refracted 
through the bead that is trapped showing the three differ-
ent gray light paths. The width of the gray arrows indi-
cates the strength of the light intensity, which is highest 
through the optical axis. (b) Deflection of each photon 
results in a momentum change and a transfer of that 
momentum onto the bead. The arrows between the origi-
nal photon momentum (solid lines) and the deflected pho-

ton momentum (dashed lines) illustrate the momentum 
transfer for each photon. (c) The total momentum transfer 
over time on all deflected photons from the three rays 
equals the force exerted onto the bead, shown in blue. (d) 
Position and force detection by back-focal-plane interfer-
ometry using a quadrant photodiode (4QD) placed after 
the microscope condenser so that it collects the deflected 
laser light and detects angular shifts in the transmitted 
trapping light. (Diagram reproduced from Veigel and 
Schmidt 2011. Copyright 2011 Nature Publishing Group)
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based on these more complicated considerations 
(Hansen et al. 2006). Figure 6.19 shows a com-
parison between a power spectrum fitted with a 
simple Lorentzian and the optimized routine. 
This method in general provides a more accurate 
estimate of the trap stiffness and has been imple-
mented by more laboratories in the field in recent 
years.

6.6.4.2  Single-Bead Assay
In the late 1980’s/early 1990’s, the “bead motil-
ity” assay described earlier in this chapter was 
used to study the processive motion of single 
kinesin motors with an optical trap (Block et al. 
1990; Svoboda et al. 1993). The concentration of 
the kinesin was titrated down to a regime where 
beads were very rarely bound with a single kine-
sin. This “single-bead” optical trapping assay 
(Fig. 6.20a) allowed the characterization of bead 
motion in an optical trap, such that the measure-
ment was an output of the kinesin motion and 
force (Svoboda et al. 1993; Coppin et al. 1996). 

The kinesin attached to the bead was brought into 
close proximity of the microtubule and allowed 
to bind, then take multiple catalytic steps against 
the force of the optical trap until it either detached 
or stalled under force. These early experiments 
showed that kinesin is a processive motor that 
takes ~8 nm steps on microtubules. For myosins, 
it was not until the late 1990’s/early 2000’s that 
the single-bead optical trapping assay was used 
to characterize the mechanics and kinetics of 
myosin-5 (Rief et al. 2000), which was the first of 
the processive myosins to be discovered in 1993 
(Cheney et al. 1993).

This single-bead assay to study the mechanics 
and kinetics of a processive molecular motor, 
such as kinesin, was useful since at least one of 
the motor domains of a processive motor is 
always attached to the track during its transloca-
tion process. However, this assay does not work 
well for non-processive motors, which briefly 
detach from the track. In the beginning,  when 
optical trapping was used for myosins in the early 

Fig. 6.19 Optical trap calibration. Power spectrum of a 
trapped bead. Power spectrum of a 0.5 μm polystyrene 
bead trapped 1.2  μm above the surface of the trapping 
chamber recorded with a position-sensitive detector (gray 
dots). The raw power spectrum was averaged over 256-Hz 
windows on the frequency axis (black circles) and fit 
(black line) to a Lorentzian function [Eq. (6.15)] corrected 
for the effects of the antialiasing filter, frequency- 
dependent hydrodynamic effects, and finite sampling fre-
quency, as described by Berg-Sørensen and Flyvbjerg 

2004. The cut-off frequency is 2.43 kHz, corresponding to 
a stiffness of 0.08 pN/nm. For comparison, the raw power 
spectrum was fit to an uncorrected Lorentzian function 
(dashed line), which returns a cut-off frequency of 
2.17 kHz. Whereas the discrepancies are on the order 10% 
for a relatively weak trap, they generally become more 
important at higher cut-off frequencies. (Diagram repro-
duced from Neuman and Block 2004. Copyright 2004 AIP 
Publishing)
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1990’s, the only type of myosins discovered were 
non-processive ones. In order to study these non- 
processive myosins, a new geometry for the opti-
cal trapping assay needed to be developed.

6.6.4.3  Three-Bead Assay
Historically, for single-molecule actomyosin 
interactions, the “three-bead” assay (Finer et al. 
1994; Molloy et  al. 1995; Guilford et  al. 1997) 
was developed to study the interactions, i.e., the 
power stroke and forces of non-processive myo-
sins (Fig. 6.20b). Since non-processive myosins, 
such as skeletal muscle myosin-2 (Finer et  al. 
1994; Molloy et al. 1995; Guilford et al. 1997) or 
smooth muscle myosin-2 (Guilford et  al. 1997; 
Lauzon et al. 1998; Tanaka et al. 2008), briefly 
detach from the actin filament every time they go 
through their enzymatic cycle, it would not be 
possible to use the single-bead assay (Block et al. 
1990) as for processive motors, which can  take 
multiple catalytic steps while at least one motor 
domain stays attached to the track. To overcome 
this limitation, the three-bead assay positioned 
the actin filament, suspended between two 
optically- trapped beads (a so-called  actin fila-
ment “dumbbell”), above a third, usually larger, 
surface-bound bead sparsely coated with myo-
sin used as a pedestal. In this geometry, when the 
myosin undergoes its enzymatic cycle and 
detaches briefly from the actin filament, the fila-

ment will remain in close proximity to the myo-
sin such that it will quickly find the actin filament 
again. Data collection therefore becomes easy 
since many attachment/detachment processes of 
non-processive actomyosin interactions can be 
monitored within a short period of time. 
Parameters such as the size of the power stroke 
and the dwell/attachment times of unitary acto-
myosin interactions can be measured using this 
technique (Knight et  al. 2001). Many studies 
have used the three-bead assay to measure the 
mechanics and kinetics of processive myosins as 
well (Mehta et al. 1999; Moore et al. 2001; Rock 
et al. 2001; Veigel et al. 2002, 2005; Purcell et al. 
2005; Kad et  al. 2008; Norstrom et  al. 2010; 
Sellers and Veigel 2010;  Watanabe et  al. 2010; 
Takagi et  al. 2014; Hundt et  al. 2016; Gardini 
et al. 2018).

6.6.4.4  Load-Dependent Mechanics 
and Kinetics Using the Three- 
Bead Assay

Another beneficial attribute of the optical trap 
assay is that a load can be applied to the studied 
molecule in a controlled manner. Accordingly, 
measurements of how the kinetics of the motor’s 
conformational transitions are altered by external 
force, or  load, can be directly examined. Most 
optical trapping experiments are performed using 
a low stiffness (~0.01–0.03 pN/nm), so that the 
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Fig. 6.20 Single-bead and three-bead assay schemes. (a) 
In a single-bead/trap configuration, the trap is static and 
the bead displacement, shown as Xbead, allows measure-
ment of the molecular motor moving against the trap 
along a surface-bound track. If the optical trap force is 
higher than the stall force of the molecular motor, the pro-
tein will detach from the track and return back towards the 
center position of the trap. The single-bead configuration 
is useful for determining the mechanics of processive 
molecular motors. (b) In a three-bead assay, both optical 

traps are static with a track such as an actin filament in 
tension attached between the two beads. The molecular 
motor will exert motion against the track to displace the 
beads either closer to or further away, by Xbead, from the 
center of the trap due to the direction of force generation. 
The three-bead assay can be used to study the mechanics 
of both processive and non-processive molecular motors. 
(Diagram reproduced from Capitanio and Pavone 2013. 
Copyright 2013 Elsevier BV)
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displacement caused by an actomyosin interac-
tion is measured under low load. This also greatly 
increases the signal-to-noise ratio of the detached 
versus the attached states of the actomyosin inter-
actions, facilitating the separation of these states 
based on the variance or co-variance of the bead 
position signals.

In one variation of the experiment, the load on 
the myosin is altered using a “dynamic feedback” 
once an interaction between the myosin and actin 
filament is detected. This can be achieved by a 
fast change in laser power, which changes the 
trap stiffness, or by moving the actin filament 
with respect to the myosin.

Initial experiments using a dynamic feedback 
consisted of increasing and decreasing the laser 
power to mimic a situation whereby the myosin 
is undergoing a near-isometric condition (Finer 
et  al. 1994; Molloy et  al. 1995). An isometric 
condition in a single-molecule assay is one in 
which the relative positions, or strain, of single 
interacting myosin and actin molecules remain 
fixed by maintaining the position of one of the 
beads in a fixed position to reduce its motion. 
These methods revealed a distribution of isomet-
ric forces between 1–7 pN, with peaks centered 
around 2–3 pN.

Soon after these initial experiments, it was 
apparent that the end-compliance of the bead- 
actin attachments for the dumbbell assembly was 
highly non-linear (Dupuis et  al. 1997; Mehta 
et  al. 1997; Veigel et  al. 1998) in the range of 
forces (~2 pN) previously applied. The problem 
with the three-bead assay is that if there is insuf-
ficient  tension on the bead-actin connections in 
the dumbbell, the bead displacements and forces 
measured can be large underestimates of the 
actual displacements and forces produced by the 
molecular motor because some of the myosin 
motion is damped by the actin-bead-link compli-
ance. Studies were performed to determine the 
connection stiffness of the bead-actin linkages by 
either looking at the limited correlated diffusion 
between motion of the two optically-trapped 
beads attached to the ends of a single actin fila-
ment (Mehta et al. 1997), or by moving one of the 
positions of the bead via the optical trap con-
trolled by an electro-optical device (Dupuis et al. 

1997; Veigel et  al. 1998). From these experi-
ments, it was determined that for the three-bead 
assay, it should be a routine to apply 4–6 pN of 
tension to the dumbbell to minimize measure-
ment errors.

The method for determining the actin-bead 
link stiffness was also used to perform measure-
ments on the stiffness of the actomyosin cross-
bridge (Veigel et al. 1998). By driving one optical 
trap in a large-sinusoidal wave while keeping the 
other bead stationary (Fig. 6.21), it was possible 
to disentangle the stiffness of the myosin-actin 
link from that of the actin-bead connections. This 
way, crossbridge stiffnesses for single actin- 
myosin- 2 interactions have been determined in 
the range of 1–2 pN/nm (Smith et  al. 2001; 
Capitanio et al. 2006; Takagi et al. 2006; Lewalle 
et  al. 2008). The method has also been used to 
determine the stiffness of other myosins such as 
myosin-5a (Veigel et  al. 2002) and myosin-10 
(Takagi et al. 2014).

Consequently, application of oscillations to 
the dumbbell complex in the three-bead assay has 
been a useful technique to also decrease the tem-
poral limitation of detecting events (Veigel et al. 
1998, 1999; Sellers and Veigel 2010; Nagy et al. 
2013; Takagi et al. 2014; Hundt et al. 2016). The 
detection strategy of events, as described briefly 
earlier in this section, was based on the difference 
in thermal fluctuations between the detached and 
attached states. An initial attempt of this oscilla-
tory method was a procedure using a small ampli-
tude, 1 kHz sine wave onto one of the traps with 
an AOD to artificially increase the positional 
noise, or variance, which can then be detected at 
the other sensor  bead. Due to the larger signal 
variance created, the relative decrease in the vari-
ance when the myosin attached to the actin fila-
ment was more pronounced and easier to detect. 
Using this method, binding events were therefore 
detected within ~1 ms. Furthermore, in combina-
tion with this oscillatory technique, a range of 
assisting and resisting loads was applied to a uni-
tary actomyosin interaction within ~3  ms after 
detecting a binding event. This technique created 
a new avenue for both detection and load applica-
tion using the three-bead assay in the studies of 
many myosins (Veigel et  al. 1999). In recent 
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years, this method has been used to show that 
non-muscle myosin-2A requires a resisting load 
to be an efficient processive motor (Hundt et al. 
2016), showing predominantly 5  nm forward 
steps and stall forces of ~4 pN.

As a variation of the three-bead assay with 
oscillations, a recently developed method called 
“Harmonic Force Spectroscopy” (HFS) (Sung 
et al. 2015) automatically and randomly applies 

sinusoidally varying loads to a single actomyosin 
interaction by moving the dumbbell complex 
with respect to the stage when attached to the 
myosin (Fig.  6.22). Published methods of har-
monic force spectroscopy have applied sinusoids 
with an amplitude of 30–50 nm and frequencies 
between 100 and 200 Hz using a piezo-electric 
stage, while the actin dumbbell undergoes cycles 
of myosin binding and unbinding. Force- 

Fig. 6.21 Measuring the myosin stiffness using the three-
bead assay. (a) The three-bead geometry scheme shown 
allows the manipulation of a taut actin filament strung 
between two optically-trapped beads to be positioned over 
the myosin, which is attached on a third larger bead on the 
surface of an experimental chamber. In this scheme, the 
position of the two beads, XR and XL, are monitored using 
a quadrant photodiode/detector. The three-bead geometry 
can be represented as a system of springs and masses, i.e., 
a mechanical system, as shown in (b). When a myosin 
attaches to the actin, the cross-bridge stiffness, κxb, is in 
series with the actin-to-bead connection stiffness, κcon. 
These springs are also in parallel with the optical trap stiff-
ness, κtrap. The actual cross-bridge power stroke, dxb, 
depending on the stiffness of these different springs, can be 
taken up by their compliance, and thus, the bead displace-
ment observed (dobs) could be an underestimate of the 
actual power stroke. A mechanical system allows interpre-
tation of how the system reacts to different external loads, 

displacements and stiffnesses and can be a useful method 
to understand the mechanics of the three- bead assay. (c) 
The stiffness of a myosin-10 was measured using the out-
put of the two quadrant photodiodes monitoring the two 
different optical traps. A large amplitude triangular wave 
(100 nm; 10 Hz) was applied to drive one of the optically-
trapped beads back and forth, while simultaneously mea-
suring the bead position at both ends of the actin filament. 
The difference in position between the bead held in the 
driven trap and the trap centroid was used to calculate the 
applied force, while the position of the bead on the other 
end of the actin filament allowed distortion of the acto-
myosin-10 complex. Following a mathematical correction 
for the actin-bead connection compliance, force-extension 
diagrams were plotted. Force extension data in (d) show a 
stiffness of ~0.38 pN/nm for a single acto-myosin-10 com-
plex. (Diagram reproduced from Veigel et  al. 1998 and 
Takagi et al. 2014. Copyright 1998 Elsevier BV and copy-
right 2014 National Academy of Sciences, USA)
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dependent kinetics of many β-cardiac myosin-2 
mutation constructs have been studied in the past 
few years using this method (Liu et  al. 2018). 
This technique appears to be a very useful varia-
tion to the three-bead assay, whereby this method 
also can be incorporated by moving the dumbbell 
complex  using an electro-optical device, rather 
than the stage.

Innovative methods to incorporate a feedback 
system into the three-bead assay in order to 
decrease the end-compliance and to apply forces 
in different directions relative to the power stroke 
of the myosin have been developed over the 
years. In the previously described methods for 
measuring isometric forces, the actin filament 
moved significantly, and due to the limited ten-
sion applied to the dumbbell, the isometric forces 
measured were most likely an underestimate. To 
decrease the end-compliance, as well as to mea-
sure the isometric force, a feedback system that 
includes the whole dumbbell component in the 
feedback was developed (Takagi et al. 2006). In 
this feedback mode, an approach was taken to 
reduce and adjust the extent of actin motion at the 
moment of myosin binding. This method incor-
porated a procedure where one of the beads in the 
dumbbell was fixed in force by using an AOD 
while changing the position of the other bead. In 
this manner, the effective stiffness of the trap is 
increased, enabling testing of the effect of the 

stiffness on the developed force (Fig. 6.23b). The 
results showed that the force developed by uni-
tary skeletal muscle actomyosin-2 interactions is 
considerably increased when the dynamic stiff-
ness of the actin presented to the myosin mole-
cules is increased. The authors showed that using 
this feedback mode, termed “isometric force 
clamp”, the rate of load application can be 
altered, as fast as in the range of milliseconds or 
slower. Using a high gain feedback with a reac-
tion time to apply dynamic load within ~1  ms, 
myosin-2 was shown to produce a range of forces 
between 2.5  pN and 17  pN with an average of 
~6 pN, which was significantly higher than the 
earlier estimates in the 1–4 pN range (Finer et al. 
1994; Molloy et al. 1995; Guilford et al. 1997). 
This single-molecule measurement of skeletal 
muscle myosin-2 force seems compatible with 
high-resolution muscle fiber measurements, 
which reported an estimate of ~6  pN per acto-
myosin crossbridge (Piazzesi et al. 2007).

Application of this method has also revealed 
novel features of myosin-1. In the presence of 
small loads, ~2 pN, the detachment of this myo-
sin from actin filaments decreases by >75-fold, 
demonstrating that myosin-1 can transition from 
a low (<0.2) to a high (>0.9) duty ratio motor, 
supporting the motor’s role as a molecular force 
sensor (Laakso et  al. 2008). Furthermore, load- 
dependent kinetics differences within different 

Fig. 6.22 Harmonic 
force spectroscopy 
(HFS). Using a standard, 
static, three-bead assay 
in concert with a simple 
harmonic oscillation 
introduced by the 
piezo-stage, HFS can be 
used to measure the 
load-dependent kinetics 
of molecular motor 
interactions without 
intricate feedback loops. 
(Diagram reproduced 
from Sung et al. 2017. 
Copyright 2017 Elsevier 
BV)

6 Single-Molecule Biophysical Techniques to Study Actomyosin Force Transduction



116

myosin-1 isoforms have been studied (Greenberg 
et al. 2012) as well as the role of the N-terminal 
domain in this load-dependence behavior  of 
myosin-1s (Greenberg et al. 2015).

To measure force-dependent actomyosin 
kinetics and mechanics even faster than ~1  ms 
time resolution as achieved by the previously 
mentioned methods, ultrafast force-clamp spec-
troscopy has been used to apply constant loads 
with only a delay of ~10  μs (Capitanio et  al. 
2012; Capitanio and Pavone 2013). This system 
utilizes two separate AOD-driven feedbacks, one 
for each optical trap, to force-clamp the two 
beads at two different forces. Thus, within this 
feedback, a net constant force of +ΔF is applied 
to the dumbbell assembly, where the clamped 
force for one of the beads is −F, and the other 
F  +  ΔF.  Different from previous methods, the 
dumbbell therefore moves against viscous drag at 
a constant velocity when the actin filament is not 
attached to the myosin, and by altering the direc-
tion of the net force, the dumbbell complex can 
move in a triangular wave, of ~+/−200 nm. Since 
the ultrafast force clamp is supposed to maintain 
the force between the dumbbell complex in the 
absence and presence of an attachment, the con-
stant force of +ΔF is transferred to the myosin 
when it attaches to the actin, with a concomitant 
“stop” of the dumbbell movement (Fig.  6.24). 
Using this method, the Capitanio group showed 

that under resistive loads, ~5–10  nm power 
strokes usually followed binding after a short 
dwell time (0.2–1  ms). However, particularly 
short events (< 1 ms) did not exhibit any substan-
tial power stroke. Furthermore, using a detailed 
analysis on the effect of applied load, a premature 
(< 5 ms) dissociation pathway was shown to be 
more populated as the force was increased, result-
ing in a working stroke that decreased with 
amount of load.

6.7  Simultaneous Methods

Some of the single-molecule methods described 
in this chapter have been combined to measure 
multiple parameters of myosin output, simultane-
ously. A couple of these attempts, which used a 
combination of different single-molecule tech-
niques, are discussed as examples.

6.7.1  Optical Trapping 
and Fluorescence

The strengths of displacement and force mea-
surements using optical trapping has been cou-
pled to a single-molecule fluorescence detection 
scheme  to visualize the nucleotide occupancy 
relative to motion of a single myosin (Ishijima 
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Fig. 6.23 Optical trapping feedback schemes. (a) Using 
a single-bead trapping geometry, a force clamp can be 
performed. In this case, a feedback loop is used to move 
the optical trap and keep the force on the trapped bead 
constant. The trap displacement, Xtrap, measures the 
molecular motor motion under a force clamp. (b) A posi-
tion clamp, also known as the isometric clamp, is per-
formed by using the left bead as a “sensor” bead to detect 

the movement of the dumbbell and moving the right bead 
using an AOD to oppose the detected motion of the sensor 
bead, keeping it at its pre-determined position. The right 
bead therefore measures the actual force, Fmotor, output by 
the molecular motor under isometric condition. (Diagram 
reproduced from Capitanio and Pavone 2013. Copyright 
2013 Elsevier BV)
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et al. 1998). This tour de force article coupled an 
optical trapping microscope capable of perform-
ing a modified three-bead assay together with a 
TIRF microscope (Fig. 6.25). In order to visual-
ize a uniform TIRF image, glass surfaces were 
chemically etched to microfabricate “flat” pedes-
tals that were ~ 7 μm wide and 1 μm deep. This 
study measured the force and displacement of a 

unitary, single-headed skeletal muscle myosin-2, 
while simultaneously observing a fluorescent 
nucleotide (Cy3-ATP) colocalized near the point 
of the acto-myosin interaction. Cy5 dyes were 
also used to visualize the actin filament within 
the three-bead assay, as well as the artificial thick 
filament made with a 1:1000 ratio of single- 
headed skeletal muscle myosin-2:skeletal muscle 

Fig. 6.24 Ultrafast force-clamp spectroscopy overview. 
(a) Schematic of the ultrafast force clamp spectroscopy 
relies on using two separate feedback systems to apply -F 
on the left optical trap and F + ΔF on the right optical trap 
such that molecule B, i.e., an actin filament, is under a 
total force of ΔF. Feedback operates on monitoring the 
force using a quadrant detector photodiodes (QDP), while 
moving the optical traps with an acousto-optic deflector 
(AOD). (b) Illustration of ΔF on the left (black) and right 

(red) beads. Within the ultrafast force-clamp feedback, the 
force is switched back and forth between +ΔF and -ΔF so 
that the bead-actin-bead complex oscillates within a con-
fined distance of ±200 nm. When molecule A binds to B, 
the constant force is transferred to B, stopping the dumb-
bell motion as illustrated between the dotted black lines. 
(Diagram reproduced from Capitanio et  al. 2012. 
Copyright 2012 Nature Publishing Group)
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myosin-2 rods. This strategy of labeling both the 
actin filament and the synthetic co-filament of 
myosin-2 and rods, made controlling the angle of 
contact between the two individual filaments pos-
sible (~30°). This was done because previous 
studies had suggested  that forces and displace-
ments were strongly dependent on the angle 
between an actin filament and the myosin 
(Ishijima et al. 1994; Tanaka et al. 1998).

Interestingly, these measurements showed that 
force generation can happen several hundred mil-
liseconds after the release of ADP from the myo-
sin head, as if the myosin has a prolonged 
hysteresis or memory effect. This was an unusual 
finding which does not seem to fit any of the con-
ventional kinetic mechanisms for myosin. Since 
nobody else has performed these simultaneous 
optical trapping and fluorescence measurements 
for myosins, it would be interesting to see if oth-
ers obtain similar results in the future, and 
whether similar effects are observed with other 
classes of myosins.

6.7.2  Single-Molecule Fluorescence 
and iSCAT

A fluorescence channel has also been coupled 
into an iSCAT experiment in order to visualize 
two domains of myosin motors simultaneously. 
This, in practice, is a relatively simple modifica-
tion in which a dichroic mirror is added into the 
illumination pathway. A blue laser is focused 
through a 500 mm lens into the back focal plane 
of the objective steered by two adjustable mir-
rors. The beam position can be displaced laterally 
by mounting one of the mirrors onto a translation 
stage in order to switch between epi-illumination 
and TIRF. Another dichroic mirror will separate 
the red-shifted emission from the illumination 
channel, and the image is passed through a filter 
and is focused onto an EMCCD. By using a red 
wavelength for the iSCAT channel, a fluores-
cence detection window in the green region can 
be used, ideal for molecules labelled with 
GFP.  Using standard experimental techniques, 

Fig. 6.25 Simultaneous optical trap/TIRF microscopy 
scheme. (a) Illustration of the assay at the specimen plane. 
Using a three-bead assay geometry an actin filament was 
brought into contact with a synthetic single-headed 
myosin- rod co-filament (myosin: rod ratio  =  1:1000) 
attached to a pedestal microfabricated on the surface of 
the coverslip. TIRF microscopy was used to visualize 
Cy3-ATP as it associates and dissociates while the myosin 

undergoes its enzymatic cycle. (b) Optics layout of the 
optical trap/TIRF microscope. D  =  dichroic lenses; 
BS = beam splitter; BF = barrier filter; BP = band pass 
filters; II SIT = image intensified silicon intensifier target 
camera. More details can be found in the original article. 
(Diagram reproduced from Ishijima et al. 1998. Copyright 
1998 Nature Publishing Group)
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the two channels can be temporally synchronized 
and spatially registered in order to achieve two 
truly correlated images.

This technique has been used effectively by 
the Kukura laboratory (Andrecka et al. 2015) to 
further understand the structural motion of myo-
sin- 5a (Fig. 6.26). Similar to the dual Qdot label-
ing strategy (Warshaw et  al. 2005) employed 
previously for SHREC, they labelled both motor 
domains, one with a gold nanoparticle for scatter-
ing imaging and one with a Qdot for fluores-
cence imaging. Andrecka et al. observed that the 
spatially constrained transient state of the motor 
domain (discussed in detail in Chap. 8 in this 
book) occurred on the same side of the actin. This 
was the first evidence for a spinning compass- 
like gait of myosin-5a. This gait model  would 
suggest that the cargo of myosin-5a should also 
rotate with each stride, or that some swivel in the 
myosin’s structure alleviates the torsional strain 
that would be generated. Such a rotation has been 
measured before by the orientation of quantum 
rods attached to the myosin-5a tail, although in 
this work the source of the rotational movement 
was thought to be thermal (Ohmachi et al. 2012). 

The compass-like spinning motion may be an 
indication of how myosin-5a’s structure helps 
facilitate and control the motion of the unbound 
head in a 1-dimensional arc to achieve a high 
specificity in finding the desired binding site, aid-
ing unidirectional motion.

Andrecka et al. also simultaneously tracked one 
myosin-5a motor domain with the stalk domain. 
The motor domain was labelled with a gold 
nanoparticle and a C-terminal GFP was conjugated 
with a GFP booster nanobody as reported in Ries 
et al. 2012. The results showed that both the trans-
location of labeled motor domain and the small 
rotation of the N-terminus on the bound motor 
domain (again, discussed in more detail in Chap. 
8) occurs synchronously with the translocation of 
the stalk. This provides evidence that the small-
scale N-terminus transition observed is representa-
tive of the pre- to post-power stroke transition, a 
process previously unobserved. These experiments 
show that simultaneous observation of scattering 
and fluorescence can be a useful method to track 
the different domains of a molecular motor, facili-
tating understanding of how motions of different 
domains are coupled to each other.

Fig. 6.26 Simultaneous iSCAT/TIRF microscopy of 
myosin-5a. One head was labeled with a 20  nm 
streptavidin- functionalized gold particle (red) and the 
other with a fluorescent quantum dot (blue). Reported val-
ues correspond to the standard deviation, σ, in the position 
of the bound state (nm) and the shaded regions encompass 

an area of 3σ. The traces are colored according to the label 
colors in the inset. ATP concentration: 10 μM. Scale bar: 
100  nm. Imaging speed: 500 frames/s. (Diagram repro-
duced from Andrecka et al. 2015. Copyright 2015 eLife 
Science Publication)
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6.8  Commercially Available 
Microscopes/Parts 
from Companies

Implementing single-molecule techniques into a 
laboratory with no previous background on the 
subject is a difficult and demanding task. The 
field is often very technology-driven. It therefore 
helps to understand and follow the trends and 
information relevant to single-molecule tech-
niques in order to be innovative. However, single- 
molecule techniques are just a set of tools that 
can be used to answer the right question, if set in 
the right context.

The fact that many microscopes and instru-
ments are commercially available these days 
helps newcomers to implement single-molecule 
measurements into their research. In this section, 
we list a number of companies and information 
(available in 2019) about “where to start” if one 
were interested in learning more about commer-
cially available systems. Only a subset of existing 
companies is listed in this section.

Commercial Microscope Companies:  Rather 
than building a microscope from scratch, it is 
sometimes beneficial to use a platform that 
already has a variety of imaging modalities built-
 in. The more established and well-known micro-
scope companies have a variety of different types 
of microscopes that can be used to custom-build 
an instrument specific to your single-molecule 
investigations and needs. Furthermore, many of 
these companies also have “turn-key” solutions 
for single-molecule studies – for example, TIRF 
microscopes capable of single-molecule detec-
tion that have both hardware and software already 
pieced together to work effectively. Additionally, 
discussions with the application scientists and 
engineers from these companies with a thorough 
background and understanding of different 
microscopy techniques is a great way to learn 
about what types of microscope platforms are 
available from each company and which may be 
suitable for the single-molecule experiments one 
would like to perform.

Leica: https://www.leica-microsystems.com/
Nikon: https://www.microscope.healthcare.

nikon.com/Products

Olympus: https://www.olympus-lifescience.
com/en/

Zeiss: https://www.zeiss.com/microscopy/us/
solutions/life-sciences.html

Single Molecule Microscope Frames:  If one 
chooses to build a microscope from scratch, 
there are companies such as Edmund Optics, 
(https://www.edmundoptics.com/), Newport 
(https://www.newport.com/), OptoSigma 
(https://america.optosigma.com/?redirect_
to=optosigma_us) and Thorlabs (https://www.
thorlabs.com/) that sell both optics and opto-
mechanical parts. An alternative is to start with a 
versatile microscope frame as a scaffold that can 
be modified according to the user’s needs. These 
are usually compatible with other off-the-shelf 
components offered from the companies, mak-
ing it possible to assemble a microscope like a 
LEGO-set.

Applied Scientific Instrumentation (ASI) - RAPID  
AUTOMATED MODULAR  MICROSCOPE 
SYSTEM (RAMM): http://www.asiimaging.
com/products/complete-system-solutions/rapid- 
automated-modular-microscope-ramm- 
system/

Mad City Labs - RM21™: http://www.madcity-
labs.com/singlemolecule.html

Sigma Koki - Core Unit for Microscopy: https://
www.global-optosigma.com/en_jp/Catalogs/
p n o / ? f r o m = p a g e & p n o n a m e = C U M S -
GUIDE&ccode=&dcode=

Single Molecule Fluorescence 
Imaging: Companies, such Oxford Nanoimaging, 
also have built-in  turn-key solutions to many 
types of single-molecule fluorescence tech-
niques. The system called Nanoimager can be 
configured to perform single-molecule fluores-
cence imaging and single-molecule fluorescence 
resonance energy transfer (smFRET) micros-
copy. In addition, the system has imaging modal-
ities that can be used for super-resolution imaging 
of cells, such as PALM, direct STORM, and 
structured illumination microscopy (SIM). The 
hardware system from Oxford Nanoimaging is 
packaged with data acquisition software, as well 
as a suite of analysis software.
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https://www.edmundoptics.com/
https://www.newport.com/
https://america.optosigma.com/?redirect_to=optosigma_us
https://america.optosigma.com/?redirect_to=optosigma_us
https://www.thorlabs.com/
https://www.thorlabs.com/
http://www.asiimaging.com/products/complete-system-solutions/rapid-automated-modular-microscope-ramm-system/
http://www.asiimaging.com/products/complete-system-solutions/rapid-automated-modular-microscope-ramm-system/
http://www.asiimaging.com/products/complete-system-solutions/rapid-automated-modular-microscope-ramm-system/
http://www.asiimaging.com/products/complete-system-solutions/rapid-automated-modular-microscope-ramm-system/
http://www.madcitylabs.com/singlemolecule.html
http://www.madcitylabs.com/singlemolecule.html
https://www.global-optosigma.com/en_jp/Catalogs/pno/?from=page&pnoname=CUMS-GUIDE&ccode=&dcode=
https://www.global-optosigma.com/en_jp/Catalogs/pno/?from=page&pnoname=CUMS-GUIDE&ccode=&dcode=
https://www.global-optosigma.com/en_jp/Catalogs/pno/?from=page&pnoname=CUMS-GUIDE&ccode=&dcode=
https://www.global-optosigma.com/en_jp/Catalogs/pno/?from=page&pnoname=CUMS-GUIDE&ccode=&dcode=
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Oxford Nanoimaging (ONI): https://oni.bio/

Interferometric Scattering Microscopy:  For 
scattering-based single-molecule techniques 
such as iSCAT microscopy, Refeyn Ltd. has a 
turn-key system (Refeyn OneMP) that is capable 
of interferometric scattering mass photometry 
measurements. For dark-field scattering experi-
ments, many of the large microscope companies 
provide dark-field condensers which are com-
mercially available for their microscopes.

Refeyn Ltd.: https://www.refeyn.com/

Optical Trapping: A number of companies 
exists that provide commercial units specific for 
optical trapping. Some are fully integrated units, 
some are components that can be used to bolt 
onto existing microscopes, and some are modular 
kits that can be built to your specific optical- 
trapping needs.

Elliott Scientific: https://www.elliotscientific.
com/Optical-Tweezers

IMPETUX: https://www.impetux.com/
JPK/Bruker: https://www.jpk.com/products/

force-sensing-optical-tweezers-and-optical-
trapping

LOT-QuantumDesign GmbH: https://lot-qd.de/
en/products/life-sciences/optical-tweezers/
product/optical-tweezers/

Lumicks: https://lumicks.com/
Meadowlark Optics: https://www.meadowlark.

com/optical-tweezers-cube-p-120?mid=12
Molecular Machines & Industries (MMI): http://

www.molecular-machines.com/single_cell_
sorting_products/mmi_cellmanipulator_-_
optical_tweezers/technology_55

Thorlabs Inc.: https://www.thorlabs.com/new-
grouppage9.cfm?objectgroup_id=12442 or 
https://www.thorlabs.com/newgrouppage9.
cfm?objectgroup_id=3959 or

https://www.thorlabs.com/newgrouppage9.
cfm?objectgroup_ID=6966

AFM: Atomic force microscopes are also 
commercially available. Some come as stand- 
alone units, and some can be attached/combined 

to a light microscope for simultaneous imaging 
modes.

JPK/Bruker: https://www.jpk.com/products/
atomic-force-microscopy

Nanosurf: https://www.nanosurf.com/en/
Oxford Instruments/Asylum Research: https://

afm.oxinst.com/
Research Institute of Biomolecule Metrology 

Co., Ltd. (RIBM): https://www.ribm.co.jp/

6.9  Conclusion

In this chapter, we discuss some of the single- 
molecule techniques that have been used to study 
myosins over the last three decades. Single- 
molecule techniques are truly advantageous tools 
that make it possible to decipher the molecular 
mechanisms of enzymatic activity and directed 
force production by molecular motors that cannot 
be easily assessed with ensemble techniques.

Many questions about different types of myo-
sins have been challenged and answered using 
single-molecule approaches with considerable 
agreement among many laboratories. However, at 
the moment there is also considerable disagree-
ment in the field concerning many of the myosins. 
Perhaps further enhancement of both the temporal 
and spatial resolution, as well as new ways of 
studying external parameters, such as load, with 
these single-molecule techniques may help 
resolve some of these experimental differences. 
Other single-molecule techniques such as mag-
netic tweezers (Seol and Neuman 2018), which 
have been used to study other molecular motors, 
but which have not been used to study myosins, 
may pave new avenues of myosin research and 
advance our understanding about these well-stud-
ied, yet still mysterious, molecular motors.
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High-Speed Atomic Force 
Microscopy to Study Myosin 
Motility
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Abstract

High-speed atomic force microscopy 
(HS-AFM) is a unique tool that enables imag-
ing of protein molecules during their func-
tional activity at sub-100  ms temporal and 
submolecular spatial resolution. HS-AFM is 
suited for the study of highly dynamic pro-
teins, including myosin motors. HS-AFM 
images of myosin V walking on actin fila-
ments provide irrefutable evidence for the 
swinging lever arm motion propelling the 
molecule forward. Moreover, molecular 
behaviors that  have not been noticed before 
are also displayed on the AFM movies. This 
chapter describes the principle, underlying 
techniques and performance of HS-AFM, 
filmed images of myosin V, and mechanistic 
insights into myosin motility provided from 
the filmed images.

Keywords

High-speed atomic force microscopy · 
Myosin ATPase · Molecular motor · Chemo- 
mechanical coupling · Single-molecule 
measurement

7.1  Introduction

Among a variety of many different proteins, 
myosins have been a special target of research, 
inspiring scientists to invent new measurement 
techniques or apply newly born techniques cre-
ated for non-biological research fields. Successful 
use of these techniques in myosin motility stud-
ies has encouraged other biological fields to use 
them. Such techniques are typically represented 
by single-molecule biophysical techniques based 
on fluorescence and optical tweezers. The inven-
tion or exploitation of these techniques was stim-
ulated by the early studies of in vitro myosin 
motility assays originated from naturally occur-
ring cytoplasmic streaming in giant algal cells 
(Higashi-Fujime 1980; Sheetz and Spudich 
1983). Then, myosin motility has been pro-
foundly studied using single-molecule flores-
cence microscopy and optical trap nanometry. 
The successful use of single-molecule fluores-
cence microscopy in turn stimulated the inven-
tions of super-resolution fluorescence microscopy 
(e.g., Huang et al. 2009). Among diverse myosin 
superfamily proteins, class V myosin (M5) has 
remarkably contributed to the understanding of 
myosin motility as single M5 molecules under-
going unidirectional processive translocation can 
be tracked successively under these single- 
molecule biophysical measurements (Mehta 
et  al. 1999; Sakamoto et  al. 2000). From the 
single- molecule studies on M5 intensively 
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 conducted in the 2000s, the following fundamen-
tal characteristics of M5 motility have been 
established: (i) In every ATP hydrolysis cycle, 
M5 moves forward by ~36 nm (Mehta et al. 1999; 
Rief et al. 2000; Purcell et al. 2002; Veigel et al. 
2002; Uemura et  al. 2004; Clemen et  al. 2005; 
Sakamoto et  al. 2008), (ii) this large stride is 
made possible by the long lever arms of M5 
(Purcell et al. 2002; Sakamoto et al. 2003, 2005), 
(iii) the two heads alternately switch between the 
leading and trailing roles so that M5 walks hand- 
over- hand (Yildiz et al. 2003; Forkey et al. 2003; 
Warshaw et al. 2005), and (iv) this style of move-
ment is made possible by the intramolecular 
strain-mediated retardation of ADP release from 
the leading head (Sakamoto et al. 2008; Rosenfeld 
and Sweeney 2004; Veigel et  al. 2005; Oguchi 
et  al. 2008; Purcell et  al. 2005; Forgacs et  al. 
2008). However, note that these optical tech-
niques always observe optical markers attached 
to protein molecules. As such, the protein mole-
cules themselves are invisible in the recorded 
data, even with super resolution. Despite these 
successful studies, the central issue of myosin 
motility, namely how the chemical energy of ATP 
is converted to the mechanical work to be exe-
cuted by myosins, was not much elucidated 
through these single-molecule studies. Our 
understanding of this central issue has remained 
poor, and not much surpassed the level reached 
through long-term studies on muscle contraction 
with ensemble averaging techniques.

Atomic force microscopy (AFM) was invented 
(Binnig et al. 1986) to visualize atoms on solid 
surfaces. However, soon after, it started to be 
used to observe biological samples. Some AFM 
imaging studies were performed also for myosin 
II (M2) (Hallett et  al. 1995; Zhang et  al. 1997; 
Sheng et al. 2003; Taniguchi et al. 2003; Rigotti 
et al. 2005; Iwasaki et al. 2005; Kellermayer et al. 
2018). The images of M2 were taken under ambi-
ent, non-physiological buffer or chemically-fixed 
conditions. In this regard, AFM was used in place 
of electron microscopy. AFM can also be used for 
force measurements to estimate the strength of 
intra- and inter-molecular bonds at the single- 
molecule level, and the elasticity of biological 
molecules and surfaces. AFM force measure-

ments were performed for myosins and myosin- 
related proteins (Nakajima et al. 1997; Rief et al. 
1997; Oberhauser et  al. 2001; Schwaiger et  al. 
2002; Root et al. 2006; Decker and Kellermayer 
2008; Karsai et al. 2011; Kiss et al. 2011; Kaiser 
et al. 2012; Baumann et al. 2017).

In a similar way that the development of 
single- molecule fluorescence microscopy was 
stimulated by the early in vitro myosin motility 
studies, the development of HS-AFM was initi-
ated in 1993 under a stimulating influence of 
single-molecule myosin motility studies. In 2001, 
the diffusional motion of M5 molecules on mica 
was recorded with HS-AFM at 12.5 frames/s 
(fps) (Ando et al. 2001), but the HS-AFM instru-
mentation was not very sophisticated at that time. 
Through continuous improvements of the sys-
tem, HS-AFM was established in 2008 (Ando 
et  al. 2008). Finally, M5 molecules walking on 
actin filaments were filmed with HS-AFM in 
2010 (Kodera et al. 2010). Remarkably, all char-
acteristic features of M5 motility revealed collec-
tively through numerous single molecule optical 
measurements (i–iv mentioned above) were visu-
ally displayed on the filmed HS-AFM images. 
Moreover, dynamic phenomena unrecognized 
before also appeared in the images. Thus, 
HS-AFM imaging was demonstrated to be able to 
make important discoveries even for proteins that 
had been extensively studied with other 
approaches.

7.2  High-Speed Atomic Force 
Microscopy

7.2.1  Operation Principle of AFM 
Imaging

AFM uses a micro cantilever with a sharp stylus 
tip attached to its free end. The cantilever, as a 
mechanical force sensor, responds to the interac-
tion between the tip and sample surface. For the 
acquisition of sample height information over a 
rectangular area, the local tip-interaction point on 
the surface is successively shifted over the area 
by raster scanning of the sample stage relative to 
the tip. Among several imaging modes, the 
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 tapping mode (Zhong et al. 1993), also called the 
amplitude modulation mode, is most suitable for 
fragile biological samples. In this mode, the can-
tilever is excited to oscillate in the Z-direction at 
or near its first resonant frequency. The oscillat-
ing tip intermittently taps the sample surface, 
resulting in amplitude reduction depending on 
the tapping strength. This intermittent tapping 
can avoid tip dragging across the sample and 
hence minimize sample deformation or disloca-
tion in the lateral direction. The cantilever deflec-
tion is generally detected with an optical beam 
deflection (OBD) detector, in which a laser beam 
reflected back from the cantilever illuminates a 
position-sensitive photodetector. The laser spot 
on the photodetector moves up and down as the 
cantilever oscillates, and therefore, the cantilever 
deflection and oscillation amplitude can be mea-
sured from the photodetector output. During ras-
ter scanning, the sample stage is also moved in 
the Z-direction via feedback control so that the 
cantilever oscillation amplitude (and hence the 
tip-tapping force) is maintained constant at its set 
point value. Consequently, the three-dimensional 
(3D) movement of the sample stage approxi-
mately traces the sample surface, and hence, a 
topographical image of the sample can be con-
structed from the electric signal used to drive the 
scanner in the Z-direction.

7.2.2  Techniques Underlying 
HS-AFM

There are several devices in the feedback loop 
(Fig. 7.1). The input to this loop is a change of 
sample height under the cantilever tip caused by 
lateral scanning of the sample stage relative to the 
tip. First, the oscillating cantilever responds to 
the sample height change, resulting in a change 
of its amplitude. This amplitude change is 
detected by the OBD detector and the amplitude 
detector. The detected amplitude is compared to 
the set point amplitude to produce an error signal. 
This error signal is used to determine the output 
voltage from the proportional-integral-derivative 
(PID) feedback controller. This output voltage is 
sent to the Z-piezo driver to displace the 

Z-scanner, so that the cantilever oscillation 
amplitude is restored towards its set point value. 
This cycle is repeated to minimize the error sig-
nal. However, the feedback cycle is always 
delayed due to the chasing-after nature of feed-
back control. Moreover, the sample stage is con-
tinuously scanned in the lateral direction, 
independently of the feedback Z-scanning. When 
the lateral scanning is carried out too fast com-
pared to the speed of feedback control, the error 
signal becomes large, resulting in an excessive 
tip force being exerted to the sample and hence in 
sample damage.

The operation principle of HS-AFM is basi-
cally the same as conventional slow AFM, but 
almost all components in HS-AFM systems are 
optimized for their fast responses to their respec-
tive input signals. Moreover, specialized devices 
are incorporated in some HS-AFM systems. As 
regards to the extent of optimization and the use 
of specialized devices, there are variations among 
laboratory-built and commercially available 
HS-AFM systems. Therefore, their speed and 
low-invasive performances are different. The 
descriptions below are mostly given for the 
HS-AFM system (Ando et  al. 2008) that has 
demonstrated its capability to film walking M5 
and many other protein molecules during their 
functional activity (Ando et  al. 2014).  We 
believe  that commercial HS-AFM systems can 
also film walking M5 and other dynamic molecu-
lar processes. 

• Tiny cantilevers. The response time of a canti-
lever is defined by Qc/(πfc), where Qc is the 
quality factor in water and fc is the first reso-
nant frequency in water. Tiny cantilevers of 
7–10 μm long, 2 μm wide and ~100 nm thick 
are generally used for HS-AFM (Fig. 7.2a−c). 
These cantilevers made of silicon nitride or 
quartz  have Qc  =  1−2  in water, 
fc = 400 kHz − 1.2 MHz in water and a spring 
constant kc  =  0.1–0.2  N/m. Their response 
time ranges between 0.4 and 0.8 μs.

• Scanner. Faster HS-AFM systems scan the 
sample stage, rather than the cantilever chip 
because a simpler opto-mechanical design can 
be employed in the former system. The  sample 
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stage scanner is monolithically fabricated 
from a metallic block to minimize the number 
of resonant peaks. Different counter- balancing 
methods are employed for the X- and 
Z- scanners (Fig. 7.2d, e). In the X-scanner, a 
piezoactuator is held at both  its ends by two 
identical flexure springs, each of which are 
attched to an identical mass, so that the center 
of mass of the X-scanner is hardly displaced. 
In the Z-scanner, two identical piezoactuators, 
each attached to  an identical mass, are dis-
placed simultaneously in the opposite direc-
tion to minimize the vibrations of their 
supporting base. The first resonance frequen-
cies of the X-, Y- and Z-scanners are 60, 15 
and 200 kHz, respectively, while their maxi-

mum strokes are 2 μm, 3 μm and 1μm at 100 
V, respectively.

• Active vibration damping of Z-scanner. The 
Z-piezoactuator has a high quality factor (i.e., 
a sharp resonant peak at ~200  kHz), which 
generates undesirable ringing displacement of 
the Z-scanner when driven quickly. The qual-
ity factor is significantly reduced by an active 
vibration damping method (Kodera et  al. 
2005) that uses a mock Z-scanner (LRC cir-
cuit) characterized with the transfer function 
identical to that of the real Z-scanner.

• Fast amplitude detectors. To convert the canti-
lever deflection signal into an amplitude sig-
nal within a half or one cycle of cantilever 
oscillation, fast amplitude detectors based on 
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Fig. 7.1 Schematic of HS-AFM system. The system 
includes an inverted optical microscope. A cantilever chip 
is held in the holder so that its tip points upward (opposite 
to the way in conventional AFM). The sample stage, 
attached to the Z-scanner and facing downward, is placed 
over the cantilever. The cantilever immersed in a buffer 
solution is excited to oscillate with small amplitude 
(1–2 nm) at its first resonant frequency by the oscillation 

of the excitation piezo. The cantilever oscillation ampli-
tude is maintained constant by feedback control. The scan 
signals for the X- and Y-scanner are output from the com-
puter through the DA converters. The output from the 
active Q-control damper is recorded as the sample height 
through the AD converter. (Source: Adapted from 
Kodera and Ando 2014)
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peak-hold or Fourier methods are used, 
respectively (Ando et al. 2001, 2008).

• Fast feedback controller. The tip-tapping 
force can be reduced by the use of small free 
oscillation amplitude of the cantilever (A0) and 
its set point amplitude (As) close to A0 (more 
details are given in Sect. 7.2.3). However, 
under these conditions the tip tends to lose 
contact with the sample surface in the down-
hill region of the sample. This problem is 
overcome by a feedback controller referred to 
as the dynamic PID controller, which enables 
automatic gain adjustment during imaging 

(Kodera et  al. 2006), making high-speed 
imaging compatible with low-invasive imag-
ing, together with the drift compensator 
described below.

• Drift compensator for cantilever excitation. 
The cantilever is excited to oscillate by the 
oscillation of an excitation piezoactuator. 
However, the excitation power tends to 
decrease with time. The resulting decreasing 
oscillation amplitude is misinterpreted by the 
feedback control system as being caused by an 
increasing tip-sample interaction. Therefore, 
the sample stage is retracted from the tip to 
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Fig. 7.2 Two key 
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restore the amplitude towards As. The differ-
ence between A0 and As has to be set at a very 
small value (0.1–0.3  nm) to achieve low- 
invasive imaging. Therefore, under such set-
ting the oscillating tip loses contact with the 
sample completely even when the amplitude 
reduction caused by a lowered excitation 
power (and hence the sample stage retraction 
caused by the misinterpretation of the ampli-
tude reduction) exceeds only by 0.1–0.3 nm. 
The drift compensator (Kodera et  al. 2006) 
controls the excitation power to maintain con-
stant the time-averaged strength of tip-sample 
interaction. This strength can be detected by 
the amplitude measurement of a second har-
monic oscillation component that appears as a 
consequence of distortion of sinusoidal oscil-
lation caused by the tip-sample interaction. 
Thus, stable low-invasive imaging is possible.

For more details of these underlying tech-
niques, see the reviews (Ando et al. 2008; Ando 
2012).

7.2.3  Current Performance 
of HS-AFM

The structure and function of protein molecules 
should be preserved during their HS-AFM imag-
ing. There are three issues to be considered to 
achieve this preservation: (i) the average amount 
of energy loss from the oscillating cantilever 
upon tip-sample interaction, (ii) excessive tip- 
force caused by feedback control error, and (iii) 
sample–substrate surface interactions. The third 
issue is described in Sect. 7.4. For the first issue, 
the cantilever free oscillation amplitude A0 and 
set point amplitude As have to be set adequately. 
The average oscillation energy loss <ΔE  >  per 
each tip-sample contact is expressed as

 
�E k A A Q� �� �½ /c s c .0

2 2

 
(7.1)

The value of <ΔE  >  is 5.2 kBT (kB, Boltzmann 
constant; T, room temperature in kelvin) under 
the typical conditions used for successful imag-

ing of active protein molecules (kc  =  0.1  N/m, 
Qc  =  1, A0  =  1.5  nm, and As  =  0.9  ×  A0). This 
amount of energy is considered to be transferred 
into the sample at every tip-tapping event. 
However, this amount of transferred energy is 
partitioned into many degrees of freedom and 
dissipates quickly into the surrounding solution, 
explaining the retention of functional activity of 
proteins in the successful HS-AFM imaging 
studies carried out so far. Note that the tip-sample 
interaction force is not given by kc × (A0 – As) = 15 
pN, as the force is not a static force but dynamic. 
The magnitude of dynamic force is much larger 
than 15 pN, but the time during which the force 
acts on the sample is very short, ~100 ns. During 
this short contact period, the X-scanner is dis-
placed only by ~0.05 nm even when imaging is 
carried out at the highest possible rate, 16 fps 
(described below). Thus, tip-dragging across the 
sample surface is negligibly small.

The second issue has to be considered because 
the extent of feedback error varies depending on 
the sample surface corrugation, even when the 
mean cantilever oscillation amplitude is main-
tained constant at As. An excessive dynamic force 
larger than the mean dynamic force is exerted at 
an uphill region of the sample. This force becomes 
larger with decreasing bandwidth of feedback 
control. The feedback bandwidth, fB, is defined by 
the frequency of feedback Z-scanning at which 
π/4 phase delay occurs in tip tracing of the sample 
surface, and therefore, represents the speed per-
formance of an AFM system. The feedback band-
width is 110 kHz in the HS-AFM system used to 
film walking M5. Taking into account an adverse 
effect of excessive force on the sample, the high-
est possible imaging rate, Rmax, is expressed as.

 
R f NWmax m B ,� � �2�� �/

 
(7.2)

where W is the scan range in the X-direction, N is 
the number of scan lines, 1/λ is the spatial fre-
quency of the sample surface corrugation to be 
imaged, and θm is the maximum possible phase 
delay in tracing the sample surface at which the 
resulting excessive tip-force does not disturb the 
biological function of the sample (Uchihashi 
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et al. 2012; Ando et al. 2013). θm depends on the 
sample fragility and is typically π/9 for proteins, 
according to previous imaging studies (Uchihashi 
et al. 2012). For example, under the conditions of 
fB = 110 kHz, W = 150 nm, N = 100, θm = π/9, and 
λ = 10 nm, Rmax becomes 16 fps.

The spatial resolution of HS-AFM is compa-
rable with that of conventional slow AFM, despite 
the high-bandwidth detection of cantilever oscil-
lation amplitude and the fast scanning of the sam-
ple stage in HS-AFM. Spatial resolution of 2 nm 
for the lateral direction and 0.1  nm for the 
Z-direction can be achieved in the best case. The 
high spatiotemporal resolution and minimal inva-
siveness have opened up a new opportunity to 
directly visualize dynamic events of proteins, as 
reviewed (Ando 2012, Ando 2019; Ando et  al. 
2013, 2014; Dufrêne et  al. 2017) and even 
dynamic phenomena on living cell surfaces 
(Yamashita et  al. 2012; Watanabe et  al. 2013; 
Shibata et  al. 2015). Detailed protocols for 
HS-AFM imaging of protein molecules are 
described in (Uchihashi et al. 2012).

7.3  Myosin Studies 
with Conventional AFM

This section describes studies of myosins using 
conventional slow AFM. When this type of AFM 
is used as an imaging tool, only static images can 
be obtained. Therefore, the samples are often 
dried and imaged in air. AFM imaging has been 
carried out only for a few myosin systems; for 
example, titin-M2 filament complexes 
(Kellermayer et  al. 2018), smooth muscle M2 
filaments with non-phosphorylated and phos-
phorylated 20 kDa regulatory myosin light chains 
(Ip et al. 2007), and complexes of brain M5 and a 
SNARE component (Watanabe et al. 2005). The 
last study is described below.

Brain M5 transports synaptic vesicles and is 
involved in their Ca2+-regulated exocytosis (e.g., 
Tilelli et al. 2003), although this issue is still in 
debate (Maschi et al. 2018). Biochemical analy-
ses of murine brain M5 showed that syntaxin-1A, 
a t-SNARE involved in exocytosis, makes a com-
plex with M5 in the presence of Ca2+ (> 0.3 μM) 

and ATP (Watanabe et al. 2005). In AFM images 
of this complex, syntaxin-1A appears to bind to a 
portion of the bifurcation of the two necks, sug-
gesting that syntaxin-1A is an IQ motif-binding 
protein. Moreover, among six IQ-motifs on each 
neck domain Ca2+-bound calmodulin (CaM) 
appears to dissociate from the sixth IQ motif 
(counted from the N-terminus).

Rather than imaging, slow AFM has been used 
more for single-molecule measurements of force- 
distance curves (simply referred to as “force 
curves”) to study mechanical and structural prop-
erties of myosins and myosin-related proteins, 
although the tip-approach/retraction velocity 
(hence the force loading rate) is limited. HS-AFM 
has largely extended the loading rate up to the 
level of molecular dynamics simulations (Rico 
et  al. 2013). For example, the following targets 
have been subjected to force curve measurements: 
UNC-45 chaperone–M2 interaction (Kaiser et al. 
2012), mechanical force-based regulation of 
smooth muscle M2 light chain kinase (smMLCK) 
(Baumann et  al. 2017), actin–M2 rigor bond 
(Nakajima et al. 1997), unzipping of M2 filaments 
(Decker and Kellermayer 2008), elasticity and 
uncoiling of M2 coiled-coil (Schwaiger et  al. 
2002; Root et al. 2006), and elastic properties of 
desmin protofibrils (Kiss et  al. 2011), cardiac 
M2-binding protein-C (Karsai et  al. 2011), and 
titin (e.g., Rief et al. 1997; Oberhauser et al. 2001). 
Some of these studies are described below.

The molecule chaperone UNC-45, a member 
of the UNC-45/Cro1/She4p family of proteins, is 
essential for proper folding and assembly of M2 
into muscle thick filaments in vivo (Hellerschmied 
and Clausen 2014). The molecular chaperone 
activity of UNC-45 was observed for single mol-
ecules of skeletal muscle M2 subfragment-1 (S1) 
anchored onto a substrate surface through a linker 
(Hellerschmied and Clausen 2014). A surface- 
anchored single molecule of S1 was unfolded by 
pulling with the AFM tip. After the force was 
removed, the S1 was refolded only in the pres-
ence of UNC-45, indicating the chaperone activ-
ity of UNC-45 on the M2 head.

The study of smMLCK (Baumann et al. 2017) 
showed that when the molecule was stretched by 
forces applied to the N- and C-terminal sides in 
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the opposite direction, a region responsible for 
the auto-inhibition of smMLCK was released 
from the kinase core domain, thus permitting the 
kinase to bind to myosin regulatory light chain 
(RLC) without Ca2+/CaM. This observation sug-
gests that forces acting in vivo on smMLCK from 
actin bound to the N-terminus and from M2 
bound to the C-terminus presumably regulate 
smMLCK, although Ca2+/CaM is the major regu-
lator. This force-dependent regulation of kinase 
activity is similar to that observed for titin kinase 
(Gautel 2011) and twitchin kinase (von Castelmur 
et al. 2012).

In another study (Nakajima et al. 1997), force 
curves were measured to estimate the recognition 
distance and magnitude of forces acting between 
surface-immobilized actin filaments and an AFM 
tip-attached single molecule of skeletal muscle 
heavy meromyosin (M2-HMM). The tail end of 
HMM was biotinylated using biotin-cadaverine 
and transglutaminase-catalysed amino exchange 
reaction, and attached specifically to the AFM tip 
through a UltraAvidin-coated fluorescent bead. 
From the measured force curves, values for vari-
ous quantities are estimated: recognition distance 
between actin and a single M2 head (~5 nm at 
ionic strength of 0.05), the magnitudes of attrac-
tive force and force gradient exerted at this recog-
nition distance (1.9 pN and 1.8 pN/nm, 
respectively), the rupture forces of a single rigor 
bond (14.8 ± 4 pN) and two-headed rigor bond 
(24.7 ± 1.4 pN) at a loading rate of ~300 pN/s, the 
lifetime of a single rigor bond (~12 ms) under the 
rupture force of 14.8 pN, and the effective rup-
ture length (1.7–2.5  nm). The long recognition 
distance, which facilitates Brownian search of a 
M2 head for the binding site on actin, suggests 
that the mutual recognition occurs through an 
attractive electrostatic interaction. The number of 
effective electric charges involved in this recog-
nition is also estimated as a product value of 
Nm × Na = 16.3, where Nm is the number of effec-
tive positive charges at the actin-binding site on a 
M2 head, while Na is the number of effective 
negative charges at the M2-binding site on actin. 
The unusually long rupture length is consistent 
with the fact that actin-M2 head interfaces con-

tain several bonds between flexible loop 
structures.

As exemplified above, the high precision AFM 
force-curve measurements at the single-molecule 
level are powerful in quantifying the structural 
and mechanical features of a single protein or its 
interaction with a counterpart. Nevertheless, the 
molecules under force are completely invisible. 
Unlike AFM force measurements, optical twee-
zers combined with AFM should allow for simul-
taneous force and topography measurement for a 
single molecule. Such a combined system exists, 
but this simultaneous measurement has never 
been reported.

7.4  Choice of Substrate Surfaces

The choice of substrate surfaces depends on pro-
teins and dynamic phenomena to be visualized. 
The strength of sample-substrate surface interac-
tions should be moderate. When the interaction is 
too strong, the protein structure is altered or the 
function is hampered. When too weak, protein 
molecules diffuse too fast on the surface to be 
imaged even with HS-AFM.

7.4.1  Bare Mica and Amino Silane- 
Coated Mica

Mica (natural muscovite or synthetic fluoro-
phlogopite) is easily cleaved and its newly 
exposed surface is atomically flat over a large 
area. It has a net negative charge, conferring high 
hydrophilicity on the surface. The bare mica sur-
face adsorbs most proteins by electrostatic inter-
actions, and hence, nonspecifically. The 
electrostatic interaction can be controlled by the 
use of different ionic strengths, pH values, mon-
ovalent cations, and divalent cations such as Mg2+ 
(Yamamoto et al. 2010). For monovalent cations 
at a given concentration, the strength of electro-
static protein-mica interactions is reduced in the 
order of Li+  <  Na+  <  K+. Divalent cations can 
mediate binding between negatively-charged 
proteins and the negatively-charged surface. The 
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charge polarity can be reversed by surface  coating 
with aminosilane, e.g., (3-aminopropyl)
triethoxysilane (APTES). Various functional 
groups can be introduced to this surface.

When the electrostatic interaction of myosins 
with mica is too strong, the light chains or 
calmodulin (CaM) on the IQ motifs tend to dis-
sociate from the heavy chain. When the interac-
tion strength is optimized, typical structural 
features of full length M2 (M2-full) from rabbit 
skeletal muscle can been seen, including the 
ellipsoidal motor domains, the short neck regions 
and the long coiled-coil tail with a sharp kink at 
the border between subfragment-2 (S2) and light 
meromyosin (LMM) (Fig.  7.3a). In the case of 
full-length chick brain M5 (M5-full) in the pres-
ence of 1 mM EGTA and 100 mM KCl, extended 
(Fig. 7.3d) and partially folded (Fig. 7.3e) con-
formations are observed. In the latter, the globu-
lar distal tail domain appears to bind to the 
junction between the motor and lever arm 

domains, consistent with electron microscopy 
studies (Thirumurugan et  al. 2006; Liu et  al. 
2006).

The heavy chain in each neck region of chick 
brain M5 contains six IQ motifs with different 
amino acid sequences, which are numbered 1–6 
from the N-terminus. Five CaMs and either the 
17 kDa essential light chain or the dynein 10 kDa 
light chain are bound to the six IQ motifs (Koide 
et al. 2006). Digestion of M5-full with proteinase 
K (PK)  in the absence of Ca2+ predominantly 
yields tail-truncated M5-HMM.  This cleavage 
specificity is similar to that of limited proteolysis 
of M2-full with trypsin or papain in the absence 
of Ca2+. HS-AFM images of M2-HMM 
(Fig. 7.3b) and M5-HMM (Fig. 7.3f) on APTES- 
mica reveal detailed features of these molecules, 
as the molecules do not diffuse on this surface. 
The image of M5-HMM shows three consecu-
tively aligned globular structures on each neck 
region, corresponding to three CaMs (one of 
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Fig. 7.3 HS-AFM images showing different forms of M2 
(a–b) and M5 (d–i) on various substrates. (a) M2-full on 
bare mica. Frame rate, 10 fps. (b) M2-HMM on APTES 
mica. Frame rate, 3 fps. (c) Schematic of M5-full. MD, 
motor domain; CCT, coiled-coil tail domain; PS, PEST 
site; GTD, globular tail domain. Arrowheads indicate the 
PK proteolysis sites producing M5-HMM and M5-S1. (d) 
Extended form and (e) partially folded form of M5-full on 

bare mica. Frame rate, 5 fps. Molecular features seen in 
(e) are depicted by the schematic with the same color as 
(c). (f) M5-HMM on APTES mica. Frame rate, 10 fps. (g) 
M5-HHM with biotinylated CaMs immobilized on strep-
tavidin 2D crystal. Frame rate, 2 fps. Inset shows a part of 
streptavidin 2D crystal. (h–i) M5-S1 on bare mica. Frame 
rate, 5 fps. M5-S1 with single CaM (h) and two CaMs (i)
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them may be either of the light chains). This 
appearance indicates that the other three CaMs 
(one of them may be either of the light chains) 
face mica, and thus, the six IQ motifs are alter-
nately rotated by 180° (i.e., the even-numbered 
IQ motifs and the odd-numbered IQ motifs locate 
in the opposite sides around a heavy chain in the 
neck region). However, it has been suggested that 
one CaM molecule can bind to adjacent IQ 
sequences (i.e., bridging) (Martin and Bayley 
2004). In the presence of Ca2+, PK digests the 
neck region at a junction between IQ2 and IQ3, 
yielding S1 with IQ1 and IQ2 that contains only 
CaM (Koide et al. 2006). CaM on IQ1 does not 
dissociate, whereas CaM on IQ2 dissociates in 
the presence of a high concentration of Ca2+, but 
the exposed IQ2 is refilled with exogenous CaM 
at a low concentration of Ca2+, consistent with 
another study (Trybus et  al. 1999). The AFM 
images of S1 (Fig.  7.3h) and CaM-refilled S1 
(Fig. 7.3i) on bare mica show a similar appear-
ance of the globular motor domain but different 
neck lengths. The proteolytic production of S1 
with IQ1 and IQ2, and CaM release from IQ2 in 
the presence of Ca2+ are considered to be related 
to the motility inhibition by Ca2+ of M5-HMM as 
well as M5-full. That is, CaM release from IQ2 
exposes IQ2 and an IQ2 − IQ3 junction, which 
would produce a floppy joint between the motor 
and neck domains, thus resulting in an inability 
of transmission of ATP-driven conformational 
changes in the motor domain to the long lever 
arm (or an inability of generating intramolecular 
tension). This view is not inconsistent with the 
observation that actin gliding by surface- 
immobilized S1 with only IQ1 is not regulated by 
Ca2+ (Trybus et  al. 1999). Nevertheless, the 
mechanism of motility inhibition by Ca2+ for 
M5-HMM and extended M5-full (i.e., without 
association between the heads and the cargo- 
binding domain) is not yet fully understood.

7.4.2  Substrate Surfaces Without 
Non-specific Protein Binding

Compared to single proteins, it is more difficult 
to image protein systems containing multiple 

species interacting with each other, like actomyo-
sins. Bare mica and aminosilane coated-mica are 
useless for imaging myosin motility, although the 
sliding motion of actin filaments over a mica sur-
face densely coated with M5 can be observed 
(Ando et al. 2005). M5-HMM walking on actin 
filaments is only very rarely observed on bare 
mica by the addition of 300  mM KCl, which 
reduces mica−M5-HMM interactions. Even 
when observed, the number of observed steps is 
just 1–2 because the actin−M5-HMM interaction 
is also weakened and easily disrupted by the 
AFM tip.

The ideal assay conditions for observing 
dynamic intermolecular interactions between two 
different proteins would be as follows: (i) the sub-
strate surface does not directly interact with the 
proteins, (ii) one protein is tethered onto the sub-
strate surface through a linker, and (iii) another 
protein is completely free from the surface and 
only interacts with the tethered protein. The fol-
lowing two surfaces meet these conditions: strep-
tavidin 2D crystals and mica- supported lipid 
bilayers of non-charged phospholipids with low 
fluidity. Streptavidin 2D crystals can be formed on 
a highly fluidic mica- supported lipid bilayer 
(mica-SLB) containing a biotin-lipid (Yamamoto 
et  al. 2009, 2010). Biotinylated proteins can be 
specifically immobilized on this surface. For 
example, M5-HMM with biotinylated CaMs 
(Sakamoto et al. 2000; Yildiz et al. 2003) can be 
immobilized on the surface and imaged with 
HS-AFM (Fig. 7.3g). Although not yet attempted, 
conformational changes of this immobilized 
M5-HMM during ATP hydrolysis will be able to 
be captured by HS-AFM, as the motor domain is 
almost free from the surface. This surface also 
allows us to observe the motion of biotin-free 
myosins on surface-immobilized biotinylated 
actin filaments in a low ionic strength solution. 
Unidirectional processive movement of M5-HMM 
on actin filaments is observed using this assay sys-
tem. However, actin-bound M5-HMM is almost 
free from the surface (i.e., not supported on the 
surface), and therefore, its high-resolution imag-
ing is difficult. The surface of mica-SLB is flat 
enough. A low fluidity of lipid bilayers at room 
temperature can be afforded with lipids  containing 
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saturated alkyl chains; molecules immobilized on 
this mica-SLB surface move very slowly 
(~1.5  nm2/s) at room temperature (Yamamoto 
et al. 2010). Biotin-lipids, such as 1,2- dipalmitoyl
- sn-glycero-3-phosphoethanolamine-N-(cap bioti-
nyl) (biotin-cap DPPE), can be used to specifically 
tether biotinylated proteins through streptavidin 
with a low surface density. If necessary, electric 
charges can be introduced to these surfaces. In the 
case of streptavidin 2D crystal surface, positively 
or negatively charged biotin compounds can be 
partially bound to the surface. For mica-SLB, lip-
ids with positively- or negatively- charged head 
groups can be used for this purpose. However, 
mica-SLB has a minor problem: the AFM tip is apt 
to be contaminated with lipids during imaging, 
resulting in noisy images.

7.5  HS-AFM Imaging of Walking 
M5-HMM

7.5.1  Unidirectional Processive 
Movement of M5-HMM

On the surface of uncharged mica-SLB contain-
ing biotin-cap DPPE and 1,2-dipalmitoyl-sn- 
glycero-3-phosphocholine (DPPC) at a weight 
ratio of 5:95, only biotinylated actin filaments are 
immobilized through streptavidin molecules 
sparsely attached to the surface (Fig.  7.4a). 
M5-HMM are never bound to the surface. 
Unidirectional processive movement of 
M5-HMM was successfully observed in this 
assay system. The mean velocities of this move-
ment at different ATP concentrations are identi-
cal to those previously measured with 
single-molecule fluorescence microscopy under 
the same buffer solution condition (Forkey et al. 
2003; Baker et al. 2004), indicating a negligible 
effect of the tip-sample interaction on the motor 
activity. However, the moving M5-HMM mole-
cules are often oriented perpendicularly to the 
SLB surface. As such, their characteristic side 
view does not appear frequently (Fig.  7.4b). 
On mica-SLB surface containing a positively- 
charged lipid, 1,2-dipalmitoyl-3- 
trimethylammonium-propane (DPTAP) at 5% 
(weight ratio), the characteristic side view of 

M5-HMM molecules moving processively with 
discrete ~36-nm steps appear (Fig.  7.4c). 
Negatively-charged actin filaments are directly 
bound to this positively-charged surface even 
without streptavidin and diffuse slowly. 
M5-HMM molecules are also directly bound to 
the surface but diffuse very fast when actin fila-
ments are absent. The mean velocities of unidi-
rectional motion of M5-HMM at various ATP 
concentrations are retarded by 30% in the pres-
ence of DPTAP.

HS-AFM images captured under this nearly 
ideal condition exhibit unique structural features 
of two-headed bound M5-HMM in the presence 
of ATP (Fig.  7.4d). The junction between the 
neck and motor domains appears smooth in the 
leading head but is always V-shaped in the trail-
ing head because the neck regions emerge from 
different parts of the respective motor domains. 
The short coiled-coil tail is mostly tilted towards 
the minus end of actin. These structural features, 
which are totally consistent with an electron 
microscopic observation (Walker et  al. 2000; 
Burgess et al. 2002), can be used to determine the 
actin polarity when bound M5-HMM is station-
ary. In addition, the leading head always displays 
a straight conformation (slightly curved out-
wards), which agrees with the straight-neck 
model proposed for walking M5 (Forkey et  al. 
2003; Syed et al. 2006; Toprak et al. 2006), but 
disagrees with the bent-neck model (Walker et al. 
2000; Burgess et  al. 2002; Snyder et  al. 2004; 
Oke et al. 2010). Despite this successful imaging 
showing these structural features and the unidi-
rectional motion of M5-HMM, dynamic molecu-
lar processes occurring between two successive 
dwell states are not well resolved by the images 
captured at 7 fps (~150 ms/frame), as this process 
is complete within 10  ms (Dunn and Spudich 
2007; Cappello et al. 2007).

7.5.2  Handover-Hand Movement 
of M5-HMM

Transient processes between two successive 
dwell states contain a forwardly biased diffu-
sional process during which the detached head 
searches for its next binding site on an actin fila-
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ment (Dunn and Spudich 2007; Cappello et  al. 
2007; Shiroguchi and Kinosita 2007). This fast 
diffusional search can be slowed down by the 
placement of more streptavidin molecules on the 
SLB surface, which act as moderate obstacles to 
the walking of M5-HMM (Fig. 7.5a), as detailed 
below. With this means, transient processes are 
captured by HS-AFM imaging at 7 fps (Fig. 7.5b). 
Upon detachment of the trailing head from actin, 
the leading head spontaneously rotates from the 
reverse arrowhead (i.e., backwardly leaning) ori-
entation towards the arrowhead (i.e., forwardly 
leaning) orientation. Before completing this rota-
tion, the leading head is halted for a moment by 
colliding with a streptavidin molecule placed in 
the way of its natural path. In this halted state, the 

forwardly displaced trailing head is positioned 
most distant from the actin filament (thus, the 
two heads are aligned nearly straight, pointing in 
opposite directions), and slightly rotates around 
the neck-neck junction (the second frame in 
Fig. 7.5b). Then, the leading head overcomes the 
obstacle and further rotates forwards. Immediately 
after this, the trailing head is bound to a forward 
site of the actin filament to become a new leading 
head, completing one step. The observed rotation 
of the leading head is exactly the swinging lever 
arm motion itself initially proposed for the pow-
erstroke of muscle M2 (Huxley 1969). Before 
completing a step, the detached trailing head 
never interacts with actin but passively moves 
forwards driven by the rotating leading head. 
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Fig. 7.4 Successive HS-AFM images showing unidirec-
tional processive movement of M5-HMM along actin fila-
ments observed in 1  μM ATP. (a) Schematic showing 
assay system used for HS-AFM imaging. (b, c) HS-AFM 
images of M5-HMM when DPTAP is absent (b) and pres-
ent (c) in the mica-SLB surface. Frame rate, 7 fps. L and 
T represent the leading and trailing heads, respectively. 
Each white diamond indicates one of the streptavidin mol-
ecules attached to the mica-SLB surface, and each plus 

sign indicates the plus end of actin. The vertical dashed 
lines show the centers of mass of the motor domains. The 
arrow indicates the coiled-coil tail pointing to the minus 
end of actin. The open arrowhead indicates a foot sliding 
event observed in the trailing head. (d) Schematic explain-
ing structural features of two-headed bound M5-HMM 
observed in the presence of nucleotides. (Source: Adapted 
from Ando et al. 2013)
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This rules out some models of M5 motility such 
as the model of “biased head diffusion on actin” 
proposed for single-headed M5 (Okada et  al. 
2007). M5 strictly follows the hand-over-hand 
mechanism. In contrast, the other processive 
myosins VI and X, which function not only as 
cargo transporters but also as structural anchors 
in cells, are reported to move irregularly, namely 
by inchworm-like stepping, backward stepping, 
and forward hand-over-hand stepping (Yildiz 
et  al. 2004; Sun et  al. 2007, Sun et  al. 2010; 
Nishikawa et  al. 2010; Ricca and Rock 2010; 
Ikezaki et al. 2015).

7.5.3  Directional Rule

A “directional rule” was noticed from all 
HS-AFM images displaying unidirectionally 
moving M5-HMM molecules; there is a relation-
ship between the moving direction and the direc-

tion from which M5-HMM is bound to an actin 
filament. M5-HMM molecules moving from the 
west to east are always bound to actin filaments 
from the north, while those moving from the east 
to west are bound to actin from the south 
(Fig.  7.6a). This rule is unrelated to the previ-
ously observed tendency of moderate left-handed 
spiral motion of walking M5 around a freely sus-
pended actin filament (Ali et al. 2002), because 
this directional rule holds even in the absence of 
ATP, where the actin polarity can be judged from 
the above-mentioned structural features of two- 
headed bound M5-HMM.  The directional rule 
suggests a geometry-specific positioning of the 
motor domain on an actin filament. As seen in 
AFM images of two-headed bound M5-HMM 
(e.g., Fig. 7.6a), the motor domain looks brighter 
than actin, meaning that the bound motor domain 
is taller than the top surface of the actin filament. 
Hence, as shown in Fig 7.6b, the directional rule 
indicates that the motor domains are bound to 

(a) (b)

+ end- end

streptavidin

1

2

3

+

147 ms

293 ms

440 ms

587 ms

734 ms

50 nm

Fig. 7.5 Stepping 
behavior of M5-HMM 
visualized by HS-AFM. 
(a) Schematic explaining 
the HSAFM images 
shown in (b). (b) 
Successive HS-AFM 
images that resolved the 
stepping behavior of 
M5-HMM in 1 μM 
ATP. Frame rate, 7 fps. 
The swinging lever arm 
is highlighted with the 
thin white lines. The 
vertical dashed lines in 
(a) and (b) represent the 
centers of mass of the 
motor domains, and the 
plus sign indicates the 
plus end of actin. 
(Source: Adapted from 
Kodera et al. 2010)
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actin at their left flank, provided that the 
M5-HMM molecule faces the advancing direc-
tion. If the actin filament shown in Fig. 7.6b is 
rotated clockwise about its long axis on the sub-
strate surface, the outer surface of the motor 
domains would hit the substrate surface at some 
angle (Fig 7.6c). Thus, the directional rule origi-
nates from the steric hindrance effect of the sur-
face, which is reinforced by a weak attractive 
surface−sample interaction. Nevertheless, a new 
view is derived here for a structural arrangement 
of naturally walking M5 (i.e., under no influence 
from the substrate surface). That is, when M5 
stands on an actin filament and faces the advanc-
ing direction, the motor domains do not grasp the 
top surface of the actin filament but grasp the 
right flank of the filament, as shown in Fig 7.6b. 
Although not explicitly described before in elec-
tron microscopy 3D reconstruction studies of the 
actin-bound M5 head, this new view is consistent 
with the 3D structure of the binary complex 
(Volkmann et  al. 2005). This directional rule 

would be consistently applied to other myosins, 
except myosin VI, for which a reversed direc-
tional rule holds.

7.5.4  Rare Molecular Events: 
Unwinding of Coiled-Coil Tail, 
Foot Stomp and Foot Sliding

In addition to molecular events constantly appear-
ing in HS-AFM images, rarely appearing events 
can also provide new mechanistic insights into 
M5 motility. Constantly appearing events can be 
possibly detected by other methods, but rare 
events are often missed in observations with con-
ventional methods as these methods detect 
molecular events indirectly. HS-AFM captured 
such rare events, as described below.

Two-headed bound M5-HMM in the presence 
of ADP occasionally undergoes unwinding of its 
coiled-coil tail, immediately after which the lead-
ing head rotates spontaneously from the reverse 

(b)(a)

(c)

+ end

+ end

Fig. 7.6 Directional rule and its mechanism. (a) Typical 
HS-AFM images of two-headed bound M5-HMM show-
ing the directional rule: there is a fixed relationship 
between the moving direction (arrows) and the direction 
(arrowheads) from which M5-HMM bind to an actin fila-
ment. (b) Schematic showing M5-HMM bound to actin at 
the left flanks of the motor domains. (c) Schematic show-

ing the cause for the directional rule. In the M5-HMM 
shown in black, which does not follow the directional 
rule, the motor domains have to get into the narrow space 
between the actin filament and the substrate surface, 
which hardly occurs. (Source: Adapted from Ando et al. 
2014)
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arrowhead orientation to the arrowhead orienta-
tion (Fig.  7.7a), very much like the swinging 
lever arm motion (Fig. 7.5b). This unwinding is 
not an artifact arising from the AFM tip tapping. 
It has been noticed that M5-HMM specimens 
purified by co-pelleting with actin filaments con-
tain a small fraction of single-headed species 
(Wang et al. 2000; Burgess et al. 2002), but the 
reason for this production has not been ascer-
tained before. This unwinding of coiled-coil tail 
indicates that an unwinding force is exerted onto 
the tail from one or both of the heads. The trailing 
head is bound to actin in a natural arrowhead ori-
entation, whereas the leading head is bound in a 
forced reverse-arrowhead orientation. This means 
that the leading head in the reverse-arrowhead 
orientation is pulled back by the trailing head at 
the neck−neck junction. Therefore, this unwind-
ing force originates directly from the strained 

leading head and indirectly from the strong affin-
ity of the motor domain for actin. The swinging 
lever arm-like motion of the leading head occur-
ring immediately after the tail unwinding implies 
that the energy source for swinging lever arm 
motion in walking M5 in the presence of ATP is 
strain energy stored in the leading head in the 
reverse arrowhead orientation, not chemical 
energy liberated by ATP hydrolysis. Moreover, 
the strain energy is released upon trailing head 
detachment from actin and the following sponta-
neous rotation of the leading head.

The next rare event observed is “foot stomp”. 
That is, in the presence of ATP, the leading head 
briefly dissociates from actin and re-associates 
with the same actin filament, while the molecule 
remains at approximately the same position on 
the filament (Fig. 7.7b). Note that foot stomp is 
almost never observed with the trailing head. The 
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Fig. 7.7 Unique molecular behaviors of M5-HMM visu-
alized by HS-AFM. (a) HS-AFM images before (upper 
panel) and after (lower panel) unwinding of coiled-coil 
tail observed in 50  μM ADP. (b) Successive HS-AFM 
images showing a foot stomp event that occurred at the 
leading-head (ATP, 1 μM; frame rate, 7 fps). The leading- 
head detachment is marked with the white arrowheads. (c) 
HS-AFM image showing the leading head with a sharply 
bent conformation observed in the NF condition. (d) 
HS-AFM image showing NF M5-HMM with heads bound 

to adjacent actin subunits (upper-positioned molecule in 
the upper panel) and its illustration (upper-positioned 
molecule in the lower panel). Note that the bottom- 
positioned molecule exceptionally does not follow the 
directional rule. Frame rate for (b–d), 3 fps. The vertical 
dashed lines represent the centers of mass of the motor 
domains, and the plus signs indicate the plus end of actin. 
Scale bar, 30  nm. (Source: Adapted from Kodera  and 
Ando 2014)
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briefly detached leading head does not carry 
bound Pi because Pi has already been released 
from the leading head following its initial attach-
ment to actin (De La Cruz et al. 1999; Olivares 
et al. 2006). Nevertheless, after this foot stomp, 
the molecule steps forwards propelled by the 
swinging lever arm motion of the leading head 
spontaneously occurring upon trailing head 
detachment from actin. Although not well docu-
mented, a foot-stomp-like behavior was previ-
ously suggested in fluorescence microscopy 
observations of walking M5 molecules (Syed 
et al. 2006; Shiroguchi and Kinosita 2007). The 
foot stomp was confirmed later by the observa-
tion of walking M5 by high-speed single- 
molecule polarized fluorescence microscopy 
(Beausang et al. 2013) and interferometric scat-
tering microscopy (Andrecka et al. 2015). Thus, 
the foot stomp is an inherent behavior of this 
motor, although it is a rare event and only occurs 
at low ATP concentrations (Andrecka et al. 2015). 
Despite its rareness, the foot stomp has an inter-
esting implication as to the chemo-mechanical 
coupling in M5.

These two rare events described above indi-
cate the following three facts for the ADP-bound 
leading head. First, the ADP-bound leading head 
in the reverse arrowhead orientation can be 
formed even when the leading head does not per-
form a recovery stroke while it is in the actin- 
unbound state. Second, strain energy is stored in 
the actin-bound leading head formed in this way. 
Third, the stored strain energy can be used to 
swing the lever arm to bring the detached trail-
ing  head forwards. These three features are 
inconsistent with the well prevailing theory, 
which has advocated that the leading head can 
bind to actin after a recovery stroke caused by 
ATP hydrolysis into ADP − Pi and that the energy 
for mechanical work is supplied when Pi is 
released from the ADP  −  Pi-bound head. 
Therefore, this theory assumes that the 
ADP − Pi-bound head is in a high energy state. 
There is an observation (Sellers and Veigel 2010) 
that also seems inconsistent with this theory. That 
is, a single M5-S1 molecule bound to an actin 
filament in the presence of 100 μM ATP under-
goes repeated transitions between an actin-bound 

pre–powerstroke and a post–powerstroke confor-
mation at ~100  Hz under a certain backward 
load. However, it is not yet clear whether or not 
these repeated transitions are directly related to 
the above three facts of an ADP-bound leading 
head.

Although the same name (foot stomp) has 
been given to a different rare event, i.e., disloca-
tion of either bound head on actin by ~ ± 5 nm 
without detaching from actin (See the red arrow-
head in Fig. 7.4c), this event is referred to here as 
“foot sliding”. Properties of foot stomping and 
foot sliding observed at 1 μM ATP are shown in 
Fig. 7.8. Foot sliding more frequently occurs at 
the leading head than at the trailing head (by a 
ratio of approximately 3:2; see Fig.  7.8c). The 
foot sliding is considered to be an annealing pro-
cess in which the actin−head binding or the head 
separation becomes more stable. The asymmetric 
probability of foot sliding between the leading 
and trailing heads suggests their actin-affinity 
difference, consistent with a biochemically mea-
sured result (Olivares et  al. 2006). The leading 
head binds to actin in the reverse arrowhead ori-
entation, and hence, pays an energy cost by dis-
torting the neck conformation, resulting in a 
lower affinity for actin.

7.5.5  Flexibility of Neck-Motor 
Domain Junction

Under the nucleotide-free (NF) condition, the 
leading head is often sharply bent (Fig.  7.7c). 
This conformation never occurs in the presence 
of ATP or in the presence of 1 mM ADP. Although 
not well resolved in AFM images (Fig. 7.7c), the 
sharp kink appears to occur at the neck−motor 
domain junction, as suggested by electron micro-
graphs (Oke et al. 2010). In the kinked conforma-
tion, both heads have the forward leaning 
orientation around their motor domains, and thus 
both necks appear to emerge from the front of 
respective motor domains. The kink is likely to 
occur for the release of large strain accumulated 
in the neck, suggesting that the neck−motor 
domain junction in the NF head is stiffer than that 
in the nucleotide-bound head. This conjecture 
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was confirmed by measurements of the  arrow-
head orientation angle between single-headed 
M5-HMM formed by unwinding of the coiled- 
coil tail and the bound actin filament (Fig. 7.9). 
The measured angle is distributed around ~34° in 
the NF solution (Fig.  7.9c). In the presence of 
ADP, the angle is distributed more widely and 
peaked at ~29° and ~51° (Fig. 7.9e). The propor-
tion of these two Gaussian components is approx-
imately 6 to 1. These two distinct angles are 
possibly relevant to the two different ADP-bound 
equilibrium states as reported for M2 (Geeves 
1989; Geeves and Holmes 1999), M5 (Robblee 
et al. 2005; Hannemann et al. 2005; Oguchi et al. 
2008; Jacobs et  al. 2011), and myosin VI 
(Robblee et al. 2005). As revealed by these differ-
ent angle distributions, the neck–motor domain 

junction is more flexible in the ADP-bound head 
than in the NF head. When both heads of NF 
M5-HMM are bound to actin in a nearly straight 
conformation, the leading head with a rigid hinge 
undergoes a large strain, and thus, tends to bend 
sharply to release the large strain. The rigid hinge 
in the NF state is consistent with the observation 
that both heads of M5-HMM can rarely bind to 
adjacent actin subunits despite their long necks, 
but this manner of binding occurs only in the NF 
condition (Fig. 7.7d). The flexibility of the neck- 
motor domain junction in ADP-bound head 
seems insufficient for two-heads binding to actin, 
as the leading head binding in the reverse arrow-
head orientation requires the junction to bend by 
at least ~60°, even when the contribution of the 
long neck’s flexibility is considered. However, 
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Fig. 7.8 Properties of foot stomping and foot sliding 
observed at 1 μM ATP. Displacement of motor domain of 
leading (a) and trailing (b) heads after foot stomping 
(open circles) and foot sliding (closed circles) as a func-
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head (black) and the trailing head (gray)
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the hinge flexibility may depend on actin bind-
ing; an actin-unbound head with ADP is possibly 
more flexible than an actin-bound head with 
ADP. This actin binding dependence would facil-
itate two  heads binding and at the same time 
guarantee the generation of a tensile force large 
enough for execution of mechanical work by the 
leading head. This possibility is proposed for M2 
(Billington et  al. 2014). Moreover, there is an 
additional possibility that the hinge of 
the ADP − Pi-bound head is more flexible than 
that of the ADP-bound head.

7.5.6  Asymmetry of ADP 
Dissociation Rate

As mentioned above, the leading head almost 
always (> 95%) takes a nearly straight conforma-
tion (slightly curved outward) in the presence of 
nucleotides. On the other hand, it takes two con-
formations (i.e., nearly straight and sharply bent 
conformations) under the NF condition, which 
alternate back and forth (Fig. 7.10a), indicating 
that they are in equilibrium. From the proportion 
(Fig. 7.10b) and the lifetime (Fig. 7.10c) of the 
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Gaussian components in double-Gaussian fit. All values 
for peak angles represent mean ± s.d. (Source: Adapted 
from Kodera et al. 2010)
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bent (bottom panel) conformations of the leading head in 
the presence of 0.1 μM ADP. The plus ends of actin fila-
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Populations of straight and sharp bent conformations under 
different nucleotide conditions. The numbers in (frames) 
and [molecules] represent those of examined images and 
molecules, respectively. (c) Average lifetimes ⟨τST⟩ during 
which the leading head assumes the straight conformation 
in various ADP concentrations (the number of events used 

to obtain the average at each ADP concentration is shown in 
⟨events⟩). The error bars indicate standard error. The line 
curve indicates the best fit result obtained by analyzing the 
data using the following equation: ⟨τST⟩ = nNF/kS − B + nADP/k−, 
where kS −  B represents the rate of spontaneous transition 
from the straight conformation to the sharply bent confor-
mation in the NF leading head, k− represents the ADP dis-
sociation rate constant for the leading head, and nNF and 
nADP are, respectively, the fractions of NF and ADP-bound 
leading heads under a given ADP concentration, which can 
be calculated using the ADP dissociation constant Kd of 
0.075 μM estimated from the data shown in (b). (Source: 
Adapted from Kodera et al. 2010)
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straight leading head as a function of ADP con-
centration, the following kinetic parameters for 
ADP binding and dissociation on the leading 
head are estimated: ADP dissociation constant 
Kd = k−/k+ = 0.075 ± 0.013 μM, ADP dissociation 
rate constant, k− = 0.100 ± 0.004 s−1 and second- 
order ADP binding rate constant, 
k+  =  1.3  ±  0.3 μM−1  s−1. The value of k− is 70 
times smaller than the corresponding rate for the 
trailing head estimated from the ATP concentra-
tion dependence of M5-HMM translocation 
velocity measured by HS-AFM (k− = 7.2 ± 1.5 s−1) 
(Kodera et  al. 2010). This asymmetry of k− 
between the leading and trailing heads indicates 
strain-dependent ADP dissociation. The degree 
of this asymmetry observed by HS-AFM roughly 
agrees with previous biochemical measurements 
(Rosenfeld and Sweeney 2004). The ADP disso-
ciation rate constant of 0.1  s−1 means that, on 
average, ADP is released from the leading head 
every 10  s. However, M5-HMM walks many 
steps during 10 s. Thus, the sequential events of 
ADP release, the subsequent ATP binding, and 
the resulting head dissociation take place solely 
at the trailing head, which is the basis underlying 
the processive hand-over-hand stroke generation. 
This mechanism was previously inferred from 
various indirect experiments (Rosenfeld and 
Sweeney 2004; Purcell et al. 2005; Veigel et al. 
2005; Forgacs et  al. 2008; Oguchi et  al. 2008; 
Sakamoto et al. 2008). The value of k+ is 10 times 
smaller than the corresponding value, 
12.6 μM−1 s−1, previously measured in a solution 
study on single-headed M5 (De La Cruz et  al. 
1999), suggesting that ADP binding is also 
strain-dependent.

Because ADP never dissociates from the lead-
ing head while M5-HMM is walking in the pres-
ence of ATP, the sharp kink of the leading head in 
the NF condition has no relevance to powerstroke 
generation. Moreover, the brief detachment of 
the leading head observed as a foot stomp in the 
presence of ATP is not caused by ATP binding to 

the head because the sharply kinked conforma-
tion is never observed before the brief detach-
ment of the leading head.

7.6  Chemo-Mechanical Coupling 
in Myosins

The prevailing chemo-mechanical coupling 
mechanism in myosin motors has been modeled 
for M2 in the context of the swinging lever arm 
motion (Geeves and Holmes 1999). This model is 
based on a tight coupling among the structural, 
mechanical and nucleotide states in a myosin 
head (Fisher et  al. 1995; Smith and Rayment 
1996; Dominguez et  al. 1998; Houdusse et  al. 
2000; Burgess et al. 2002; Coureux et al. 2003, 
2004; Volkmann et al. 2005). Upon ATP hydroly-
sis into ADP–Pi, the actin-unbound head per-
forms a recovery stroke (i.e., a conformational 
transition from the post-powerstroke to pre- 
powerstroke state), which facilitates its binding 
to actin in the reverse arrowhead orientation. 
Coupled to Pi release from the actin-bound head, 
a reversed conformational transition takes place 
from the pre-powerstroke to post-powerstroke 
state, resulting in the arrowhead orientation. This 
orientational change puts a strain on the head. 
The strained head swings its lever arm to release 
the strain. According to this scenario, the strain 
energy is supplied from ATP in the Pi-release 
step, and eventually used for the lever arm swing. 
As such, the ADP-bound head can no longer exe-
cute mechanical work once the strain energy is 
released by its detachment from actin.

However, the two phenomena appearing in 
HS-AFM images (i.e., unwinding of the coiled- 
coil tail in ADP and foot stomp in ATP) are 
inconsistent with this scenario. That is, the intra-
molecular strain energy responsible for the lever 
arm swing can be generated directly in the ADP- 
bound leading head (after foot stomping) 
(Fig.  7.7b). In addition, two-headed bound 
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M5-HMM with ADP alone can generate a suffi-
cient magnitude of tensile force to cause occa-
sional unwinding of the short coiled-coil tail, 
after which the lever arm swings (Fig. 7.7a). Not 
only by HS-AFM but also with other methods, it 
has been consistently observed that both ADP- 
bound heads of M5-HMM can bind to actin 
simultaneously without a recovery stoke (Walker 
et al. 2000; Rosenfeld and Sweeny 2004; Olivares 
et  al. 2006), meaning that the head is floppy 
enough to bind to actin in the reverse arrowhead 
orientation. Of course, the efficiency of two- 
heads binding would be enhanced by the recov-
ery stroke, meaning that a part of the ATP energy 
can be used to increase the efficiency of two 
heads binding. When bound to actin with two 
heads without a recovery stroke, strain energy is 
accumulated in the leading head. Using this strain 
energy (not derived from ATP), the leading head 
spontaneously swings its lever arm, when the 
trailing head is detached from actin upon ATP 
binding. This means that the head is stiff enough 
to swing the lever arm, although the floppiness or 
stiffness may differ between the actin-free and 
actin-bound head. Detailed discussions regarding 
this new model for chemo-mechanical coupling 
in myosin motors are described elsewhere (Ando 
et al. 2014; Kodera and Ando 2014).

7.7  Conclusion and Perspectives

One HS-AFM movie of walking M5-HMM mol-
ecules provided visual evidence for the swinging 
lever arm-based processive, hand-over-hand 
movement with a 36-nm advance for every 
ATPase cycle. This “all-in-one” measurement 
makes a stark contrast with previous single- 
molecule studies on this motor; these dynamic 
features of walking M5 were established collec-
tively through numerous single-molecule fluores-
cence microscopy and optical tweezers 
measurements. HS-AFM can quickly corroborate 
or rule out previous views obtained through less 
direct approaches. Besides, HS-AFM can also 
uncover important phenomena that have not been 
exposed to measurements with other methods, as 

typically exemplified by the discoveries of foot 
stomp and unwinding of the coiled-coil tail of 
two-headed bound M5-HMM. These discoveries 
have cast doubt upon the prevailing view of the 
chemo-mechanical coupling in myosins. This 
central issue in myosin motility will be further 
resolved by more extensive studies from various 
approaches.

The success of HS-AFM imaging of walking 
M5-HMM has relied on the nature of this motor. 
Namely, the structural and elastic properties of 
M5 are fit for the ~36 nm separation between the 
two attached heads, which almost coincides with 
the half pitch of the actin helix. Therefore, 
M5-HMM walks along an actin filament approxi-
mately on a plane. This nature is suitable for 
HS-AFM that images the specimen in 2.5 dimen-
sions. That is, only the space above the substrate 
surface can be imaged. For example, the proces-
sive movement of myosins VI and X, which have 
necks shorter than those of M5, draws spiral tra-
jectories around an actin filament. Such transla-
tional motion makes it difficult for HS-AFM to 
trace the molecules successively for a long dis-
tance. We need a new imaging tool with high spa-
tiotemporal resolution that allows us to directly 
observe myosin molecules moving on suspended 
actin filaments. As a suspended actin filament is 
very soft and fragile, it is largely deformed or 
broken by tip-contact. Scanning ion conductance 
microscopy (SICM) may become a good candi-
date for this type of imaging. SICM uses an 
electrolyte- filled pipette probe having a nanopore 
at the tip end, and measures an ion current flow-
ing through the nanopore, driven by a bias volt-
age between an electrode inside the pipette and 
another electrode in the external bath solution 
(Hansma et  al. 1989). The ionic current resis-
tance between the pipette tip and sample surface 
increases (and hence the ion current is reduced) 
when the tip approaches the sample (a current 
blocking effect of the sample). This sensitivity of 
ion current to the tip−sample separation enables 
imaging of the sample surface without physical 
tip-sample contact. Currently, both spatial resolu-
tion and temporal resolution of SICM are far 
lower than those of HS-AFM, but attempts have 
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recently been made towards much higher spatio-
temporal resolution (Ida et  al. 2017; Watanabe 
and Ando 2017; Simeonov and Schaffer 
2019; Watanabe et al. 2019). Once the resolution 
is significantly improved, this microscopy has a 
potential of enabling the observation of not only 
processive spiral movements of myosins but also 
dynamic structures and processes of M2 mole-
cules in skinned muscle fibers.
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How Myosin 5 Walks Deduced 
from Single-Molecule Biophysical 
Approaches

James R. Sellers and Yasuharu Takagi

Abstract

Myosin 5a is a two-headed myosin that func-
tions as a cargo transporter in cells. To accom-
plish this task it has evolved several unique 
structural and kinetic features that allow it to 
move processively as a single molecule along 
actin filaments. A plethora of biophysical 
techniques have been used to elucidate the 
detailed mechanism of its movement along 
actin filaments in vitro. This chapter describes 
how this mechanism was deduced.

Keywords

Myosin · Kinetics · Mechanochemistry · 
Optical trapping · iSCAT · Single molecule

8.1  Introduction

Humans have three genes encoding for the myo-
sin 5 heavy chain that give rise to the paralogs 
myosins 5a, 5b and 5c (Berg et al. 2001). Each of 
these myosins can be described as having four 

domains (Fig. 8.1). There is a motor domain that 
binds to actin and contains the catalytic site for 
ATP hydrolysis. This is followed by a “neck” 
domain consisting of a small globular region, 
termed the converter domain, from which emerges 
a single α-helical segment of the heavy chain that 
contains six IQ motifs, which bind calmodulin or 
calmodulin-family member light chains. This 
extended structure serves as a stiff lever arm to 
magnify ATP- and actin-dependent small confor-
mational changes in the motor domain into larger 
scale movements that drive the translocation of 
the protein along actin filaments. The motor 
domain and the neck region are often referred to 
as the “head” of the myosin. Following the neck 
region, the heavy chain is composed of a long 
stretch of amino acids forming an interrupted 
coiled-coil domain by homo- dimerization with 
another myosin 5 heavy chain. This region is 
termed the “tail” or “stalk”. The dimerization pro-
duces a molecule that has two motor domains, 
but, unlike class II myosins, the coiled-coil tail of 
myosin 5 does not self- associate into filaments. 
The last domain is the globular tail domain 
(GTD), which binds various cargo adapters in the 
cell and is involved in regulation of the enzymatic 
activity of the molecule through an autoinhibitory 
interaction with the motor domains (Thirumurugan 
et al. 2006; Liu et al. 2006).

The three myosin 5 paralogs appear to have 
non-redundant functions in the cell. The best 
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characterized myosin 5 paralog with respect to its 
cellular function is myosin 5a, which will be the 
focus of this chapter (Hammer and Sellers 2012). 
Myosin 5a has two well characterized functions. 
It is involved in the later stages of melanosome 
transport in melanocytes and specifically helps to 
bring the melanosome to the tips of the dendritic 
processes where it can be phagocytized by the 
keratinocyte to facilitate skin pigmentation (Wu 
et al. 1998, 2012). The long-distance transport of 
melanosomes from their synthesis in the cell 
body into the dendritic tips of the cell is accom-
plished by the microtubule-dependent motors 
kinesin and dynein. In Purkinje neurons, myosin 
5a is responsible for transporting endoplasmic 
reticulum into the dendritic spines (Wagner et al. 
2011). Thus, myosin 5a is characterized as a 
cargo transporter. Mice that are lacking myosin 
5a have pigment deficits in their coats and dis-
play severe ataxia (Mercer et al. 1991). Humans 
with point mutation have Griscelli’s disease char-
acterized by pigmentation defects and sometimes 
severe neurological defects depending on the 
location of the mutation (Pastural et al. 1997).

The discovery of myosin 5a in the early 1990’s 
coincided with an amazing three decades of 
advancement in light microscopic techniques that 
allowed for the visualization and study of proteins 
at a single-molecule level. These include total 
internal reflection fluorescence (TIRF) micros-
copy, super-resolution microscopy, polarized total 

internal reflection microscopy (polTIRF), defo-
cused orientation and position imaging (DOPI) 
microscopy, optical trapping, atomic force 
microscopy (AFM, high speed AFM) and inter-
ferometric light scattering (iSCAT) microscopy. 
All of these techniques are described in detail in 
Chap. 6. TIRF microscopy allowed for the visual-
ization of single fluorophores near the cover slip 
surface and, thus, allowed one to “see” single 
molecules of myosin 5. Super-resolution light 
microscopy allowed for precise localization of 
fluorophores at resolutions significantly higher 
(on the order of nanometers) than the diffraction 
barrier of light (250–300 nm). This technique was 
coined FIONA for fluorescence imaging at one 
nanometer accuracy and allowed one to follow 
the movement of myosin 5 along actin with high 
spatial resolution (Yildiz et  al. 2003). Optical 
trapping allowed for the interrogation of the force 
dependent kinetics and mechanics of single myo-
sin molecules. polTIRF and DOPI allowed for 
imaging the orientation and position of the probe 
attached to myosin while it is moving along actin 
filaments. Finally, iSCAT combined super-resolu-
tion localization precision with much higher sam-
pling rates (Andrecka et al. 2016).

Many of these studies were carried out with 
myosin 5a purified from brain tissue, but during 
this time interval it became possible to use the 
baculovirus/Sf9 expression system (Wang et  al. 
2000) to produce recombinant myosin 5a. In this 
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Fig. 8.1 A Myosin 5 
structure. (a) Schematic 
of myosin 5 structure 
showing the four major 
domains. (b). 
Negatively-stained 
image of a full-length 
mouse myosin 5a 
molecule. This image 
was taken from Wang 
et al. 2004
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system one could produce smaller, enzymatically- 
active fragments corresponding to single-headed 
subfragment-1 (S1) or double-headed heavy 
meromyosin (HMM) that had been produced by 
controlled proteolytic cleavage of skeletal muscle 
myosin 2 for many years and were so useful for 
biochemical and biophysical characterization of 
that myosin (Margossian and Lowey 1982). The 
use of the smaller fragments was important since 
full-length myosin 5a is auto inhibited by a con-
formational change whereby the globular tail 
domain folds back and directly interacts with its 
motor domain (Thirumurugan et  al. 2006; Liu 
et  al. 2006). The baculovirus/Sf9 system also 
allowed for the production of mutant myosin 5a 
fragments, such as ones with shorter or longer 
neck regions or those that were fused with green 
fluorescent protein or moieties to allow attach-
ment of quantum dots (Qdots) or beads directly 
to the protein. These custom designed proteins 
were useful in addressing specific questions as 
will be seen below.

8.2  Thesis

It can be argued that myosin 5a is the best- 
characterized myosin with respect to its mecha-
nochemical properties and that it is ideally suited 
for many single-molecule biophysical studies 
using the techniques just mentioned. Biochemical 
and biophysical studies by many investigators 
have arrived at a consensus viewpoint.

• Myosin 5a is a two-headed molecular motor 
that moves processively along actin filaments.

• It does so by alternating the positions of the 
two motor domains in a hand-over-hand 
manner.

• Each motor domain moves 72  nm during a 
stride, which results in incremental steps of 
36 nm for the center of mass of the molecule.

• The neck domain acts as a lever arm to facili-
tate this movement.

• The kinetics of the two motor domains are 
gated to enhance the processivity.

• One ATP molecule is hydrolyzed per step.

This review will document the evidence to 
support each of these statements. It will show 
how a plethora of biochemical, structural and 
biophysical techniques were employed and will 
showcase how myosin 5a is almost uniquely suit-
able for such studies. The results will back the 
statement made earlier that myosin 5a is the best- 
understood cytoskeletal molecular motor. Note 
that this endeavor involved many excellent labo-
ratories and the authors apologize to authors 
whose studies are not referenced. The work is 
presented thematically rather than historically so 
that some of the described experiments published 
in the last few years are presented alongside work 
that may date back to the early 1990s.

8.3  Myosin 5a Is a Two-Headed 
Motor

Myosin 5a was discovered independently in three 
laboratories at nearly the same time in yeast, 
chickens, and mice (Johnston et  al. 1991; 
Espindola et  al. 1992; Mercer et  al. 1991). The 
protein was purified from chicken brain as a 
calmodulin-binding ATPase (Espindola et  al. 
1992). Subsequent cloning and sequencing of the 
cDNA encoding for this protein revealed it to be 
homologous to the yeast and mouse myosin 5 
sequences reported earlier. Rotary-shadowing 
electron microscopy of the purified protein from 
chicken brain showed that, like the conventional 
class II myosins, myosin 5a also dimerized via a 
coiled-coil motif to form a two-headed motor 
protein, albeit with a shorter coiled-coil (Cheney 
et al. 1993). However, it had distinct features not 
found in class II myosins. The length of the head 
domain (including the neck) was 30 nm, consis-
tent with the presence of six IQ motifs in the 
amino acid sequence. The coiled-coil regions ter-
minated in large globular tail domains. The two- 
headed structure of myosin 5a was confirmed in 
negatively-stained images of protein either puri-
fied from myosin brain or from material that was 
produced by overexpression in Sf9 cells using the 
baculovirus infection system (Walker et al. 2000; 
Wang et al. 2004) (Fig. 8.1b).
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8.4  Single Molecules of Myosin 
5a Move Processively Along 
Actin Filaments In Vitro

Processivity for myosins is defined as the ability of 
single myosin molecules to take multiple ATP- 
dependent forward movements on actin during an 
attachment event. Members of the myosin super-
family can be broadly classified into two functional 
classes: nonprocessive and processive (De La Cruz 
and Ostap 2004). Examples of nonprocessive myo-
sins include striated muscle myosin, which polym-
erizes into long bipolar filaments, and some 
single-headed myosins such as class I myosins.

To understand the mechanisms allowing for 
processivity, it is necessary to describe the acto-
myosin kinetic cycle. Figure 8.2 shows the mini-
mal kinetic cycle that is used by all active 
myosins. Notice that myosin cycles between 
states that have a high affinity for actin (strongly- 
bound states) and ones that have only a weak 
affinity for actin (weakly-bound states). Also, 
note that the neck region moves from a pre-power 
stroke position to a post-power stroke position in 
order to propel the myosin along the actin fila-

ment. To describe the cycle, we start when myo-
sin is bound to actin with no nucleotide present 
(AM). This is a high-affinity state. The position 
of the neck region is in the post-power stroke 
position. Upon binding of ATP, the actin affinity 
is dramatically reduced and M•ATP dissociates 
from actin. ATP hydrolysis occurs, but both prod-
ucts remain bound to the myosin (M•ADP•Pi). 
This is coupled to a conformational change that 
results in a rigid body movement of the neck 
region to the pre-power stroke state. The states 
shown in the brackets are all in rapid equilibrium 
and here the myosin with ATP or its hydrolysis 
products interact with actin only transiently. Pi is 
released when the myosin rebinds actin. Release 
of Pi from the motor is catalyzed by actin and the 
resulting M•ADP complex binds tightly to actin. 
The neck region undergoes a rigid body motion 
to produce a power stroke. It is debated whether 
this occurs upon Pi release, ADP release or in a 
conformational change preceding ADP release. 
Evidence will be presented for a two-step power 
stroke. The dissociation of ADP brings the cycle 
back to the AM complex, which will then bind 
ATP, thus restarting the cycle.

Fig. 8.2 Kinetic cycle for a single head of myosin 5a. See description in the text. From Heissler and Sellers 2016
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An important concept in myosin kinetics is the 
duty ratio, which is the fractional time of the 
kinetic cycle that myosin spends strongly bound 
to actin. The duty ratio is essentially set by the 
ratio of the ADP-release time of AM compared to 
the overall cycle time. If Pi release is rate limit-
ing, the steady-state intermediates (M•ATP and 
M•ADP•Pi) will bind weakly to actin, but if ADP 
release is rate limiting, the steady-state interme-
diate will be AM•ADP, where myosin and actin 
bind with high affinity.

Two primary features distinguish processive 
myosins from nonprocessive ones. First, to be 
processive as a single molecule, the presence of 
two motor domains (i.e., a dimeric myosin) is 
required to ensure that at least one of the motor 
domains is bound to actin while the other is 
searching for a new actin-binding site. Note that 
two heads are not sufficient for processive 
motion. For example, the two-headed skeletal 
muscle myosin 2 paralogs are not processive as 
single molecules. Second, the kinetics of ATP 
hydrolysis by the myosin must result in a high 
duty ratio. The two-headed skeletal muscle myo-
sins are rate limited by Pi release from 
AM•ADP•Pi and have a low duty ratio (Bloemink 
and Geeves 2011). Thus, despite having two 
heads per molecule they are not processive. They 
have evolved  to work in the context of a large 
filament array that is capable of rapidly shorten-
ing the sarcomere. De La Cruz et al. (1999) deter-
mined the kinetic mechanism of the single-headed 
recombinant S1-like fragment of chicken myosin 
5a using steady-state and transient kinetic mech-
anisms. In marked contrast to the well- established 
kinetic mechanism for skeletal muscle myosin, 
they found that ADP release from the AM•ADP 
complex was rate limiting (~12  s−1, which was 
equal to the steady state actin-activated ATPase 
rate) and that phosphate release was fast (at 
~120 s−1). This means that the steady-state inter-
mediate for myosin 5a is AM•ADP.  The calcu-
lated duty ratio for myosin 5a was 0.67 compared 
to values of 0.02–0.05 for nonprocessive motors 
such as fast skeletal muscle myosin. These kinet-
ics help ensure that at least one of the two motor 
domains of myosin 5a is bound to actin at any 
given time.

A recombinant myosin 5a HMM was pro-
duced in Sf9 cells. This fragment was imaged by 
negative-stain electron microscopy (EM) when 
mixed with actin filaments in the presence of ATP 
(Walker et al. 2000). As expected for a processive 
motor, most of the molecules were bound to the 
actin filament via both of their heads with a rela-
tive constant separation of the two motors 
(Fig.  8.3a, b). Some molecules were bound via 
only one of the two heads and in these cases the 
neck region of the bound head could be seen in 
two positions representing the pre- and the post- 
power stroke states (Fig. 8.3c). When the attached 
head was in the post-power stroke position, the 
free head was in a position to bind to a new for-
ward actin-binding site.

The technique of optical trapping of myosin is 
described in Chap. 6. The “three-bead” optical 
trapping geometry was first used to study single 
molecules of myosin 5a. Briefly, this technique 
involves creating two optical traps in a light 
microscope (Fig. 8.4A). One-micron-sized poly-
styrene beads are trapped and used to capture an 
actin filament between them creating a dumbbell- 
like structure. The suspended actin filament is 
brought in close contact to a larger silica bead 
that is stuck to the surface. Myosin 5a is sparsely 
bound to the surface and to the surface-attached 
bead. A myosin 5a molecule on the surface bead 
will interact with the suspended actin filament. 
The position of the trapped beads tethering the 
actin filament are typically monitored via a quad-
rant photodetector with nanometer spatial preci-
sion and millisecond temporal resolution. The 
beads fluctuate within the trap driven by thermal 
noise. When a surface-attached myosin binds the 
actin filament, the magnitude of the thermal noise 
is reduced since the myosin 5a motor domain acts 
as another spring in the system. When a single- 
headed S1 fragment of myosin 5a was used, only 
single attachments followed by dissociation 
events were seen (Fig. 8.4B) (Veigel et al. 2002). 
However, when a two-headed myosin 5a was 
used, most attachment events resulted in multiple 
discrete steps in which the molecule pulled the 
actin filament as the myosin underwent its con-
secutive power strokes (Fig. 8.4C). This demon-
strated that myosin 5a was able to move 
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processively (Mehta et al. 1999; Rief et al. 2000; 
Veigel et  al. 2002). Each myosin power stroke 
incrementally pulled the trapped bead farther 
from the center of the trap and built up force. 
Once the force on the myosin was equal to the 
force that a myosin can exert there was a pro-
longed stall event and the myosin 5a would even-
tually dissociate from actin and, often, begin a 
new processive run. This peak force, called the 
stall force, was about 3 pN for myosin 5a (Mehta 
et al. 1999).

Another direct demonstration of a processive 
movement by myosin 5 was from Sakamoto et al. 
(Sakamoto et al. 2000), who visualized the move-
ment of single fluorescently-labeled myosin 5a 
molecules on actin filaments bound to a coverslip 
surface using total internal fluorescence (TIRF) 
microscopy. Myosin was fluorescently-labeled 

by exchanging dye-labeled calmodulin subunits 
into the molecule. Similar results were later 
obtained by imaging myosin 5a fused at the 
N-terminus with green fluorescent protein (GFP) 
or labeled in various means with a quantum dot 
(QD) (Snyder et al. 2004; Warshaw et al. 2005). 
From these videos one could determine the veloc-
ity of movement and the characteristic run length. 
Typical values for the velocities were 0.5 to 
1 μm/s and 0.7 to 1.5 μm for the run length (Bao 
et al. 2013; Hodges et al. 2007).

Using high speed atomic force microscopy 
(AFM), single molecules of myosin 5a could be 
imaged while attached to actin in the presence of 
ATP (Kodera et  al. 2010). The two heads were 
bound at positions consistent with that seen by 
electron microscopy, and the molecule could be 
observed moving processively along actin (see 

Fig. 8.3 EM of myosin 
5a HMM bound to 
F-actin. (a). Several 
examples of myosin 5a 
HMM molecules bound 
to actin via two heads in 
the presence of 1 μM 
ATP. Myosin molecules 
would be walking 
towards the right. The 
arrow points to the 
coiled-coil tail fragment. 
(b). Galleries of single 
HMM molecules. (c). 
Examples of myosin 5a 
HMM bound to actin via 
a single head in the 
presence of 1 μM 
ATP. Note that 
progressing from the 
upper left-hand panel 
these images were 
chosen to simulate a 
possible walking cycle 
where the unattached 
head is unable to explore 
the forward binding sites 
on actin until the 
attached head undergoes 
its power stroke. Scale 
bar = 50 nm in A-B. All 
these images were taken 
from Walker et al. 
(2000)
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Chap. 7 for details of these experiments). The 
acquisition speed was not sufficiently high to fol-
low the detached head as it transitioned to a new 
actin-binding site. However, if the surface was 
crowded by binding excess streptavidin, some 
images showed the restricted movement of the 
detached head as it tried to reposition itself in a 
forward-binding site.

The most recent confirmation that myosin 5a 
is a processive motor used a novel microscopic 
technique (iSCAT) (Andrecka et al. 2016) that is 
also described in Chap. 6. This technique used 

interferometric light scattering coupled with 
background subtraction to extract the small light 
scattering from a single myosin 5a molecule. 
Ortega et  al. (Ortega et  al. 2014) showed that 
single, unlabeled myosin 5a HMM molecules 
could be imaged and that these molecules moved 
processively along actin filaments. If a gold bead 
was attached to the motor domain of myosin 5a, 
the movement of the myosin could be tracked 
with very high spatial and temporal resolution 
due to the intense light scattering from the bead 
(Andrecka et al. 2015).
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Fig. 8.4 Optical trapping of myosin 5a reveals details 
about the power stroke and stepping mechanism. (A). 
Schematic of the three-bead optical trapping geometry. 
See Chap. 6 for details of this technique. (B). Optical trap-
ping of single-headed myosin 5a. Note that only single 
attachment/detachment cycles are observed. Arrows point 
to the presence of a second step of the power stroke, 
which will be described in Fig. 8.7. (Ca). Optical trapping 
record of a two-headed myosin 5 HMM. Note that abrupt 
forward movements followed by sustained dwell periods 
are observed as the myosin 5a processively pulls the actin 
filament away from the center of the trap. (Cb). Step-size 
histogram of the second to fourth steps in such processive 
runs. A mean value of 34.5 ± 0.6 nm was obtained. (Cc). 
Histogram of the first step in the staircases. 

Mean  =  26.2  ±  2.3  nm (Cd). Histogram of single step 
events. Mean  =  25.7  ±  0.6  nm. (D). Stiffness measure-
ments of myosin 5a measured by driving one bead with a 
sinusoidal forcing function at 75  Hz at a peak-to-peak 
amplitude of 250 nm. The position of each bead was mon-
itored and the time dependence of the driven bead is 
shown for two records. Positional data from two areas are 
shown in expanded form below. Brackets illustrate regions 
of reduced stiffness consistent with the attachment of only 
one of the two heads of myosin 5a to actin that often tran-
siently occur between stepping events. The red arrow in 
the lower panel demonstrates an area during stall that the 
myosin is bound via only one head for an extended period 
of time before returning to a two-head attached state. 
Figure taken from Veigel et al. (2002)
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All of these techniques demonstrated that in 
vitro myosin 5a is a processive motor protein. 
This is consistent with the in vivo function of the 
protein as a cargo motor (Hammer and Sellers 
2012). The ability of myosin 5a to function as a 
cargo motor could be simulated in vitro by attach-
ing myosin 5a to micron-sized beads or lipid 
vesicles (Ali et al. 2008, 2016; Lombardo et al. 
2017, 2019). Studies showed that even single 
molecules of myosin 5a could transport these 
artificial cargoes for distances approximately a 
micron in length and that if multiple myosin 5a 
motors were present on a bead, the run lengths 
were somewhat longer. More complex actin net-
works could be created in vitro where two actin 
filaments are crossed at various angles or even 
three-dimensional networks where actin filament 
meshworks were created by suspending actin fil-
aments from different sized beads attached to the 
surface (Ali et al. 2007; Lombardo et al. 2019). 
Myosin 5 could switch from one filament track to 
another. Myosin 5 moves processively along sin-
gle actin filament as well as bundles of actin fila-
ments and can take occasional side steps from 
one filament to another (Bao et al. 2013).

8.5  Myosin 5a Takes 36-nm 
Steps and Moves in a “Hand- 
over- Hand” Mechanism 
Wherein the Two Motor 
Domains Alternate Being 
in the Leading and Trailing 
Positions

The actin filament is a polar biological polymer 
where one end, the + or barbed end, polymerizes 
faster than the other. In a muscle fiber the + ends 
are located at the Z-line. In the gliding actin in 
vitro motility assay, most myosins, including 
myosin 5a, propel actin filaments with the - end 
leading with myosin 6 being the only motor that 
moves actin in the opposite direction (Wells et al. 
1999).

Several models might account for the ability 
of a two-headed myosin to move processively on 
actin filaments towards the + end (Fig. 8.5). The 
myosin might move in an “inchworm-like” man-

ner where the rear motor domain detaches and 
rebinds to the actin subunit just behind the 
attached lead motor. The lead motor could then 
detach and reattach some distance forward to a 
new actin subunit. The cycle would then repeat 
itself. This mechanism would keep the two- 
headed molecule from dissociating from actin 
while moving forward and the same myosin head 
would always be in the leading position. A  second 
model was proposed by Yanagida and co- workers 
in a series of papers (Watanabe et  al. 2004; 
Tanaka et al. 2002). In this model, myosin would 
have a biased forward diffusion along an actin 
filament dwelling at certain locations before dif-
fusing again, and there is not a tight coupling 
between ATP hydrolysis and movement. There is 
precedent for this type of diffusion of proteins 
along microtubules although it is not directional 
(Lu et al. 2009; Ali et al. 2007). The last model 
and the one where there is now general agree-
ment is that myosin 5a moves in a hand-over- 
hand mechanism where the rear motor domain 
dissociates allowing the lever arm of the attached 
forward head to undergo its power stroke. This 
propels the detached head forward allowing it to 
reattach and become the new forward head. The 
dissociation of the rear head occurs when the 
ADP bound to that head dissociates allowing 
ATP to rapidly rebind which dramatically weak-
ens the binding affinity of that head for actin.

The evidence to support the hand-over-hand 
model came from several methods. Negatively- 
stained EM images of myosin 5a HMM mole-
cules interacting with actin in the presence of 
ATP showed that the two heads of myosin 5a 
were most often separated by 13 actin subunits, 
but head separations of 11 and 15 actin subunits 
were also observed (Fig.  8.3a) (Walker et  al. 
2000). Most doubly-attached myosins showed an 
obvious polarity with respect to the shape of their 
lever arms. In Fig. 8.3b, examples of symmetric 
molecules are shown in the left panel with asym-
metric ones in the others. In some cases, both 
lever arms were curved, but this curvature was 
particularly obvious for the lead lever arms which 
appeared to have conformation similar to a tele-
mark skier’s stance (Fig. 8.3b). No images were 
seen of two myosin heads bound in close apposi-
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Fig. 8.5 Schematics depicting three possible stepping 
mechanisms. (a). Hand-over-hand mechanism in which 
the trail head detaches and becomes the new lead head. 
(b). Inchworm mechanism in which the forward head 
always steps before the trail head and the trail head always 
assumes a position behind the lead head when it transi-

tions. (c). Loose-coupling mechanism where the move-
ment of the molecule is not tightly coupled with ATP 
hydrolysis and where the ATP-containing head diffuses in 
a biased forward direction along the actin filament. The 
red star is used to mark one of the motors for clarity

tion as would be expected from an inchworm 
model. The converter region of myosin is a part 
of the neck region that undergoes the rigid body 
motion to produce a power stroke. Examination 
of image-averaged classes of the lead and trail 
myosin heads in the negatively-stained images 
and comparison to crystal structures of myosins 
in different nucleotide states showed that in most 
cases the two bound heads of myosin were in dif-
ferent conformational states as determined by the 
position of the converter domain, which was 
obvious even in EM images at 2-nm resolution 
(Fig. 8.6a) (Burgess et al. 2002). The lead heads 
appeared to be in a pre-power stroke state with 
the lever arm emerging from the back of the 
motor, whereas the trail head was in a post-power 
stroke state (Fig.  8.6a). In a small subset of 
attached myosins, the converter domain of the 
lead head lever emerged from the front of the 

motor and then bends strongly backward over the 
motor domains, indicating that in these myosins 
the lead head was in the post-power stroke posi-
tion as was the trail head (Fig. 8.6b) (Oke et al. 
2010). This occurred most commonly when the 
myosin heads were separated by 11 or 13 actin 
subunits and rarely in the case of heads separated 
by 15 subunits.

Some myosins were seen to be attached by 
only a single head (Fig. 8.3c). In these cases, the 
free head could be seen either in front of or 
behind the attached head depending on whether 
the attached head had yet undergone its power 
stroke, which could be determined since the 
polarity of the actin filament could be seen.

High speed AFM movies of myosin 5a mov-
ing on actin filaments showed that the trail head, 
upon detaching from actin, moved forward 72 nm 
to become the new lead head (Kodera et al. 2010). 
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While the actual power stroke event was typically 
too fast to be observed with this technique, the 
movement of the head as it transitioned from the 
trail to lead position could be observed if the sur-
face contained excess streptavidin molecules, 
which hindered the movement of the head.

Optical trapping of two-headed myosin 5a did 
not shed light on which of the three models for 
stepping was occurring, but it did show a discrete 
pattern of rapid forward movement followed by 
dwell periods whose lifetimes were a function of 
the ATP concentration (Fig. 8.4Ca) (Mehta et al. 
1999; Rief et al. 2000; Veigel et al. 2002). A his-
togram of the step sizes during a processive run 
revealed a peak at ~36 nm (Fig. 8.4Cb), which is 
consistent with the spacing between two attached 
heads observed in the EM studies described 
above. The lifetimes of the dwell period at satu-
rating ATP concentrations were consistent with 
ADP release from an AM•ADP complex being 
rate limiting. The stiffness of the acto-myosin 
interaction could be measured by driving one 
bead with a sinusoidal oscillation function at a 
defined rate and size while monitoring the posi-

tion of both beads. Examination of the positional 
variation of the beads during stepping records 
showed evidence that myosin 5a was stably 
attached via two heads for most of the dwell 
period (Fig. 8.4D) (Veigel et al. 2002). At most 
transitions between steps the stiffness transiently 
dropped from a value of 0.35 to 0.18 pN.nm−1, 
probably representing a short period where the 
myosin was attached to the actin via only one 
head. Occasionally during the stall periods, the 
stiffness levels fluctuated from the stiffness 
expected for a two-headed attachment to that 
which probably represented one head attachment 
(Fig. 8.4D, see red arrow).

Optical trapping of a single-headed myosin 5a 
S1 fragment, which only gave single interactions 
and no processive steps, allowed for the study of 
the power stroke or the working stroke (Veigel 
et al. 2002). This was determined to be 25 nm in 
magnitude and consisted of two separate mechan-
ical phases as determined by ensemble averaging 
of the start and finish of many power stroke 
events (Fig. 8.7A, B). The first phase was 20 nm 
followed kinetically by a second phase of 5 nm. 

Fig. 8.6 Comparisons of the lead and trail myosin 
heads bound to actin. (a). Image averages of myosin 5a 
HMM heads bound to actin. It can be seen that the lever 
arm emerges from the front of the motor domain in the 
rear head and from the back of the motor domain in the 
lead head. The arrow marks the position of the pliant 
point. This figure was taken from Burgess et al. (2002). 
(b). Subclasses of myosin 5a HMM bound to actin with 

their motors 11, 13 and 15 actin subunits apart. The mol-
ecules in the upper row have straight lever arms and motor 
domains in the pre-power stroke conformation. The mol-
ecules in the lower row have curved lead lever arms. The 
two motors denoted with asterisks have post-power stroke 
lever arms. This figure is taken from Oke et  al. (2010). 
Walking is toward the left in A and to the right in B
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The larger first phase is likely due to a conforma-
tional change within myosin 5a between two 
AM•ADP states since the lifetime of this state is 
insensitive to the ATP concentration. The shorter, 
and subsequent, 5-nm displacement was proba-
bly linked to ADP release since its lifetime 
became shorter as the ATP concentration of the 
medium was increased. Thus, the working stroke 
is shorter than the step size (Veigel et al. 2002). If 
a load greater than 1.5 pN is applied to the 
optically- trapped myosin 5a S1 immediately 
after a binding event occurs, the position of the 
attached motor can sometimes be seen to fluctu-
ate between two discrete levels which may repre-
sent the attached motor undergoing repeated 
power stroke/reversal of power stroke cycles 
(Fig.  8.7C) (Sellers and Veigel 2010). The 
 presence of two AM•ADP states was also inferred 
by optical trapping studies with higher spatial 

and temporal resolution, which allowed for the 
detection of substrates during the time course of 
processive stepping (Uemura et  al. 2004). The 
presence of the two-lead lever arm motor domains 
conformations (Figs. 8.3B, 8.6b) could also rep-
resent ADP-bound motors in different conforma-
tional states.

As described in the previous section, spots 
representing the fluorescence of single myosin 5a 
molecules moving along fixed actin filaments can 
be visualized using TIRF microscopy (Sakamoto 
et al. 2000). The use of TIRF microscopy com-
bined with the super-resolution FIONA tech-
nique allowed for the visualization of the 
incremental stepping of the fluorescently-labeled 
myosin while moving processively (Yildiz et al. 
2003). The spatial resolution of light microscopy 
is typically limited by the diffraction of light and 
is in the range of 250–300 nm depending on the 

Fig. 8.7 The power stroke of myosin 5a occurs in two 
sub-steps and is reversible at high loads. Optical trap-
ping of single-headed myosin 5a. (Aa). Note that at the 
end of the power stroke there is usually a further displace-
ment denoted by arrows. (Ab). Examples of ensemble- 
averaged attachment events at three different ATP 
concentrations. Data points were synchronized to the 
beginning (tb) and end (te) of each event. Right hand pan-
els illustrate the method for the ensemble averaging. (B). 
Schematic showing the two phases of the power stroke. 

Figures taken from Veigel et al. (2002). See this paper for 
details on the methodology. (C). Displacements produced 
by bound myosin at different resisting forces (5 kHz sam-
pling rate). In a typical binding event, initial binding and 
conformational change in the +∆x direction occurred 
around time point t1 at <0.5 pN load and were not resolved 
separately. Load was applied at t2 and at t3a negative dis-
placement occurred, consistent with a reversal of the 
power stroke followed by a positive displacement at t4. 
This figure was taken from Sellers and Veigel (2010)
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wavelength of the light and the numerical aper-
ture of the objective. Thus, two fluorophores sep-
arated by distances less than this cannot be 
resolved and would appear as a single spot. 
Similarly, the image of a single fluorophore fills a 
spot of this size. Various super-resolution light 
microscopic methods have now been developed 
to “break” the diffraction barrier (Sydor et  al. 
2015). Of these, FIONA has been most useful in 
studying the function of molecular motors in 
vitro (Yildiz et al. 2003; Yildiz and Selvin 2005). 
The distribution of photons emitted by a fluoro-
phore is called its point spread function. The 
FIONA technique fits the point spread function 

from a single fluorophore to a 2D Gaussian equa-
tion (Fig. 8.8a, b). The peak of the Gaussian dis-
tribution describes the location of the fluorophore 
to within a few nanometer resolution, and this 
resolution is increased as the number of collected 
photons increases. Yildiz et al. applied this tech-
nique to myosin 5a moving along actin (Yildiz 
et al. 2003). Myosin 5a was labeled by exchang-
ing in a fluorescently-labeled calmodulin such 
that only one of the two heads was typically 
labeled. The molecules moved too fast at saturat-
ing ATP concentration and therefore sub- 
saturating ATP concentrations were used in order 
to slow the stepping rate and allow for the collec-

Fig. 8.8 Tracking the stepping of myosin 5a with 
FIONA. (a). Field of fluorophores showing variable fluo-
rescent intensities due to nonuniform illumination. (b). A 
Gaussian curve-fit (solid lines) to the point spread func-
tion. (c). Stepping traces of three different myosin 5a mol-
ecules displaying 74 nm steps. The distribution of these 
steps is shown in the inset. (d). Stepping traces of three 

different myosin 5a molecules displaying alternating 
42–33-nm steps with the distribution of step sizes shown 
in the inset. These step sizes indicate that the dye was 
2–3  nm from the center of mass along the direction of 
motion. This figure was taken with permission from Yildiz 
et al. (2003)
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tion of more photons per time point in order to 
increase the spatial resolution to the low nanome-
ter levels. At sub-micromolar ATP concentra-
tions, myosin 5a took one step every 2–10 s. The 
images were sampled at 0.3  Hz. The time and 
position records showed defined pauses in 
between large myosin stepping events that were 
too fast to measure (Fig. 8.8c).

The dwell periods in most of the traces were 
separated by 72-nm steps (Fig.  8.8c). This dis-
tance was consistent with the separation of the 
two heads by 36  nm observed by EM and the 
36-nm step size distribution seen in optical- 
trapping studies since FIONA was measuring the 
stride length as a single-labeled head made its 
move. The 72-nm stride provided strong evidence 
for a hand-over-hand stepping mechanism where 
the two motors are separated by 36 nm when both 
were bound and where the labeled trail head 
detached and reattached at a position that is 
36  nm in front of the original lead head. The 
movement of the unlabeled head was not detected 
in these traces; however, evidence for this move-
ment was obtained by analyzing the dwell time 
histogram. The distribution was well fitted by a 
kinetic model for the probability of dwell times 
assuming that the stepping rate of the labeled 
head was the same as that of the unlabeled head. 

If the myosin was moving in an inchworm- 
like manner, then a uniform 36-nm separation 
between dwells would be expected even for 
labeled single-headed myosins.

These data suggest that the exchanged 
calmodulin was likely on the IQ motif closest to 
the motor domain. Interestingly, some molecules 
displayed a more complex stepping pattern where 
alternating steps of 43 nm and 33 nm or 52 nm 
and 23  nm were observed (Fig.  8.7D). These 
were explained by assuming that the labeled 
calmodulin exchanged into an IQ position farther 
from the motor domain. In this case the longer 
step would represent the movement of the labeled 
head as it transitioned from the trail to the lead 
position. The shorter step would be obtained 
when the unlabeled head detached followed by a 
power stroke from the attached labeled head. 
This power stroke repositioned its labeled 
calmodulin by some lateral distance proportional 

to its vertical position in the lever arm. This was 
further evidence for a hand-over-hand 
mechanism.

Even stronger evidence for a hand-over-hand 
mechanism was obtained when the two heads of 
a single myosin 5a molecule were labeled with 
different color Qdots (Warshaw et  al. 2005). In 
this elegant experiment, the stepping trace 
showed the two colors alternate in the lead posi-
tion as the molecule moved forward (Fig.  8.9). 
Each individual head took 72-nm strides.

Using the high resolution iSCAT technique 
(See Chap. 6), Andrecka et  al. examined the 
movement of myosin 5a HMM labeled at the 
N-terminus of one motor domain with a single 
gold bead. Given the large number of photons 
scattered by the gold bead, the authors were able 
to image the movement of single molecules of 
myosin 5a at speeds up to 1000 Hz with even bet-
ter resolution than was obtained with QD-labeled 
myosin 5a at 60 Hz (Fig. 8.10a). At 100 Hz the 
localization precision was less than 1  nm 
(Fig. 8.10b). This methodology allowed for more 
detailed elucidation of the stepping mechanism 
than was previously possible with fluorescence or 
optical trapping. First, the overall size of the for-
ward movement of the labeled head was 72 nm, 
consistent with the FIONA data discussed above. 
However, it was noticed that each dwell period 
showed an abrupt small backward movement 
(~5 nm) when the data were sampled at a rate of 
100 Hz (Fig. 8.10b). Control experiments deter-
mined that this was likely a very small conforma-
tional change in the N-terminus of the myosin 
motor domain (where the gold bead was attached) 
when the unlabeled head made its stride. 
Examination of the dwell times before and after 
this event demonstrated that the two heads 
stepped with the same kinetics. In other words, 
the presence of a 20-nm gold bead, which was 
larger than the motor domain itself, had no effect 
on the stepping mechanics of that head.

When sampling at 1000 Hz, the position of the 
labeled unbound head could be followed as it 
made its transition from the trail to lead position 
(Fig. 8.11a) (Andrecka et  al. 2015). The transi-
tion time from unbinding to binding was about 
15 ms, consistent with values obtained by optical 
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trapping (Veigel et  al. 2002). Separate studies 
using dark field microscopy to study movement 
of a bead-labeled myosin (Dunn and Spudich 
2007) or fast polTIRF to measure lever arm 
angles (Beausang et al. 2013) arrived at similar 
values. This was considerably slower than would 
be predicted if the reattachment event were 
purely diffusive as calculated by Kramer’s first 
passage eq. (0.1 ms) or as modeled by molecular 
dynamics (Craig and Linke 2009). It was widely 
assumed that, following the power stroke of the 
attached head, the unbound head underwent ran-
dom Brownian motion until it found the new for-
ward actin-binding site (Dunn and Spudich 2007; 
Veigel et al. 2002; Walker et al. 2000). Instead, 
the iSCAT data showed that the movement of the 
free motor was rather constrained and that it 
spent most of its time in a position about 40 nm 
off axis (Fig.  8.11a–f) (Andrecka et  al. 2015). 
From here the head made flickering attempts to 
find an actin-binding site located about 36  nm 
from the attached head. Furthermore, in each step 
the position of the unattached head was on the 

same side of the actin filament during a proces-
sive run. The “off track” position could either be 
on the right side or on the left side at the initiation 
of a run but did not change during a run on a sin-
gle actin filament. This behavior argued against 
models where the unbound head diffused along 
the forward actin subunits before finding its high 
affinity binding site (Watanabe et al. 2010; Okada 
et al. 2007).

These data suggested that, rather than acting 
like a freely jointed swivel at the junction between 
the two lever arms, the unattached head maintains 
a rather constant angle between the two lever 
arms. In other words, the molecule behaves like a 
drawing compass. The angle between two myosin 
5a heads bound to actin or deposited on an EM 
grid in the absence of actin was between 105 and 
115° (Walker et  al. 2000; Takagi et  al. 2014; 
Andrecka et al. 2015). This angle would explain 
the off-actin localization of the head during the 
transition period and further suggested that the 
search for a forward binding site did not involve a 
random diffusion of the unattached head.

Fig. 8.9 Myosin 5a processive run with heads labeled 
with different colored Qdots. Green and red circles at the 
Qdot565and the Qdot655 positions, respectively determined 
by Gaussians fits of their point spread functions. Solid lines 
are the average Qdot positions between steps. Upper left 
inset are the averaged Qdot images for steps labeled A–D, 

with the red and green images offset by 12 pixels in the 
y-direction for clarity. The yellow lines connect the Qdot 
centers emphasizing alternating relative head position. 
Green arrow represents a sub-step. Lower right insets are 
histograms of inter-head spacing and stride size. Image 
taken from Warshaw et al. (2005) with permission
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Fig. 8.10 High speed, high precision imaging of myo-
sin 5a stepping using iSCAT. (a). Left, cartoon of myo-
sin 5a HMM labeled at the amino terminus of one head 
with a 20-nm gold bead. Right, representative iSCAT 
stepping records of myosin 5a at four sampling speeds. 
(b). Upper panel, 2D trajectories for a 20-nm gold particle 
immobilized to the surface (blue) or attached to the 
amino-terminus of one head of myosin 5a. Arrow indi-
cates the direction of travel. Middle panel, representative 
stepping trace at 100 Hz demonstrating two distinct states 

(A and B) during the dwell period following the stepping 
of the labeled head. This AB transition marks the move-
ment of the gold bead on the labeled head at the time of 
stepping of the unlabeled head. Lower panel, correspond-
ing iSCAT contrast time trace for the trajectories in the 
middle panel. A brief reduction in iSCAT contrast coin-
cides with 74-nm strides taken by the labeled heads (red 
lines). Sampling rate was 100 Hz and the standard devia-
tions (σ) of the bead positions are indicated. This figure is 
taken from Andrecka et al. (2015)
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Fig. 8.11 iSCAT tracking of the unbound head of 
myosin 5a. (a). Distance traveled as a function of time for 
myosin 5a where a single head was labeled with a 20-nm 
gold bead. The lateral localization precision, σ, is given 
for each actin-attached period. Note that during each step-
ping event there is a brief transient period where the bead 
demonstrates larger fluctuations corresponding to its 
detachment time. (b). Corresponding 2D trajectory with 
the arrow indicating direction of movement. (c–e). 
Expanded views of the transient states indicated in a and 
b, which are indicated by double-headed arrows. Scale 

bar: 50 nm. ATP concentration: 10 μM.  Imaging speed: 
1000 Hz. (f). Simultaneous measurement of scattering and 
fluorescence for a myosin 5a labeled with a 20-nm gold 
particle on one head and a Qdot on the other (see upper 
panel for schematic). Lower panel, the position of the gold 
bead is marked in gold and that of the Qdot in blue, 
labeled with the SD of the probe position. Note that the off 
state is on the same side of the actin filament for each 
label. Scale bar: 100 nm, Imaging speed: 500 Hz. Figure 
taken from Andrecka et al. (2015)
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If myosin 5a walks in a hand-over-hand 
method it could either do so symmetrically or 
asymmetrically with regards to the movement of 
the two heads. An asymmetric mechanism would 
imply that when walking along an actin filament 
the two lever arms would alternate which side of 
the actin filament they occupy during the search 
period. One head would always have its off-actin 
position on the right side of the actin filament and 
the other would always have its off-actin position 
on the left. In a symmetric mechanism each time 
either head moves it would remain on the same 
side of actin filament in the unbound state. This 
was tested by attaching a fluorescent QD to one 
motor domain and a gold bead to the other 
(Andrecka et al. 2015). The position of the QD 
was followed by fluorescence while that of the 
gold bead by light scattering. The unbound state 
for both heads were on the same side of the actin 
filament showing that myosin 5a moves in a sym-
metric hand-over-hand mechanism (Fig.  8.11f). 
This suggests that a cargo attached to the tail 
region would rotate 180° with each step, which 
might complicate movement of cargo within the 
cell. It is likely that mechanisms have evolved to 
relieve the built-up torque that would result from 
such movement.

Myosin 5a is not a precise stepper. The 
detached head did not always bind to the 13th 
actin subunit (36 nm away) in front of the attached 
head. Electron microscopic images of myosin 5a 
bound to actin in the presence of ATP showed that 
the two heads could be separated by 11 or 15 actin 
monomers although the most favored separation 
was 13 actin subunits (Fig.  8.6) (Walker et  al. 
2000; Oke et  al. 2010). This lack of fidelity is 
likely the explanation for the observations that 
beads coated with a single myosin 5a molecule 
spiraled around a suspended actin filament with a 
left-hand pitch of about 2 μm while moving on 
actin filaments (Ali et al. 2002) and that polTIRF 
measurements of myosin 5a molecules walking 
on actin showed a subpopulation of lever arm 
angles consistent with occasional azimuthal bind-
ing to an actin subunit other than the preferred 
13th subunit (Lewis et  al. 2012). polTIRF mea-
sures the angle that the dye that is rigidly attached 
to the lever arm makes with respect to the actin 

filament axis. These results could be explained if 
the motor mostly takes strides that result in a 
13-actin subunit separation between the two 
heads, but occasionally takes short steps that 
result in an 11-actin subunit separation. Consistent 
with this, polarization studies where dyes were 
bound to actin filaments moving over myosin 5a 
bound to a surface also demonstrated that about 
20% of the actin filaments exhibited a leftward 
spiral as they moved (Beausang et al. 2008).

8.6  The Neck Domain Acts 
as a Stiff Lever Arm

The length of the neck is one of the variabilities 
found amongst members of the myosin super-
family and is determined by the number of tan-
dem IQ repeats in most myosins (Berg et  al. 
2001). Some myosins such as myosin 10 and 
myosin 7 also have a stable single α-helical 
(SAH) domain that contributes to the neck 
(Baboolal et  al. 2009; Knight et  al. 2005). The 
neck region of all members of class V myosins 
have six IQ motifs. In mouse, all six IQ motifs 
bind calmodulin as their light chain (Wang et al. 
2000). Chicken myosin 5a has an essential light 
chain (ELC) bound to at least one of the IQ motifs 
in addition to calmodulin (Espindola et al. 2000).

The publication of the first crystal structure of 
skeletal muscle myosin S1 immediately sug-
gested a mechanism for force generation and 
movement of actin (Rayment et al. 1993a, b). The 
neck region emanated from the motor domain 
opposite from the actin-binding region and it was 
hypothesized that it would be able to move as a 
rigid body to create the power stroke. Subsequent 
crystal structures in other nucleotide states and 
electron microscope images of various myosins 
bound to actin in the presence and absence of 
ATP confirmed this hypothesis (Sweeney and 
Houdusse 2010). Images of myosin 5a HMM 
bound to actin in the presence of ATP provided 
the first solid evidence for the power stroke that 
takes place on actin (Figs. 8.3 and 8.6) (Burgess 
et al. 2002; Walker et al. 2000). The neck region 
consisting of the converter region and the light 
chain bound IQ motifs moved as a rigid body 
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about a fixed pivot point in the base of the motor 
domain. The angle between the lever arm and the 
actin filaments was 129–143°in the lead heads 
and 39–49° in the trail heads. The stiffness of the 
lever arm from optical trap measurements was 
about 0.2 pN•nm−1 (Veigel et al. 2002).

As mentioned above, if myosin 5a were to 
walk along an actin filament in a straight line 
without major rotations around the filament, it 
would need to take 72-nm strides in order to 
match the periodic half repeat distance of the 
actin filament (36 nm), and this would require a 
longer neck than is found in class 2 myosins. 
Early EM images of myosin 5a bound to actin 
demonstrated that the neck region was relatively 
rigid whether the myosin was bound to actin via 
both heads or by only one head although some 
lead necks were clearly curved as if under strain 
(Fig. 8.3b) (Walker et al. 2000).

To address the importance of the long neck 
region several studies engineered myosin 5a 
HMM mutants containing fewer or larger num-
bers of IQ motifs. The six IQ motifs in myosin 5a 
are at intervals of 23–25-23-25-23 amino acids, 
respectively. Sakamoto et  al. engineered mole-
cules with 2, 4, 6, and 8 IQ motifs keeping these 
intervals intact (Sakamoto et al. 2003). In addi-
tion, they created a six-IQ HMM where the spac-
ing between the 3rd and 4th IQ motifs was altered 
by the insertion of two alanine residues (HMM 
2Ala-6IQ). Optical trapping experiments exam-
ining single (nonprocessive) attachments showed 
a linear increase in the power stroke as the num-
ber of IQs was increased (Fig. 8.12a) (Sakamoto 
et  al. 2003). However, the HMM 2Ala-6IQ 
mutant had a shorter power stroke than would be 
predicted for a molecule with 3 IQ motifs sug-
gesting that the spacing between IQ motifs was 
essential for maintaining lever arm rigidity. 
HMM-6IQ and HMM-8IQ showed robust pro-
cessive movements, but HMM-4IQ was some-
what compromised and required lower ionic 

strengths in order to move processively. HMM- 
2IQ molecules exhibited short run lengths  and 
then only if the ionic strength and ATP concentra-
tions were lowered. Determining their step size 
via super-resolution imaging demonstrated a lin-
ear relationship between the neck length and the 
stride length (Sakamoto et al. 2005) (Fig. 8.12b). 
The distributions of stride sizes of the HMM-8IQ 
mutant were broad and could be fit best by sev-
eral Gaussian functions indicating flexibility in 
sizes of the strides taken. Interestingly, in this 
unloaded assay the HMM-2Ala-6IQ mutant took 
74-nm strides. Another study using optical trap-
ping to study a different set of myosin 5a IQ 
mutants reached a similar conclusion with 
regards to neck length and step size (Purcell et al. 
2002). This study found a broad distribution of 
step sizes for the myosin 4IQ mutants.

Examination of the myosin 5a HMM IQ 
mutants bound to actin in the presence of ATP 
revealed that the two heads of wild-type HMM- 
6IQ preferentially bound with 13 actin subunit 
separation, with some molecules separated by 11 
or 15 subunits and a very small proportion by 9 
subunits (Oke et al. 2010) (Fig. 8.13). HMM-8IQ 
preferred to bind with separations of 15 subunits 
but showed smaller populations separated by 13, 
11, 17, and 9 subunits, respectively. HMM-4IQ 
predominantly bound with the two heads sepa-
rated by 11 subunits but also showed smaller dis-
tributions at 13, 9 and 7. Thus, the length of the 
neck region determined the stepping distance of 
the molecule by altering the preferred actin sub-
unit target. The myosin motor domain did not 
really discriminate among forward actin subunits 
to bind, but rather the length of the neck region 
dictates which actin subunit is most readily 
accessible. A test of this created a chimeric myo-
sin 5a HMM mutant wherein a 17-nm stretch of 
SAH domain from Dictyostelium MyoM replaced 
IQ motifs 2–5 (Baboolal et al. 2009). This length 
of SAH domain was predicted to be of approxi-

Fig. 8.12 (continued) is proportional to the length of the 
neck region. Panels a, c and b, d show sample traces and 
power stroke histograms, respectively, for HMM-2IQ and 
HMM-8IQ mutants. Panel e shows the summary of the 
data for these and other mutants. These data are taken 

from Sakamoto et al. (2003). (b). Tracking of the stride 
length of GFP-tagged myosin 5a HMM-IQ mutants. Inset 
shows the summary of the data. Parts of this figure were 
taken from Sakamoto et al. (2005)
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Fig. 8.12 The length of the neck determines the mag-
nitude of the power stroke and step size. (a). Optical 

trapping studies of single interactions of myosin 5a HMM 
neck mutants demonstrate that the size of the power stroke 
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Fig. 8.13 Imaging the 
variable step size in 
myosin 5a HMM-IQ 
mutants. Histograms 
show head separation in 
raw images (gray bars) 
and image averages 
(black bars). Image 
averages documenting 
some of the classes are 
shown above the 
individual histograms. 
This image was taken 
from Oke et al. (2010)

mately the same length as that of the replaced 
four IQ motifs, and thus the molecule should 
have a neck length similar to that of a six-IQ 
myosin 5a. Electron microscopic images con-
firmed this prediction. Its stride length measured 
in single molecule stepping assays was 70  nm 
and it displayed a run length similar to that found 
with HMM-6IQ. The power stroke obtained from 
optical trapping assays (~22  nm) was only 
slightly lower than was found with HMM-6IQ 

(~25 nm). This demonstrated that the length of 
the neck was critical to precise stepping by myo-
sin 5a and that SAH domains could function as 
part of a stiff lever arm.

Further evidence that the neck region acts as a 
stiff lever arm and undergoes a large rigid body 
motion to produce a power stroke was obtained 
using polTIRF, a technique that combined high 
resolution spatial imaging with fluorescence 
polarization to detect angle changes in a probe 
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located on one of the calmodulins in the neck 
region (Syed et al. 2006). For every 74-nm trans-
location of the labeled myosin head, the probe 
exhibited two reorientational motions that repre-
sented the orientation of the probe in the pre- and 
post-power stroke state. Myosin 5a would occa-
sionally move from the top of the actin filament 
to a side position, which might have been in 
response to obstacles in its path. A subsequent 
study further defined the angle changes associ-
ated with the power stroke using DOPI (Toprak 
et  al. 2006). The probe angle relative to the 
barbed end of the actin filament averaged 128° 
while the neck region was in the leading state and 
57° when it was in the trailing state. This defined 
a lever arm rotation of 71°, which was consistent 
with a 37-nm forward step size of myosin 
V.  Interestingly, when similar studies were car-
ried out on a myosin 5a 4IQ mutant, the fre-
quency of azimuthal movements was greatly 
increased and the data were consistent with most 
prominent head separations of 11 to 13 actin sub-
units for this mutant (Lewis et al. 2012). However, 
the data were also consistent with myosin 5a 4IQ 
taking a broader range of steps as suggested by 
optical-trapping studies (Purcell et al. 2005).

8.7  The Kinetics of the Two 
Motor Domains Are Gated 
to Enhance the Processivity

Assuming a duty ratio of 0.7 for a single motor 
domain of myosin 5a, one can calculate that a 
two-headed myosin 5a should take an average of 
8 steps per encounter with actin, which would 
give rise to a run length of ~288 nm (Veigel et al. 
2002). However, run length measurements for 
two-headed myosin 5a molecules are typically 
closer to 1000 nm (equaling nearly 30 steps) and 
some molecules move considerably farther (Bao 
et al. 2013; Hodges et al. 2007). To account for 
this discrepancy, it was proposed that the two 
heads of myosin 5a kinetically and mechanically 
gate each other’s ATPase activity to increase the 
probability of forward processive stepping 
(Veigel et  al. 2002). Evidence for this was that 
the attachment lifetimes of a single head of myo-

sin 5a (S1) were dependent on the load applied 
by the trap during attachment (Veigel et al. 2005; 
Purcell et  al. 2005). When the direction of the 
applied load opposed the power stroke, the life-
time of attachment increased and it decreased 
when the direction of the applied load was in the 
same direction as the power stroke (Fig. 8.14). In 
the context of a two-headed myosin 5a moving 
processively along actin this gives a method for 
load-dependent kinetic gating of the two motor 
domains. The trailing head would exert a resist-
ing load on the lead head to delay its release of 
ATP products. At the same time the leading head 
would exert an assisting load on the trail head to 
increase its release of ADP and therefore shorten 
its attachment life time. Not only would this 
increase processivity, it also provides a strong 
mechanism for directionality since the lead head 
would remain in a strongly bound state with 
delayed product release as long as the trail head 
was still attached.

Unbinding studies of myosin 5a S1 molecules 
in the presence and absence of ADP showed evi-
dence for a directional strain dependence (Oguchi 
et al. 2008). Myosin 5a S1 molecules were bound 
to an optically-trapped bead and allowed to attach 
to actin either in the absence or presence of 
ATP. The trap was then moved to apply a load. 
Myosin 5a S1 molecules dissociated from actin 
at lower applied forces if the force was in the 
direction of the power stroke (assisting load) in 
both the presence and absence of ADP. Conversely, 
if the applied force was in the opposite direction 
of power stroke (resisting load) then the force 
required for unbinding was greater.

Strain-dependent gating of ADP release from 
the rear head is probably the reason why most of 
the forward lever arms of myosin 5a seen in EM 
images of doubly-bound molecules were still in 
the pre-power stroke position (Fig. 8.6) (Burgess 
et al. 2002) (Oke et al. 2010; Walker et al. 2000). 
Only 7% of the wild-type HMM 6IQ molecules 
showed the post-power stroke lead head confor-
mation. The percentage of the lead heads in the 
post-power stroke position is higher when the 
wild-type 6IQ myosin 5a was bound with its two 
motors separated by 11 actin subunits (45%) and 
was very small (2%) when the two motors were 

8 How Myosin 5 Walks Deduced from Single-Molecule Biophysical Approaches



174

separated by 13 actin subunits. This conforma-
tion was not detected when the heads were sepa-
rated by 15 actin subunits. One explanation for 
this would be that the trail head in these images 
could have been in either the ADP-bound or the 
apo state. The second phase of the power stroke 
discussed earlier, which occurs upon release of 
ADP, could lessen the intramolecular strain on 
the lead head and allow it to attempt to undergo 
its power stroke. The study using neck length 
mutants showed a consistent pattern in accord 
with this (Oke et  al. 2010). The most common 
head separation in the HMM-4IQ and HMM-8IQ 
mutants were 11 and 15 actin subunits, respec-
tively. In both cases the percentage of lead motors 
in the post-power stroke position increased if the 
heads were separated by less than these charac-
teristic amounts. It is reasonable to assume that 
ADP could only be lost from the lead head once 
the change from the pre- to post-power stroke 
occurred. Thus, strain exerted on the lead head by 
the attached rear head kinetically gated a struc-
tural transition likely coupled to the release of 
ADP.

Interestingly, a study of the force-dependent 
stepping of myosin 5a HMM showed little effect 
of resistive force on stepping rate until stall was 
reached (Clemen et al. 2005). The lack of force 
dependence of myosin 5a HMM versus the strong 
force dependence of myosin 5a S1 can be 
 reconciled by considering the coupling of the two 
S1 molecules into a two-headed HMM. A model-
ing study suggested that internal conformational 
transitions with a two-headed HMM structure 
bound to actin via both heads would mostly be 
absorbed by the bending of the lever arms and 
will not act solely on the lead lever arm (Vilfan 
2005). This study calculated that a conforma-
tional change of 5  nm within a single-headed 
construct would lead to only a 0.2-nm change in 
the center of mass of a two-headed molecule. The 
Clemen et al. paper also provided evidence that at 
high forces the search time of the unbound head 
increased (Clemen et al. 2005). At high resistive 
loads myosin 5a HMM took processive back 
steps even in the absence of ATP, but no such 
ATP-independent stepping occurred with high 
assistive loads (Gebhardt et  al. 2006). This 

Fig. 8.14 Load dependence on the mechanics of 
single- headed fragments of myosin 5a. (a). Upon detec-
tion of a binding event the position of the laser tweezer 
was rapidly moved for a defined distance to apply a load 
to the bound head. The lifetimes of the attachment were 

plotted for different applied loads. (b). Summary plot 
demonstrating that the lifetime of attachment was pro-
longed for resisting loads (pull) and was decreased for 
assisting loads (push). These data were taken from Veigel 
et al. (2005)
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implies that myosin 5a is a mechanical ratchet at 
high loads.

While the high-speed AFM movies of myosin 
5a walking on actin showed some instances of 
transient lead head detachment (termed foot 
stomping) at low ATP concentrations (Kodera 
et al. 2003), iSCAT studies at saturating ATP con-
centrations found no events where the lead head 
detached from actin, and this only happened in 
0.6% of the total events observed at 10 μM ATP 
(Andrecka et al. 2015).

Kinetic gating was tested in two studies by 
measuring the release of a fluorescent analog of 
ADP from A•MADP when chased by unlabeled 
nucleotide using stopped-flow kinetics (Forgacs 
et al. 2008; Rosenfeld and Sweeney 2004). Both 
studies showed a dramatic effect of strain on the 
release of ADP from the lead head if the trail 
head is still attached. The rate constant for ADP 
release from the lead head when it is under strain 
is up to 250 times slower than if there is no strain.

(3’-7-diethylaminocoumarin-3- carbonyl-
amino)-3’-deoxyadenosine-5’-triphosphate) 
(deac-aminoATP) is a fluorescent analog of ATP 
whose fluorescence intensity increased 20–25 
fold when bound to myosin 5a (Forgacs et  al. 
2006). This allowed for the simultaneous track-
ing of the position of a fluorescently- labeled 
myosin 5a HMM and of the intensity and posi-
tion of deac-aminoATP (or products after hydro-
lysis) as it bound to and dissociated from myosin 
(Sakamoto et al. 2008). These experiments were 
carried out at sub-saturating concentrations of 
nucleotide using TIRF microscopy to detect the 
signal of the deac-amino nucleotide bound to 
myosin. Myosin 5a was extensively exchanged 
with labeled calmodulin subunits such that both 
neck regions were labeled and the observed steps 
were separated by 36  nm, consistent with the 
movement of the center of mass of the molecule 
(Fig. 8.15A). For each myosin protein step, two 
“steps”, each separated by 18 nm, were observed 
for the position of the bound nucleotide. This was 
due to the dissociation of deac-aminoADP from 
the trail head which resulted in an 18-nm forward 
positioning of the localization of the nucleotide 
fluorescence. This interpretation was supported 
by the fact that the intensity of the nucleotide sig-

nal alternated between values representing one 
and two nucleotides bound (Fig.  8.15B). The 
nucleotide position always moved forward in the 
direction of stepping observed for the labeled 
myosin. Together this indicates that one ATP is 
used per step proving a tight coupling mechanism 
which was generally but not universally assumed 
(Okada et al. 2007; Sakamoto et al. 2000). Also, 
under these sub-saturating nucleotide conditions, 
ADP was always released from the trail head 
suggesting that the resisting load on the lead head 
effectively prevented its release of ADP before 
the trail head released its products, bound a new 
ATP and detached. Together this gating served to 
both increase processivity and to ensure direc-
tionality. The latter explains why reverse steps of 
myosin 5a are rarely observed in unloaded single- 
molecule stepping assays. Reverse steps are 
sometimes observed under high loads in the opti-
cal trap (Veigel et  al. 2002; Mehta et  al. 1998; 
Clemen et al. 2005; Kad et al. 2008).

The majority of the above studies support a 
simple mechanochemical scheme for the step-
ping of myosin 5a as shown in Fig.  8.16. In 
panel 1, myosin 5a is bound to actin via both 
heads spaced thirteen actin subunits (~72 nm) 
apart with ADP in both heads. The trail head is 
in the post-power stroke conformation whereas 
the lead head is in the pre-power stroke confor-
mation. ADP release from the lead head is 
inhibited by internal strain exerted by the 
attached trail head. ADP dissociates from the 
trail head, perhaps accelerated by the internal 
strain exerted by the attached lead head (panel 
2). ATP then rapidly binds to the apo-trail head 
resulting in fast dissociation from actin and 
ATP hydrolysis to the products ADP and Pi 
(panel 3). The attached head undergoes a power 
stroke which positions the unattached head in a 
forward position to begin a search for a new 
actin-binding site (panel 4). Not obvious in this 
2D presentation is that the unattached head 
largely dwells in an off-axis position from 
which it transiently explores the forward actin-
binding site (see Fig.  8.11) (Andrecka et  al. 
2016). The stiffness and length of the neck 
region places strong constraints on which actin 
subunits are sterically available for binding. In 
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panel 5, the previously unattached head finds a 
forward actin-binding site, which rapidly trig-
gers the release of Pi to bring the molecule back 
to the nucleotide states in panel 1 with a trans-
location of the center of mass of the myosin by 
36  nm. One ATP molecule was consumed in 
this process. Note that the elapsed time between 
panels 3 and 5 is ~15 ms.

This scheme is overly simplistic since it does 
not show two strain-dependent conformational 
AM•ADP states as discussed in this chapter. 
Also, there is evidence from several studies of a 
branched pathway where ADP can sometimes be 
released from the trail head before the lead head 
has dissociated its bound Pi (Kad et  al. 2008; 
Baker et al. 2004).

8.8  Conclusions

From this review, it is evident that application of 
a host of single-molecule biophysical techniques 
has elucidated the molecular basis for the move-
ment of myosin 5a along actin filaments. This 
detailed knowledge of the structure, the kinetics 
of actomyosin interaction, the processive run 
length, the step size and the mechanical depen-
dence of these parameters has made myosin 5a 
the best-characterized myosin. The data show 
that myosin 5a is a two-headed motor protein that 
moves processively along actin filaments, taking 
36-nm steps in a symmetrical hand-over-hand 
mechanism. The molecule spends most of its 
time bound firmly to actin via both heads attached 

Fig. 8.15 Correlation between the movement of myo-
sin 5a HMM and the binding/dissociation of deac- 
aminonucleotide. (A). Images of Alexa-Fluor-568-myosin 
5a HM and deac-aminoATP fluorescence were acquired 
simultaneously and the positions were plotted versus time 
in panels Aa and Ab, respectively, for a single processive 

run. Panel Ac plots the intensity of the deac- 
aminonucleotide from this same record. (B). Schematic 
showing the relationship between myosin 5a movement 
and nucleotide binding/dissociation. This figure was taken 
from Sakamoto et al. (2008)

J. R. Sellers and Y. Takagi
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Fig. 8.16 Summary of the hand-over-hand myosin 
5a stepping mechanism. Panel 1, myosin 5a is bound 
to actin (gray) via both heads spaced thirteen actin sub-
units (~36 nm) apart with ADP (D) in both heads. The 
trail head is in the post-power stroke conformation 
(blue motor) whereas the lead head is close to the pre-
power stroke conformation (red motor).  ADP release 
from the lead head is inhibited by internal strain exerted 
by the attached trail head that is shown by the lever 
curvature.  Panel 2, ADP dissociates from the trail 
head, perhaps accelerated by the internal strain exerted 
by the attached lead head.  Panel 3, ATP (T) rapidly 
binds to the apo-trail head resulting in fast dissociation 
from actin and hydrolysis of ATP to the products ADP 
and Pi. Panel 4, the attached head undergoes a power 

stroke which positions the unattached, pre-power 
stroke head in a forward position to begin a search for 
a new actin binding site. Not obvious in this 2D presen-
tation is that the unattached head largely dwells in an 
off axis position from where it transiently explores the 
forward actin binding site. The stiffness and length of 
the neck region places strong constraints on which 
actin subunits are sterically available for binding. Panel 
5, the previously unattached head finds a forward actin 
binding site which rapidly triggers the release of Pi to 
bring the molecule back to the nucleotide states in 
panel 1 with a translocation of the center of mass of the 
myosin by 36 nm. One ATP molecule is consumed in 
this process. Note that the elapsed time between panels 
3 and 5 is ~15 ms

most commonly at 36  nm (13 actin subunits) 
apart. The kinetics of the two heads are gated by 
the internal strain that the trail head exerts upon 
the lead head resulting in extremely low proba-
bility that the lead head will detach before the 

trail head. These kinetics not only increase the 
processivity but also impart directionality, ensur-
ing that the molecule moves forward. This for-
ward motion is acquired by the ~25-nm power 
stroke taken by the still attached head upon ATP 

8 How Myosin 5 Walks Deduced from Single-Molecule Biophysical Approaches



178

binding and dissociation of the trail head from 
actin. This power stroke positions the unattached 
head predominately in an off-axis position from 
which it periodically samples the forward bind-
ing sites on the actin filament during a 10–15 ms 
search. The neck is a rigid lever arm in this regard 
and changing its length alters which forward 
actin subunit becomes the preferred target. For 
each step along actin, one ATP molecule is 
consumed.

The two other mammalian myosin 5 paralogs 
have not been as extensively studied, but there 
are some important differences in their kinetic 
and mechanical properties. Kinetic studies of 
myosin 5c S1 molecules predicted that it would 
not be a processive motor based on its low duty 
ratio (0.1) (Takagi et  al. 2008; Watanabe et  al. 
2008). A subsequent study confirmed that it was 
not a processive motor when attempting to move 
along single actin filaments, but that it did move 
processively over fascin-bundled actin filaments 
(Sladewski et  al. 2016). When  myosin 5c 
 molecules were coupled into small “teams”, the 
run lengths increased (Krementsova et al. 2017; 
Gunther et  al. 2014; Watanabe et  al. 2006). 
Kinetic studies of myosin 5b S1 determined an 
intermediate duty ratio, but this was increased in 
the two-headed HMM molecule (Heissler et  al. 
2017). Single-molecule motility assays and opti-
cal trapping demonstrate that myosin 5b moved 
processively along single actin filaments (Gardini 
et al. 2018), as predicted before from a solution 
kinetics study. Its mechanical behavior, however, 
differed mechanically from that of myosin 5a in 
some respects. Unlike myosin 5a (Clemen et al. 
2005), its run length is sensitive to both assistive 
and resistive force.

Myosins from class 6 and class 7 have also 
been shown to be processive if they are artifi-
cially dimerized via a leucine zipper coiled-coil. 
It will be interesting to apply these same tech-
niques to these myosins to determine whether 
they have similar or novel mechanisms of 
stepping.
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Abstract

Cellular organization through cytoskeletal 
trafficking is a process of fundamental impor-
tance. Highly specialized systems evolved 
that enable motors to identify and select the 
optimal tracks for motility. In this chapter, 
we examine the profound effect of actin fila-
ment networks on myosin motility patterns. 
We argue that the myosin classes have adap-
tations that allow them to detect local struc-
tural and chemical cues on actin. These cues 
are often arranged in a coherent manner on 
actin filament networks, allowing for directed 
transport over long distances. We identify a 
number of potentially important cues, rang-
ing from the biochemical states of actin sub-
units all the way to multi-filament networks 
and bundles.

Keywords
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9.1  Introduction

Eukaryotic cells are intricately constructed. As 
membrane-bounded compartments evolved and 
the cytoplasm became more crowded, cytoskeletal 
transport systems emerged to handle the difficulty 
of organizing the cell and ensuring that compo-
nents could meet at the right place and at the right 
time. These transport systems are not a luxury, but 
rather a brutal fact of life. Eukaryotic cells are so 
crowded that objects larger than a 50-nm diameter 
vesicle are essentially immobile by diffusion 
(Howard 2001). Compounding the issue, diffusion 
is a terrible transport mechanism over large cellu-
lar distances. First passage times by diffusion can 
reach eons in some cases (Howard 2001).

A remarkable feature of cellular organization 
is that it is spontaneous and robust. Even though 
there is no cellular architect with blueprints in 
hand, the cell manages to organize itself through a 
simple set of molecular interactions. But how 
simple can these systems be? One prevailing view 
is that the myosins, other motor proteins, and 
cytoskeletal filaments simply stir the pot. The 
motors have no role in defining the architecture; 
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instead, some type of molecular velcro captures 
the cargoes as they pass. Although seemingly sim-
ple, this mechanism is just diffusion all over 
again. Thus, it suffers from the same poor scaling 
of first passage times with distance. A second 
view uses a more clever myosin that picks the few 
actin filaments that lead to its delivery point. 
Tightly localized myosin activation is key here. It 
is true that directed motion has transport times 
that scale linearly with distance, a desirable fea-
ture. And indeed, myosins are carefully regulated, 
as noted throughout this book. However, even this 
myosin-centric regulatory system is insufficient. 
The myosins and their regulatory cofactors do not 
have a sense of vision, so they have no way to peer 
into the distance and pick only the actin filaments 
that lead to the cargo’s programmed destination.

In this chapter, we argue for a central role of 
actin filament networks in organizing myosin 
traffic, enabling a complete cellular navigation 
system. The key advance is to recognize that not 
all actin filaments in the cell are alike. Actin fila-
ments have different ages, are under the influence 
of different forces, have distinct cohorts of chem-
ical modifications and actin-binding proteins, 
and exist in different network structures 
(Blanchoin et al. 2014). The myosins also have 
their own essential navigation adaptations, and 
have co-evolved to detect these actin network dif-
ferences. While the myosins detect local actin 
features that are within reach (in the molecular 
recognition sense), those local actin features are 
tightly coupled to long-range information about 
where the filaments are headed.

To understand these actomyosin navigation 
systems, we need to define two key elements. 
First, actin filaments have structural or chemical 
diversity that myosin can recognize. The mecha-
nism of recognition is typically through altered 
myosin kinetics and/or thermodynamics (e.g., 
myosin affinity for actin, altered ADP release 
rates, etc.). Second, these different forms of actin 
must be spatially segregated in the cell, establish-
ing distinct actin networks and cellular compart-
ments. Uniform mixing of these actin types 
would only serve to globally up/down-regulate 
the myosin activity, but would not help to orga-
nize the cell.

This chapter will define the salient features of 
cellular actin (Fig. 9.1) and will describe molecu-
lar mechanisms for how myosins discriminate 
among the actin networks. In some cases, the 
actin structural features are well understood, but 
whether any myosins detect those features is still 
an open question. We will discuss the distinguish-
ing features of actin in order of increasing molec-
ular complexity, starting with intrinsic properties 
of actin, adding additional covalent modifications 
and actin-binding proteins, and ending with multi-
filament geometries and network architectures. 
Our focus is on vertebrate, nonmuscle systems. 
Muscle regulation through tropomyosin and tro-
ponin is extensively covered elsewhere. Although 
we will discuss the interplay between actin and 
myosin in terms of trafficking systems, keep in 
mind that the same molecular recognition princi-
ples also apply for systems that generate cytoskel-
etal tension or anchor organelles.

9.2  Actin Filament Structure

Actin is abundant in all eukaryotic cells and par-
ticularly prevalent in muscle, comprising about 
20% of the total mass. Also present in non- muscle 
cells, actin forms a meshwork of filaments that 
serves as tracks for myosin-based transport. Actin 
takes two forms: monomeric, globular G-actin, 
and polymeric, filamentous F-actin. Actin fila-
ments are chains of monomeric subunits lined up 
in a two-start helix with a pseudo repeat of 36 nm 
(Oda et al. 2009) (Fig. 9.1.2). Each actin filament 
is polar, with opposite “barbed” and “pointed” 
ends that are defined by the asymmetric arrow-
head appearance when decorated with myosin 
fragments. The barbed end of the filament has the 
most rapid polymerization dynamics (Pollard and 
Borisy 2003). The length of the filaments, the 
architecture of their attachments, and force bal-
ance determine the dynamic shape of a cell.

The polymerization of actin filaments pro-
ceeds in three sequential phases: nucleation, 
elongation and steady state. The filaments start 
forming when the total concentration of G-actin 
exceeds the critical concentration (Cc) for 
assembly (Oosawa and Kasai 1962). The Cc 
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depends on the nucleotide bound by the mono-
mer (ATP, ADP•Pi or ADP) and the type and 
concentration of ions in solution (Pollard and 
Cooper 1986; Pollard and Weeds 1984; Kang 
et al. 2012). The salt-dependent Cc in physiolog-
ical condition has been attributed to binding of a 
divalent cation (e.g., Mg2+) at discrete sites 
(Frieden 1983; Estes et al. 1987). Early steps of 
actin polymerization require a conformational 
change in actin induced by an interaction with 
cations. At first a lag period can be distinguished, 
in which G-actin aggregates into short, unstable 
dimers. Once the oligomer reaches three sub-
units in length, it can act as a stable seed, or 
nucleus. With the nucleation step accomplished, 
the polymerization process enters the second 

phase: the filament rapidly elongates by the 
addition of actin monomers to both of its ends 
(Sept et al. 1999). The barbed end has a higher 
affinity for monomeric subunits and elongation 
progresses rapidly at that end. Thus, the barbed 
end is also the fast growing end. The pointed end 
is elongating as well, but at a significantly lower 
assembly rate, making it the slow growing end 
(Carlier 1991). As filaments expand, the G-actin 
monomers are used up in the local environment 
and their concentration decreases until a steady 
state is reached. This third phase of actin polym-
erization is called steady state because G-actin 
monomers exchange with subunits at the fila-
ment ends, but there is no net change in the total 
mass of filaments.

Fig. 9.1 A graphical table of contents for this chapter. 
Section 2 provides an overview of actin filament struc-
ture and polymerization. Section 3 considers actin fila-
ment age, where nucleotide state (ATP -  >  ADP•Pi 
- > ADP) serves as the clock. The filament is shown with 
light shades for the ATP state (young actin, at right), 
intermediate shades for ADP•Pi (middle-aged, middle), 
and dark shades for the ADP state (old, left). Section 4 

examines mechanical perturbations on filaments from 
external forces and torques. Section 5 examines post-
translational modifications and actin-isoform differ-
ences. These modifications are shown along the filament 
in red. Likewise, section 6 considers actin-binding pro-
teins such as tropomyosins, also shown in red. Sections 
7 and 8 examine multi-filament junctions and bundled 
assemblies
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9.3  Actin Filament Age

The actin cytoskeleton is by no means a static 
structure in a living cell; the meshwork is con-
stantly assembled, disassembled, and altered 
depending on the cellular needs. During elonga-
tion the actin filament undergoes nucleotide state 
changes, as the actin monomers in the chain 
progress from the ATP, to the ADP•Pi, and finally 
the ADP state. In general, the nucleotide state of 
each actin subunit depends upon when it was 
incorporated into the polymer, indicating how 
long ago that segment of the filament was built 
(Fig.  9.1.3). Monomers of actin that have the 
highest binding affinity to filamentous actin are 
in an ATP state, meaning that they have ATP 
bound in their nucleotide-binding pocket (Pollard 
and Cooper 1986; Carlier et al. 1987). The ATP- 
bound actin subunits newly incorporated into a 
filament create a so-called “ATP cap”. This ATP 
cap is relatively short-lived. At typical filament 
growth rates of 10 monomers/s from 
1 mM G-actin, the barbed end ATP cap has 30 
monomers and is 100 nm long. The ATP is hydro-
lyzed to ADP•Pi within seconds, leaving the fila-
ment subunits with hydrolyzed nucleotide and its 
inorganic phosphate (Pi) still bound. Release of 
the Pi from F-actin is up to 100-fold slower (with 
half-life of ca. 350 s) and yields ADP actin that 
persists for the remaining lifetime of the filament. 
The process of ATP hydrolysis and Pi release is 
stochastic, meaning that there is no defined order 
for the monomers in the polymer to undergo 
these changes. In contrast, GTP hydrolysis and 
product release in microtubules is vectorial. As a 
result of the ATP hydrolysis and Pi release, most 
of the actin filament consists of ADP monomers 
after minutes from the moment of being incorpo-
rated into the polymer.

Although the nucleotide state of actin fila-
ments in cells has not been experimentally deter-
mined, F-actin networks are enriched locally in 
ADP•Pi or ADP F-actin (Bindschadler et  al. 
2004). Actin networks that turnover in seconds, 
such as those found in dynamic regions of the 
cell, are enriched for ATP and ADP•Pi filaments 
(Melki et al. 1996). Other actin structures such as 
stress fibers have older filaments and are likely in 

the ADP state. These arguments match the local-
ization of ADF/cofilin, which is typically 
excluded from the F-actin at the leading edge of 
migrating cells (Svitkina and Borisy 1999). Thus, 
old and new actin filaments are spatially segre-
gated in cells, an important feature of any myosin 
navigation mechanism.

The nucleotide state of actin has structural 
implications to the entire filament that are still 
under investigation, with current progress by 
cryo-EM studies (Merino et al. 2018; Chou and 
Pollard 2019). Release of Pi closes the actin 
nucleotide-binding cleft, with an associated rota-
tion of subdomain 2 (Isambert et  al. 1995; 
Belmont et al. 1999). The DNase-I binding loop 
also folds into an alpha helix upon Pi release 
(Graceffa and Dominguez 2003). These struc-
tural changes also affect global actin filament 
stiffness (Chu and Voth 2005). Myosins could 
potentially recognize either the nucleotide- 
dependent conformational changes or the altered 
filament stiffness, and adjust their stepping kinet-
ics in response.

Despite this circumstantial evidence that actin 
filament age might affect myosin motility, it was 
nevertheless a surprise that the effect was oppo-
site for myosins that move in opposite directions. 
In single-molecule fluorescence motility assays, 
myosin-5 run lengths are enhanced 1.5× on 
young (ADP•Pi) actin, while myosin-6 run 
lengths are enhanced 3.6× on old (ADP) actin 
(Zimmermann et  al. 2015). In this work, three 
approaches were used to obtain the desired actin 
nucleotide state. The first method is to use phal-
loidin and deliberately capture actin either in the 
ADP or ADP•Pi state. Phalloidin, a toxin from 
the mushroom Amanita phalloides, is commonly 
used to stabilize actin filaments. Phalloidin inhib-
its subunit dissociation at both ends of actin fila-
ments (Coluccio and Tilney 1984). Moreover, 
phalloidin strongly inhibits the release of Pi, but 
without inhibiting ATP hydrolysis itself (Dancker 
and Hess 1990). Therefore, by using phalloidin in 
canonical single-molecule myosin motility 
assays, the actin is locked into whichever nucleo-
tide state it was in at the time of phalloidin addi-
tion. If phalloidin is present at the nucleation/
elongation phase, then the stabilized filament will 
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be in the ADP•Pi state. If, however, phalloidin is 
added after most filaments have assembled and 
aged, then the polymerized actin will be trapped 
in the ADP state. The second approach is to use 
capping protein in the single-molecule assays to 
stabilize actin filaments in the absence of phal-
loidin. Capping protein allows observations of 
myosin motility on freshly assembled filaments 
in the ADP•Pi state versus filaments aged to the 
ADP state, depending on how long the capped 
filament was incubated in the flow chamber 
before myosin motor was introduced. Finally, a 
motility assay with de novo assembled actin fila-
ments allows myosin runs to be associated with a 
known actin age in a single experiment.

Intriguingly, previous reports found that the 
myosin-5 run length in untreated cells was 1.5- 
fold higher than in cells with blocked F-actin 
dynamics (Semenova et al. 2008). This difference 
is strikingly similar to what was found during in 
vitro motility assays on polymerizing actin under 
conditions where F-actin growth rates are also 
similar (20 monomers/s versus 10 monomers/s). 
The inherent ability of these myosins to discrimi-
nate filaments based on age is based on relatively 
subtle, but fundamental addition to the arsenal of 
myosin mechanisms developed to navigate actin 
networks. Further structural work is now needed 
to determine exactly how the information about 
actin nucleotide state (Merino et al. 2018; Chou 
and Pollard 2019) is transmitted to the myosins.

9.4  Actin Tension, Twist, 
and Curvature

Environmental forces can distort actin filaments 
in several ways. Tension tends to straighten and 
extend actin filaments; compression tends to 
bend and buckle them; and torques tend to twist 
them, altering their helical pitch (Fig.  9.1.4). 
Different myosins (and other proteins) can sense 
these structural changes in the actin filament to 
varying degrees.

Myosins are well known to be tension sensi-
tive due to their intrinsic motor activity. A myosin 
that moves against a load is performing work, 
and that work is limited by the free energy of an 

ATP hydrolysis. As the load (and work) increases, 
the rates of the mechanical transitions slow until 
the myosin is “stalled” (Howard 2001). 
Depending on the details of the myosin, this 
approach to stall can happen through many 
potential mechanisms (Greenberg et  al. 2016). 
Some of these lead to recruitment of myosins to 
regions of the cell with actin filament stresses in 
response (Effler et al. 2006; Ren et al. 2009; Luo 
et al. 2013).

However, myosins may also sense tension in 
the actin filament itself. The mechanical situation 
in this case is somewhat different. Instead of a 
force applied through a mechanically anchored 
myosin that stalls, here the tension is along the 
actin filament and does not involve the myosin. 
Either the actin filament under tension is not slid-
ing past an anchored myosin, or the myosin is 
unanchored and free to move along with the fila-
ment. Galkin and coworkers have argued that ten-
sion on an actin filament can affect filament 
structure and dynamics in detectable ways 
(Galkin et al. 2012). And in fact, myosin S1 frag-
ments, which lack anchoring tails and cannot 
experience load, can nevertheless identify actin 
filaments under tension. Uyeda and coworkers 
demonstrated such class-selective, tension- 
sensitive recruitment in cells. Myosin-2  S1 
assembles at sites of actin filament tension, but 
myosin-1 S1 does not (Uyeda et al. 2011). This 
intrinsic tension-sensitivity could explain initial 
recruitment of unassembled myosin-2 s to actin 
filament networks under tension. Subsequent 
assembly of the myosin-2  s tails into bipolar 
thick filaments would then create contractile 
structures, without requiring de novo assembly of 
a thick filament for load sensing.

Actin filaments can also be twisted, which 
would alter their overall helical pitch. The most 
likely sources of actin filament twist are other 
myosin motors. For example, certain myosins 
walk processively along the long-pitch helix of 
actin (Hundt et al. 2016; Norstrom et al. 2010), 
which would twist the filament if the other end is 
anchored. However, it is currently unknown if 
other myosin classes would sense the twisted 
actin filaments. To discover twist-sensitive myo-
sins, we would need to develop in vitro systems 
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to mechanically twist filaments (Tsuda et  al. 
1996), combined with single-molecule binding 
or motility assays.

Finally, actin filaments under compression can 
have curvature through buckling, a third type of 
structural distortion that can be used to identify 
F-actin. Myosin-1c and myosin-1d tend to curve 
actin filaments in one direction as they move, 
which may define cellular chirality 
(Pyrpassopoulos et  al. 2012; Lebreton et  al. 
2018). Those bent filaments might recruit 
curvature- sensitive myosins. The actin branching 
and nucleating factor Arp2/3 tends to branch on 
the convex face of bent actin filaments (Risca 
et al. 2012), suggesting that structural differences 
in bent actin are sufficient to modulate protein 
binding. Further work along these lines is needed 
to identify curvature-sensitive myosin classes.

9.5  Actin Isoforms and Post- 
translational Modifications

Actin comes in three main isoforms: α, β, and γ. 
Muscle (skeletal, smooth, and cardiac) uses 
α-actin, while nonmuscle cells use the β- and 
γ-actins. Moreover, actin has post-translational 
modifications at as many as 94 sites (Varland 
et  al. 2019). In recent years, arginylation at the 
N-terminus and methionine oxidation have 
emerged as two particularly important modifica-
tions to F-actin. Together, these actin variants 
have chemical diversity that might be recognized 
by the myosin classes (Fig. 9.1.5). In microtubule 
systems, post-translational modifications are 
believed to constitute a “microtubule code” that 
distinguishes microtubules from one another 
(Verhey and Gaertig 2007). We argue that a simi-
lar post-translational “actin code” might define 
F-actin networks in cells.

The actin isoforms are all highly similar, with 
most diversity concentrated at the N-terminus. 
However, even here, the sequence diversity is 
only in the pattern of negatively-charged Asp and 
Glu residues. Thus, all actin isoforms have a sim-
ilar net charge at the N-terminus. After initial 
processing of the start-codon methionine, the 

β-actin N-terminus begins with Ac-DDD…, 
while the γ-actin N-terminus begins with 
Ac-EEE…. Likewise, the muscle α-actin iso-
forms begin with Ac-DDEE… (cardiac), 
Ac-DEDE… (skeletal), or Ac-EEED… (smooth) 
(Varland et al. 2019).

To date, only one study has searched for pos-
sible actin isoform effects on myosin motor activ-
ity. In work on myosin-5 by De La Cruz et  al. 
(2000), skeletal muscle α-actin was compared to 
platelet β- and γ-actin (85% β, 15% γ). No major 
enzymatic rates were affected by the actin iso-
form. The only significant change was a twofold 
alteration in the ADP binding rate to the actomy-
osin (Cruz et al. 2000).

Although the β- and γ-actin isoforms have 
little chemical diversity and may be indistin-
guishable from myosin’s perspective, they do 
differ in their ability to accept a specific post-
translational modification, arginylation at the 
N-terminus (Karakozova et  al. 2006). Only 
β-actin receives this particular modification. The 
process requires cleavage of the N-terminal 
Ac-D by an unknown peptidase, followed by R 
addition by the ATE1 enzyme. After arginyl-
ation, the N-terminal charge shifts from −3 to 
net neutral (Ac-DDD to RDD). Arginylated 
β-actin is concentrated at the leading edge of 
migrating cells (Pavlyk et al. 2018), and there-
fore arginylation may serve as a chemical signal 
to myosins (and other proteins) that the actin is 
at the leading edge. The reason that γ-actin is 
insignificantly arginylated is that any arginylated 
γ-actin is rapidly ubiquitinylated and degraded 
(Zhang et al. 2010).

Actin is also post-translationally modified 
through methionine oxidation. Oxidation can 
occur both through oxidative stress (Shartava 
et al. 1995; Farah et al. 2011) and through enzy-
matic addition by the enzyme MICAL. MICAL 
specifically oxidizes Met44 and Met47 on actin 
(Hung et al. 2011). MICAL modification tends to 
destabilize actin filaments, making them more 
susceptible to cofilin-mediated depolymerization 
(Grintsevich et al. 2016). Moreover, Met oxida-
tion by MICAL directly alters filament structure 
(Grintsevich et al. 2017).
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There are no known myosins that recognize 
either arginylation or MetO modification. 
However, given the location of these  modifications 
at or near the myosin-binding site on actin, future 
work may uncover myosin regulation by these 
post-translational modifications. In particular, the 
N-terminus of actin interacts with loop-2 of myo-
sin (Ecken et al. 2016), and myosin may detect 
the net charge at this site on actin (Cook et  al. 
1993). Because myosin loop-2 is a site with high 
local diversity among myosin classes, it seems 
likely that arginylation could control myosin traf-
fic on β-actin, activating certain myosin classes 
while inhibiting others.

One potentially undesirable feature of diver-
sity through isoforms and post-translational mod-
ifications is that it is possible to form mixed 
filaments with many different modifications pres-
ent. Unless the modifications are added in situ to 
existing filaments in the cell, it is difficult to envi-
sion how these modifications would mark whole 
filaments to contribute to a global myosin naviga-
tion mechanism.

9.6  Actin-Binding Proteins

Until now, we have considered purely structural 
distortions of actin monomer interfaces within 
polymerized filaments or limited post- 
translational modifications such as addition of 
single atoms or residues, both of which provide 
relatively subtle molecular recognition cues that 
are nevertheless read by myosins. Next, we will 
examine actin-binding proteins (ABPs), which 
present far greater chemical and structural diver-
sity to myosin.

There are currently over a hundred identified 
ABPs (Remedios et al. 2003a). A major subset of 
these bind to actin filaments rather than mono-
meric actin. Filament-binding ABPs establish 
actin networks with distinct identity and also pro-
mote filament polymerization, filament disas-
sembly, or filament bundling (Remedios et  al. 
2003a). Potentially, any of these F-actin ABPs 
could modulate myosin function. But one family 
of ABPs in particular stands out in this regard, the 

tropomyosins (Tpms) (Ostap 2008; Manstein and 
Mulvihill 2016).

Tropomyosins form an extended, dimeric, and 
parallel coiled-coil that decorates the side of actin 
filaments (Gunning et  al. 2008) (Fig.  9.1.6). In 
skeletal and cardiac muscle, tropomyosins com-
bine with troponin to regulate contraction 
(Gordon et  al. 2000). Tropomyosins are also 
widely expressed in nonmuscle cells, where they 
establish distinct actin compartments and play a 
role in cell shape and motility (Bryce et al. 2003). 
Mammalian cells have four Tpm genes (see 
Geeves et  al. 2015 for current Tpm nomencla-
ture) that are alternatively spliced to yield 40 iso-
forms with little, if any, functional redundancy 
(Gunning et  al. 2008; Schevzov et  al. 2005). 
Cancer cells typically down-regulate their high 
molecular-weight isoforms of Tpm, and when 
these isoforms are reintroduced into transformed 
cells, the growth, adhesion, and motility pheno-
types are suppressed (O’Neill et al. 2008).

The 40 Tpm isoforms have distinct localiza-
tion patterns in cells, a necessary condition if 
Tpms are to spatially regulate myosin activity 
across the cell (Gunning et  al. 2008; Lin et  al. 
1988). Multiple mechanisms exist to establish the 
spatial organization of Tpms. In neuronal devel-
opment, localized protein translation may be suf-
ficient to direct distinct Tpm isoforms to the axon 
and growth cone (Gunning et al. 2008). Formin- 
nucleated actin filaments often recruit their own 
Tpms (Johnson et al. 2014). The Tpms also com-
pete with the binding of other ABPs (e.g., fim-
brin, cofilin) in a manner that allows sorting 
among populations of actin filaments, even in 
purified systems with a limited number of com-
ponents (Christensen et  al. 2017). Even when 
competing only with other Tpm isoforms, the 
Tpms sort by isoform to distinct domains along 
actin filaments rather than mixing (Gateva et al. 
2017). Moreover, regions of the cell undergoing 
rapid actin polymerization and depolymerization 
are often devoid of Tpms altogether (DesMarais 
et al. 2002). Unfortunately, our view of Tpm iso-
form distributions in the cell is incomplete due to 
a lack of imaging reagents. The extended Tpm 
structure spans up to seven actin subunits, which 
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means that the multiple splice-isoform junctions 
that form the unique epitopes are widely sepa-
rated and cannot be identified by a single 
antibody.

Structurally, Tpm is in an ideal position on 
actin to regulate myosin activity. In muscle, 
tropomyosin is positioned such that it blocks 
myosin binding, and is shifted in a three-state 
mechanism that includes troponin (McKillop and 
Geeves 1993; Gordon et al. 2000). However, in 
nonmuscle systems, which lack troponin and use 
different Tpm isoforms, the Tpm is found in a 
variety of positions of similar energy on actin. 
Recent cryo-EM structures show that one Tpm 
shifts only slightly in response to nonmuscle 
myosin binding (Ecken et  al. 2015, 2016; 
Manstein and Mulvihill 2016). Thus, rather than 
serving as a blunt on-off switch, the nonmuscle 
Tpms may also modulate myosins in a manner 
that depends on the details of the binding inter-
face for each myosin class.

Mounting experimental evidence argues that 
the Tpms do indeed differentially regulate the 
myosin classes, including myosin-1, myosin-2, 
and myosin-5. The first such evidence in a recon-
stituted system showed that a series of expressed 
Tpm isoforms inhibit myosin-1 (Fanning et  al. 
1994). Consistent with this inhibition, myosin-1b 
localizes to dynamic actin filaments in cells that 
are devoid of Tpms. This myosin-1b localization 
depends on the myosin motor domain, because 
swapping the myosin-1b motor domain for that 
of nonmuscle myosin-2b allows the chimeric 
myosin to bind throughout the cell (Tang and 
Ostap 2001).

Nonmuscle myosin-2a (NM2A) motor activ-
ity is controlled by tropomyosin Tpm4.2, but in a 
more elaborate way. As mentioned briefly above, 
NM2A walks processively along an actin fila-
ment. The processive runs are short and com-
posed of ~5.5-nm steps along an actin filament. 
When tropomyosin Tpm4.2 is purified and added 
to the actin dumbbell in the optical tweezers 
experiment, the NM2A takes slower steps and 
has enhanced processivity at high load (Hundt 
et al. 2016).

For certain myosin-5 motors, Tpms can con-
trol a switch from nonprocessive to processive 

behavior. This type of switch is ideal for directing 
motor traffic, because the myosin-5 molecules 
will move along the “correct”, Tpm-decorated 
F-actin and effectively ignore the “incorrect”, 
undecorated F-actin. The most striking example 
is the yeast (S. cerevisiae) class 5 myosin, Myo2p. 
This myosin-5 was confounding for some time 
because, unlike the vertebrate myosin-5 s, it was 
nonprocessive. However, Hodges and coworkers 
demonstrated that Myo2p is processive in vitro 
along Tpm1p-decorated F-actin (Hodges et  al. 
2012). This Tpm is found along yeast actin 
cables, demonstrating that single molecules 
rather than small teams of Myo2p are sufficient 
for transport along cables. Later work by the 
same group showed much the same behavior in 
vertebrate systems, where myosin-5a moves 
along Tpm3.1-actin while largely ignoring 
Tpm4.2-actin (Sckolnick et  al. 2016; see also 
Barua et al. 2018).

9.7  Actin Filament Junctions

Next, we consider multiple actin filaments and 
the details of their spatial arrangement. At the 
point where two actin filaments intersect, myosin 
motors will often be found to switch from the 
first track to the second, with no discernible 
detachment between runs (Ali et  al. 2007). 
Multifilament geometries add another layer of 
complexity, but must be included in the overall 
picture because such junctions are common in 
the cell. The tracks for myosin motors are actu-
ally actin networks, which are composed of a 
dense mix of single, branched and crosslinked 
filaments (Fig. 9.1.7).

Ali and colleagues used an in vitro motility 
assay to study the behavior of two motor pro-
teins, myosin-5a and myosin-6, in the presence 
of actin crosses (Ali et  al. 2007, 2013). The 
experimental setup consisted of a 2D mesh of 
actin immobilized on a coverslip. Actin filaments 
were labeled such that upper filaments could be 
distinguished from lower filaments. Myosin-5 
and myosin-6 labeled with Qdots were added and 
tracked. The three possible outcomes at a junc-
tion were stopping, crossing over (continuing 
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straight), or turning onto the intersecting 
filament.

Of the myosin-5a molecules that encountered 
the intersection, most turned from the bottom to 
the top filament (a ratio of 3.2:1) (Ali et al. 2007). 
The direction of turns is dictated by the polarity 
of the top filament which is random, so left:right 
turns occur in a 1:1 ratio. The same ratio for myo-
sin- 6 was ~1.5:1, indicating less frequent turns at 
the junction (Ali et al. 2013). Track switches for 
both myosins occurred at intersection angles of 
up to 150°, which indicates considerable flexibil-
ity in both myosin-5a and myosin-6 while step-
ping. Surprisingly, these two myosin classes 
differ in their ability to turn at a junction. This 
ability to switch filaments is an excellent strategy 
for avoiding roadblocks and obstacles in the cell. 
Control of track switching is also a useful regula-
tory mechanism for myosin motility, as was 
observed for cargo transport in Xenopus melano-
phores (Snider et al. 2004).

Although these 2D networks were a signifi-
cant technical advance, an even more realistic 
scenario is to consider 3D filament crosses and 
networks. To this end, the Warshaw group exam-
ined teams of myosin-5a motors conjugated to a 
liposome cargo. These myosin-coated liposomes 
were tested on filaments suspended between sili-
con beads to form a 3D actin network (Lombardo 
et al. 2017; Lombardo et al. 2019). Interestingly, 
although some myosin parameters (e.g., speed) 
are comparable to results from single myosin 
studies, and turns onto the second filament at a 
junction were frequently observed, some new 
behaviors emerged. In particular, the 3D network 
allows myosin-liposomes to swing around the 
filament and effectively bypass some of the inter-
sections. Although random filament networks 
constructed in vitro are a reasonable model sys-
tem, in many cellular contexts the actin filaments 
will be ordered or partially ordered. Consider the 
effect of actin filament branching by the Arp2/3 
complex (Volkmann et al. 2001). In 3D in vitro 
networks, Arp2/3 promotes directional move-
ments of the myosin-5a liposome complexes and 
more effective overall transport (Lombardo et al. 
2019). This phenomenon is likely the result of 
increased alignment of filament polarity for 

nearby filaments. This dense alignment allows 
more track switches and hence longer runs in 
cells (Snider et al. 2004). As we move to model 
systems that more closely resemble the cell, we 
have to consider teams of motors and branched, 
3D networks. Both of these features lead to 
higher run lengths and more directed movement 
(Lombardo et al. 2017, 2019).

The switching behavior at actin filament junc-
tions raises at least one fundamental question. 
Why would a single myosin bother with switch-
ing from one actin track to another without inter-
ruption? It could, after all, just detach, float 
around, and reattach to a new filament. Is there an 
important reason to maintain continuous contact 
with actin while switching in a cellular context? 
For a single myosin, perhaps not. However, for 
teams of myosins operating on a single vesicle, 
there are many more opportunities to engage in a 
tug-of-war. For these systems, perhaps it is 
important that the myosins do not let go when 
switching, or else they will lose the competition.

Although actin crosses seem to be an obstacle 
for myosin motility at first glance, they instead 
allow a more intricate form of motility regula-
tion. These recent studies on myosins and crossed 
actin tracks appear to be one way to approach the 
question of emergent behavior in cellular trans-
port, and will likely be a fruitful area of 
investigation.

9.8  Actin Crosslinking 
and Bundling

The final type of actin we will consider are 
F-actin bundles (Bartles 2000), a type of actin 
with a high degree of structural and functional 
diversity (Fig.  9.1.8). Actin bundles are formed 
from actin-binding proteins that can create cross-
links between two filaments with varying levels 
of spatial and directional organization and rigid-
ity. These crosslinked actin networks are found in 
stress fibers and various cellular projections. 
Stress fibers are contractile structures formed 
through the interaction of bundled actin and myo-
sin motors (Tojkander et al. 2012). Cellular pro-
jections, such as pseudopodia (Condeelis et  al. 
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1988), lamellipodia (Small et al. 2002), filopodia 
(Faix and Rottner 2006), and phagocytotic cups 
(Gerisch 2010), also contain bundled actin. These 
projections require tight spatial and temporal 
control of actin polymerization and crosslinking 
(Lee et al. 1997; Rougerie et al. 2013; Johnson 
et  al. 2015). Because a single actin filament is 
flexible and will buckle before distorting the 
plasma membrane, the cell crosslinks ten or more 
filaments into bundles for additional flexural 
rigidity (Mogilner and Rubinstein 2005).

On the macroscopic level, actin bundles can 
create stereocilia, which act as mechanosensors 
for hair cells within the ears that can change 
physical force into electrical signals (McGrath 
et  al. 2017). Actin within stereocilia are cross-
linked throughout the entire core, resulting in a 
stiff structure projecting from the cell (Tilney 
et  al. 1980). Fascinatingly, stereocilia have an 
extremely long turnover time of the actin net-
work (weeks vs. minutes (Loomis et  al. 2003; 
Drummond et  al. 2015)), indicating that the 
crosslinking of actin forms strong and very stable 
structures. Defects in the cytoskeletal network 
through mutations of hearing-related myosins 
and ABPs within stereocilia disrupt mechano-
transduction and lead to hearing loss (Friedman 
et al. 1999; Pylypenko et al. 2015). These roles of 
actin within stereocilia highlight the importance 
of a regulated actin network in intricate structures 
in cells beyond skeletal muscle and cardiac tissue 
(Costa et al. 2004; Procaccio et al. 2006).

Crosslinking of actin filaments not only gen-
erates useful cellular structures, but it also pro-
vides a series of unique tracks that myosin motors 
can identify (Table 9.1) (Takatsuki et al. 2010). 
The key structural feature is the presence of mul-
tiple filaments in a small volume. A two-headed 
myosin that straddles two filaments can detect 
that it is walking on a bundle versus a single actin 
filament. Of particular interest is fascin, which 
creates parallel bundles with F-actin all oriented 
with the same polarity. Fascin is a highly selec-
tive crosslinker, in that it can only create a link 
between two actin filaments within 15° of each 
other (Courson and Rock 2010). In addition to 
orientation, different actin crosslinking proteins 
create different spacings between actin filaments, 

which is important in the building of structures 
and myosin movement on the bundles.

Given the unique structural and functional 
features of actin bundles, how does a myosin tell 
that it is walking on a bundle rather than a single 
filament? Remarkably, the answer had nothing to 
do with the motor domain, but instead uncovered 
new functional roles for the myosin dimerization 
domain in the tail. Many of the discoveries about 
bundle-selective myosins are related to myosin-
 10, which has turned into one of the best model 
systems for myosin navigation in the cell. 
Myosin-10 is a motor protein that lives at the tips 
of filopodia (Berg and Cheney 2002), a cellular 
protrusion with a central core of a fascin-actin 
bundle (Wood and Martin 2002; Mattila and 
Lappalainen 2008; Kureishy et al. 2002; Faix and 
Rottner 2006; Vignjevic et al. 2006).

Myosin-10’s specific localization was of par-
ticular interest because many cargo proteins 
known to bind to myosin-10, including VASP and 

Table 9.1 Crosslinkers and their functions

Crosslinking 
protein

Crosslinking 
function References

Alpha- 
actinin

Flexible Sjöblom et al. 
(2008); Maruyama 
and Ebashi (1965); 
Djinović-Carugo 
et al. (1999); 
Courson and Rock 
(2010)

Dematin Facilitates 
binding of 
spectrin + actin

Koshino et al. (2012)

Dynacortin Parallel Robinson et al. 
(2002)

Fascin Parallel DeRosier et al. 
(1977); Courson and 
Rock (2010); Jansen 
et al. (2011)

Filamin Orient actin to 
form flexible, 
orthogonal- 
angled networks

Nakamura et al. 
(2011); Popowicz 
et al. (2006); Stossel 
et al. (2001)

Fimbrin Parallel and 
anti-parallel

Bretscher (1981); 
Glenney et al. 
(1981); Skau et al. 
(2011); Klein et al. 
(2004)

Villin Parallel; caps 
and severs

Khurana and George 
(2008)

A. Santos et al.



193

integrins, were colocalized at filopodial tips with 
the motor protein (Tokuo and Ikebe 2004; Zhang 
et al. 2004). To further determine how myosin-10 
determines its target actin track, single-molecule 
microscopy studies were employed to discover 
the mechanism by which myosin-10 was able to 
determine its actin track. Myosin-10 HMM frag-
ments moved processively on fascin-actin bun-
dles, but were weakly processive at best on single 
actin filaments. Myosin-5, on the other hand, was 
equally processive on both bundles and single 
filaments. Importantly, other parallel actin bun-
dles could substitute for fascin-actin bundles, 
demonstrating that the bundle is critical, not the 
presence of fascin in particular (Nagy et  al. 
2008). Thus, myosin-10 has a specialized func-
tion that enhances transport on bundled actin 
structures, unlike some other myosin classes. 
When combined with localized myosin-10 acti-
vation in cells (Baboolal et al. 2016), this myosin 
can achieve exceptionally precise filopodial tip 
localization.

Additional mechanistic work demonstrated 
that myosin-10 was straddling two filaments in a 
bundle (Nagy and Rock 2010; Ricca and Rock 
2010). Moreover, chimera studies demonstrated 
that the dimerization domain in the myosin-10 
tail was the key adaptation for selectivity. 
Replacing myosin-5’s tail for that of myosin-10 
converted myosin-5 into a bundle-selective 
motor. Likewise, insertion of flexible linkers into 
the tail abolished myosin-10’s selectivity (Nagy 
and Rock 2010). Later structural work deter-
mined that the coiled-coil of myosin-10 is actu-
ally antiparallel (Lu et al. 2012), an unexpected 
orientation unlike that of myosin-5 (and other 
studied myosins). Although bundle selection in 
myosin-10 was initially controversial (Bao et al. 
2013; Sun et  al. 2010; Takagi et  al. 2014), the 
field appears to be converging toward the view 
that myosin-10s with antiparallel coiled coils are 
bundle selective (Ropars et al. 2016; Vavra et al. 
2016; Caporizzo et  al. 2018). In this case, the 
details of the coiled coil dimerization domain had 
a significant impact on the ultimate function of 
the myosins.

So why is an antiparallel coiled-coil so critical 
for bundle selection? We believe that the antipar-

allel structure makes it difficult for myosin-10 to 
put both of its motor domains on the same fila-
ment. In a bundle, myosin-10 has more options 
that involve other filaments (Ropars et al. 2016; 
Nagy and Rock 2010; Vavra et  al. 2016). We 
expect that other myosins may also be bundle 
selective, especially myosins such as myosin-7 
and myosin-15 that are also found at bundled 
structures. In these cases, cargo adapters may 
serve as structural scaffolds that enforce an over-
all antiparallel structure of the myosin motor. As 
the myosin-10 story demonstrates, the diversity 
of actin and its bundling proteins can provide an 
efficient means for the identification of different 
compartments in the cell.

9.9  Conclusion and Perspective

As eukaryotic cells assumed more complex 
forms, the myosin motor family expanded to 
meet new transport, tension generating, and 
anchoring needs. Likewise, actin filament net-
works gained an enormous breadth of activities. 
Although in vivo imaging and in vitro reconstitu-
tion have answered many questions, we have 
much to learn about the complete set of myosin 
navigation strategies.

An analysis of sequence co-evolution is often 
the right approach to define potential mecha-
nisms, but here there are additional challenges. 
The differences between actin filament networks 
are often established through an ever-expanding 
set of third parties that pull, distort, decorate, or 
bundle F-actin. Perhaps the best approach to dis-
cover how actin filaments affect myosins is use 
myosins themselves as imaging reagents in the 
cell. By mapping their movements, we can let the 
myosins tell us which actin they would like to 
use. We have been developing this approach to 
map cellular actin networks (Brawley and Rock 
2009), as have others for actomyosin and other 
cytoskeletal motors (Sivaramakrishnan and 
Spudich 2009; Kapitein et  al. 2013; Tee et  al. 
2015). Those efforts are in progress.

Further advances in this field will require us to 
identify understanding the diversity of actin net-
works and fully identifying the molecular recog-
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nition mechanisms of the myosins. Despite our 
desire to simplify the system, ultimately there is 
no way to gloss over the molecular details of such 
an elegant control system. We hope that this 
chapter will stimulate further investigations into 
myosin navigation mechanisms and how the 
myosins decipher the hidden information 
encoded in actin networks.
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Abstract

Although originally characterized as a cyto-
plasmic protein, myosin of various classes also 
performs key functions in the nucleus. We 
review the data concerning the nuclear local-
ization, mechanism of entry, and functional 
interactions of myosin I, II, V, VI, X, XVI, and 
XVIII. To date, the first-characterized “nuclear 
myosin I” (or, in the prevailing nomenclature, 
myosin IC isoform B) remains the best- studied 
nuclear myosin, although results are rapidly 
accumulating that illuminate the roles of other 
myosin classes, and an outline of a unified pic-
ture of myosin functions in the nucleus is 
beginning to emerge. Reflecting the state of 
knowledge in this field, the review concen-
trates on the mechanisms mediating and regu-
lating import of myosin IC into the nucleus 
and its role, alongside myosin V and VI, in 
transcription. Myosin functions in chromatin 
dynamics, epigenetic mechanisms, intranu-
clear motility, and nuclear export of RNA and 
protein are also addressed. Partners and regula-
tors of myosin, such as nuclear actin, kinases, 
and phosphatases are briefly covered. Problem 
areas are identified and testable hypotheses 

are offered with an aim of focusing the research 
efforts on overcoming the gaps on the way 
toward a systems-level understanding of pro-
cesses involving nuclear myosins and their 
place in cell physiology as a whole.

Keywords

Myosin · Nucleus · Nuclear myosin · Myosin 
IC · Nuclear actin · Localization · 
Transcription · Chromatin · Intranuclear 
motility · Nuclear export · Nuclear import · 
Nucleolus · RNA processing

10.1  Introduction

A growing number of myosin superfamily mem-
bers have been demonstrated to localize to the 
nucleus and have specifically nuclear roles, such 
as intranuclear transport, chromatin dynamics, 
and functional participation in transcriptional 
complexes (de Lanerolle and Cole 2002; 
Hofmann et al. 2006a; Pederson and Singer 2006; 
de Lanerolle 2012; Sarshad and Percipalle 2014). 
The study of myosin in the nucleus has advanced 
from the initial controversy about its localization 
to the deployment of the modern approaches that 
resulted in an appreciation of its molecular 
 diversity and polyfunctionality in the nuclei of 
various organisms. In the framework set by the 
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concept of nucleoskeleton, nuclear myosin is rec-
ognized alongside nuclear actin as an essential 
component of the genome-associated dynamic 
structural network (Simon and Wilson 2011; Xie 
and Percipalle 2018). Even though this is still a 
comparatively young field, much of the recent 
work already focuses on the place of the rela-
tively well-established aspects of the molecular 
biology of nuclear myosin among the other path-
ways of regulation of nuclear functions in the cell 
and their perturbation in pathology (Li and Yang 
2016; Maly and Hofmann 2018).

10.2  Localization to the Nucleus

10.2.1  Discovery and Initial 
Controversy

The notion of nuclear myosin can be traced to the 
1964 work by Ohnishi, Kawamura, and Tanaka 
(Ohnishi et  al. 1964), who used biochemical 
methods and fractionation to demonstrate the 
presence of a myosin-like nuclear ATPase acti-
vated by a nuclear protein that appeared similar to 
actin. In fact, the authors called these proteins 
“nuclear myosin” and “nuclear actin,” but also 
expressed caution about their identification, 
which reflected the general state of the protein 
identification methodology at that time. In the two 
decades that followed, numerous new studies 
were published that employed other methods 
(Jockusch et al. 1973; Douvas et al. 1975; Hauser 
et  al. 1975; Lestourgeon et  al. 1975; Waldrop 
et al. 1976; De Martino et al. 1980; Stendahl et al. 
1980; Herman and Pollard 1981; Perez et  al. 
1986; Oriatkina et  al. 1989; Milankov and De 
Boni 1993), but caution and controversy remained 
attached to this work. Frequent negative results 
(Ostlund et al. 1974; Comings and Harris 1976; 
Fujiwara and Pollard 1976; Spyropoulos and 
Moens 1984; Mittal et al. 1987) were received as 
signs of irreproducibility of the nuclear localiza-
tion of myosin. In retrospect, this stage of uncer-
tainty in the study of nuclear myosin was an 
objective consequence of the contemporary state 
of the cell-biological methodology. In particular, 
the methods of the day did not possess the requi-

site molecular specificity and could not deal reli-
ably with the diversity of the myosin subtypes, 
which remained hidden. Beginning with the 
emergence of modern molecular cell biology in 
the last decade of the twentieth century, the recog-
nition of nuclear myosin went hand-in-hand with 
the characterization and appreciation of the diver-
sity of myosin classes and isoforms.

10.2.2  Classes and Forms of Nuclear 
Myosin

10.2.2.1  Myosin IC
Myosin I was the first myosin class specifically 
demonstrated to be present in the nucleus. The 
class- and eventually isoform-specificity of this 
early definitive body of work finally resolved the 
remaining questions about the validity of the 
nuclear localization of myosin in the cell. The 
characterization of monoclonal antibodies 
against myosin IB (so designated in the nomen-
clature of the time) from Acanthamoeba led to a 
focus on the antibodies directed against the 
N-terminus of this protein (Hagen et  al. 1986; 
Rimm and Pollard 1989). Application of this 
approach to metazoan myosin Iβ  – now called 
myosin IC (Berg et  al. 2001; Gillespie et  al. 
2001) – resulted in identification of a specific iso-
form that was given the name nuclear myosin I 
(NMI) (Nowak et  al. 1997; Pestic-Dragovich 
et  al. 2000). At the same time, evidence was 
obtained for the involvement of this isoform in 
transcription, giving rise to the new direction of 
functional studies of nuclear myosin, which will 
be detailed in a subsequent section.

Further work focusing on the N terminus dem-
onstrated existence of three isoforms of myosin 
IC (Ihnatovych et al. 2012). Isoform A (full name 
“myosin IC isoform A”) is marked by a 35- residue 
N-terminal sequence, and isoform B (i.e., NMI) – 
by a 16-residue sequence. Isoform C contains 
only the sequence that is common to all three iso-
forms. Isoform A is the last discovered isoform 
(Ihnatovych et al. 2012). It localizes to both the 
nucleus and the cytoplasm (Ihnatovych et  al. 
2012) and is strongly tissue-specific (Sielski 
et al. 2014). It is also characteristic of progressed 
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prostate cancer (Ihnatovych et al. 2014), where it 
contributes to secretion of matrix metalloprote-
ases and to cell invasion (Maly et al. 2017). The 
original “nuclear” isoform (B) is actually simi-
larly found in both the nucleus and the cytoplasm. 
In the cytoplasm, it has the ability to regulate 
plasma membrane tension, affecting the swelling 
responses to hypotonicity of the medium (Venit 
et al. 2016). The effect on the size of red blood 
cells in isoform B knock-out mice (Venit et  al. 
2013) can conceivably be related to this function, 
even though the other developmental defect – the 
one affecting bone density  – remains entirely 
enigmatic. Isoform C is the original “cytoplas-
mic” myosin IC. Despite the fact that the com-
monly employed experimental methods of 
studying myosin IC do not differentiate between 
the isoforms, it is safe to assume, awaiting an 
experimental confirmation, that at least isoform 
C participates in the well-documented cytoplas-
mic functions of myosin IC, such as insulin- 
regulated vesicular transport of glucose 
transporter proteins (Bose et  al. 2002, 2004), 
neuronal growth cone motility (Diefenbach et al. 
2002), and organization of E-cadherin at cell-cell 
contacts (Tokuo and Coluccio 2013).

In the review of the various functions of myo-
sin IC and its original “nuclear” isoform (B, i.e., 
NMI) it is important to keep in mind that gene 
knockdown techniques utilizing RNA interfer-
ence have only been successful at targeting 
mRNA stretches from the main, shared sequence 
of all three isoforms, because the distinct 
N-terminal sequences are too short to be targeted 
with sufficient specificity. Less appreciated is the 
complication arising from a shared stretch on the 
C-terminal side of the lead peptides found in iso-

forms A and B, which arises from the first exon 
of the common myosin IC sequence and lies 
upstream from the isoform C translation start 
(Fig. 10.1). The stretch in question is long enough 
to be immunogenic. In our experience, the com-
monly used antibody against isoform B (NMI), 
which was developed before the discovery of iso-
form A, weakly but noticeably cross-reacts with 
isoform A.  Therefore, in the current state of 
knowledge, the results that have arisen from 
antibody- based detection and functional block-
ing techniques targeted at isoform B may not be 
entirely specific with respect to isoform A. And 
even with this caveat, ruling in a role for isoform 
B with the existing methods does not rule out a 
role for isoform C, whose sequence is entirely 
shared with the other isoforms. The above per-
tains to the endogenous proteins; expression of 
genetically tagged isoforms from cDNA has 
served as a complementary method shedding 
light on their individual localization and 
function.

As the advancements in this field revealed (to 
be reviewed in mechanistic detail below), the 
nuclear localization signal (NLS) resides in the 
common sequence of all three isoforms and, on 
closer inspection, all three localize to the nucleus 
and the cytoplasm to some degree (Dzijak et al. 
2012; Ihnatovych et  al. 2012; Schwab et  al. 
2013). The significantly more pronounced 
nuclear accumulation of NMI/isoform B, how-
ever, has been quantitatively demonstrated in cul-
tured human prostate cancer cells under resting 
conditions (Maly and Hofmann 2016). Further 
complicating the distinction between “nuclear” 
and “cytoplasmic” myosin IC is the fact that indi-
vidual cells cultured in the same conditions can 

Fig. 10.1 Splicing variants of myosin IC
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display significantly different nucleocytoplasmic 
partitioning of each isoform (Dzijak et al. 2012; 
Maly and Hofmann 2016). At least isoforms B 
and C (Dzijak et al. 2012), and presumably also 
A, enter the nucleus with a delay, following 
reconstitution of the nuclear envelope after mito-
sis. However, the variability that is attributable to 
asynchronous cell division does not completely 
account for the diversity of the nucleocytoplas-
mic distributions.

The basic properties of myosin IC can be prof-
itably revisited here insofar as they illuminate 
some aspects of the still-unresolved problems of 
the import of myosin IC into the nucleus and the 
mechanistic differences among the isoforms. So, 
it can be noted that the motor activity of myosin 
IC is sensitive to the free calcium concentration, 
with the kinetics pointing to regulation via 
calmodulin bound to the neck domain (Adamek 
et al. 2008). This fact, although it, to date, remains 
unconnected to the study of nuclear myosin, 
should be borne in mind when evaluating the 
molecular-biological context of the calcium- and 
calmodulin-regulated import of myosin into the 
nucleus, which will be reviewed below. 
Furthermore, it has been known for some time 
that the mechanochemical properties of myosin 
IC can be experimentally manipulated by fusions 
to its N-terminus, which, in the three-dimensional 
structure, is found sandwiched between the motor 
domain, the lever-arm helix, and the calmodulin 
bound to the neck region (Greenberg et al. 2015). 
The most recent work confirms (Zattelman et al. 
2017) that the N-terminal extensions demarcat-
ing the three isoforms of myosin IC impact the 
kinetics of this molecular motor. While the dis-
tinction between the motor properties of the iso-
forms participating in the nuclear processes is 
itself a promising direction for future studies, the 
confirmed functional significance of the interac-
tions of the N-terminus within the three- 
dimensional structure of the myosin 
IC-calmodulin complex is also highly suggestive 
with regard to the isoform differences in 
calmodulin- regulated nuclear import, to be 
reviewed below.

In addition to being expressed ubiquitously in 
mouse tissues (Kahle et  al. 2007; Sielski et  al. 

2014), isoform B appears to be universal among 
vertebrates (Kahle et  al. 2007). It is also found 
experimentally in the tunicate Ciona intestinalis, 
and bioinformatic analysis indicates that this iso-
form is as old as myosin IC itself and similarly 
specific to the Vertebrates-Tunicates clade of 
Chordata (Hofmann et  al. 2009). However, a 
putative myosin heavy chain orthologous to 
human myosin I (named Atz-1) has been recently 
detected in the nuclei of Caenorhabditis elegans 
(Dawson et al. 2017). Intriguingly, the antibody 
against myosin IC isoform B also stains nuclei of 
the onion Allium cepa in a multifocal pattern 
resembling (Cruz and Moreno Diaz de la Espina 
2009) the one that will be discussed in relation to 
the transcription processes in mammalian cells.

10.2.2.2  Other Nuclear Myosins
Myosin IA and IB Recent experiments, which 
will be reviewed in detail in connection with 
DNA repair, have demonstrated an intranuclear 
role for endogenous myosins IA and IB in 
Drosophila and the ability of full-length, tagged 
variants of these proteins to localize dynamically 
into the nucleus (Caridi et  al. 2018). Further 
study of their import mechanism and its compari-
son to the longer-studied forms of nuclear myo-
sin I would be of great interest.

Myosin II Muscle myosin II heavy chain local-
izes to nuclear pore complexes (Berrios et  al. 
1991), while the nuclei of myoblasts contain the 
embryonic isoform (Rodgers 2005). Smooth- 
muscle as well as non-muscle (Li and Sarna 
2009; Xue et al. 2019) forms of myosin II have 
been implicated in transcription, as will be 
reviewed below.

Myosin V Myosin VA and VB have been local-
ized to specific intranuclear compartments in dis-
tributions dependent on the phosphorylation 
status of the myosin, transcriptional status of the 
cell, and intracellular calcium (Pranchevicius 
et al. 2008; Lindsay and McCaffrey 2009). This 
work will be reviewed in connection with the 
respective molecular processes.
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Myosin VI Myosin VI has been found in the 
nuclei of cultured human cells, including prostate 
cancer cells (Vreugde et  al. 2006), simian cells 
infected with bronchitis virus (Emmott et  al. 
2010), and in rat skeletal muscle (Karolczak et al. 
2013). Among its interaction partners in the latter 
system, proteins responsible for mRNA transport 
and maturation, as well as ribonuclear proteins, 
have been identified. Similar interaction partners, 
in addition to nucleolin, have been detected in 
neurosecretory PC12 cells, which also exhibit 
nuclear localization of this myosin (Majewski 
et  al. 2018). Expression of myosin VI in these 
cells is important for proliferation and cell migra-
tion, but the contribution of the specifically 
nuclear localization to these processes remains to 
be established. Conceivably, the functions sug-
gested for this myosin in transcription and RNA 
processing (to be reviewed below) may play 
some role.

Myosin X Myosin X localizes to the nuclei in 
Xenopus embryos (Woolner et  al. 2008); the 
images reveal a very strong nuclear accumulation 
in interphase – almost to the exclusion of any vis-
ible cortical localization – and association with 
the spindle during cell division. However, the 
functions of this myosin that have been addressed 
to date relate only to the spindles and cell divi-
sion (Weber et  al. 2004; Woolner et  al. 2008; 
Chan et al. 2014; Sandquist et al. 2018), and to 
filopodia and cell migration (Umeki et al. 2011; 
Tokuo et al. 2018; Bachg et al. 2019).

Myosin XVI Myosin XVIB, the principal form 
of myosin XVI, has been specifically localized to 
actin-rich euchromatin (Cameron et al. 2007). It 
is also found in nucleoli (Cameron et al. 2007), 
although in various tissue types, nuclear myosin 
XVI appears excluded from this nuclear com-
partment (Cameron et al. 2013). Overexpression 
of myosin XVIB has the effect of slowing the 
cells’ progression through S-phase (Cameron 
et al. 2007). DNA replication inhibition, on the 
other hand, promotes export of myosin XVI from 
the nucleus and induces downregulation of its 

expression on the protein level (Cameron et  al. 
2013).

Myosin XVIIIB Myosin XVIIIB is distin-
guished by its large N- and C-terminal domains 
(Salamon et  al. 2003). Upon differentiation of 
myotubes, it is upregulated and transitions from 
an exclusively cytoplasmic localization to accu-
mulation in a subset of nuclei within the given 
fiber. While in non-muscle cells, myosin XVIIIB 
is involved in assembly of myosin II stacks as 
part of stress fibers (Jiu et al. 2019), and muta-
tions in it have been implicated in the develop-
ment of congenital myopathies, which can be 
accompanied by alterations of the sarcomere 
structure (Ajima et al. 2008; Alazami et al. 2015; 
Malfatti et al. 2015; Berger et al. 2017; Gurung 
et al. 2017), its functions in the nucleus remain to 
be investigated. In particular, it will be important 
to establish whether or not they could account for 
the tumor suppressor qualities of this protein, 
which have been documented for lung, colorec-
tal, ovarian, and pancreatic cancers, as well as in 
melanoma (Nishioka et al. 2002; Yanaihara et al. 
2004; Nakano et al. 2005; Bleeker et al. 2009). To 
date, the evidence concerning this function has 
pointed only at an action that is likely to be 
explained by the cytoplasmic functionality of 
myosin XVIIIB, as it localizes to stress fibers and 
affects anchorage-independent growth and cell 
motility (Nishioka et  al. 2002; Edakuni et  al. 
2006; Ajima et al. 2007). The picture is far from 
complete, however, as indicated by the most 
recently demonstrated involvement of myosin 
XVIIIB in hepatocellular carcinoma, where it 
functions as an oncoprotein (Zhang et al. 2018).

10.2.3  Mechanism of Nuclear 
Localization

10.2.3.1  Myosin IC
Although it was initially determined that the 
unique N-terminus of isoform B of myosin IC 
was responsible for its nuclear localization 
(Pestic-Dragovich et al. 2000), a subsequent re- 
analysis of the problem by Dzijak et al. uncov-
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ered a novel NLS sequence in the second of the 
IQ domains in the neck region of the myosin IC 
structure (Dzijak et al. 2012). The capacity of this 
region to direct import to the nucleus has since 
been additionally confirmed (Schwab et  al. 
2013). The NLS discovered by Dzijak et al. (resi-
dues 754 through 766, Fig.  10.2) contains two 
clusters of basic amino acids, separated by a short 
stretch of non-polar residues, and does not func-
tion as a nuclear-retention signal. Instead, it is 
capable of binding importin 5, while importins 7 
and β1 also can associate with myosin IC isoform 
B through an interaction localized to either its tail 
or neck region (Dzijak et al. 2012). At the same 
time, the import can be shown to be Ran- 
independent but sensitive to calmodulin. 
Overexpression of calmodulin suppresses the 
import, and the regulatory effect is mediated by 
the IQ1–2 sequence, which is individually capable 
of associating with calmodulin (Dzijak et  al. 
2012). The authors of the study noted that the 
NLS belongs to the sequence that is not specific 
to isoform B, and succeeded in documenting the 
localization of isoform C, previously believed to 
be a cytoplasmic isoform, to the nucleus.

The results of Dzijak et al., in light of calcium- 
induced dissociation of calmodulin from IQ1–2 of 
myosin IC (Gillespie and Cyr 2002; Houdusse 
et  al. 2006), led to a hypothesis (Dzijak et  al. 
2012) whereby a calcium signal might dissociate 
the calmodulin obscuring the NLS and open it to 
the interaction with importins. Testing this model 
experimentally (Maly and Hofmann 2016), we 
were able to demonstrate by means of live-cell 
imaging that inducing an influx of calcium into 
the cell indeed leads to a rapid entry of myosin IC 
into the nucleus. This is seen in individual cells 

with both isoform C and isoform B, but quantifi-
cation of the nucleocytoplasmic distributions in 
individual cells grown under the same conditions 
shows that only isoforms A and C display a sig-
nificant shift toward the nuclear localization on 
the population level. Isoform B, in comparison, is 
markedly more accumulated in the nucleus under 
the population-level steady-state conditions, and 
induction of the calcium influx into the cells does 
not result in a significant additional shift in favor 
of the nuclear localization relative to the cyto-
plasmic one. In this regard isoform B behaves 
similarly to IQ → AA mutants that are defective 
for calmodulin binding. Such mutants accumu-
late in the nucleus in the steady state and do not 
respond to the calcium stimulus. The induced 
import can be blocked by inhibiting importin β 
(Maly and Hofmann 2016), further supporting 
the model whereby calmodulin and importin 
compete for access to the NLS, while calcium 
tips the scales in favor of the importin interaction 
(Fig. 10.3).

For the future elaboration of this model, it 
would be of interest to study the impact of the 
allosteric effect of actin binding, which, as the 
data suggest (Lieto-Trivedi and Coluccio 2008), 
leads to release of calmodulin from the second IQ 
domain of myosin IC.  Conceivably, this 
 mechanism could provide an additional pathway 
for the control of myosin IC localization to the 
nucleus, acting as a switch and enforcing recipro-
cal regulation of the cytoskeletal vs. nuclear 
accumulation and functions of this myosin.

The molecular basis for the difference in the 
nucleocytoplasmic distributions of the three iso-
forms of myosin IC remain unknown. It can be 
noted, however, that in the three-dimensional 

Fig. 10.2 Nuclear and nucleolar localization sequences in the primary structure of myosin IC isoforms
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structure of myosin IC, the N-terminus is on the 
side of the globular head domain that faces the 
neck domain and interacts with calmodulin 
bound to the neck (Munnich et  al. 2014). 
Hypothetically, therefore, the N-terminal 
sequence characterizing isoform B may interfere 
with calmodulin binding, thus exposing the 
NLS. The longer N-terminal sequence of isoform 
A could interfere with both calmodulin binding 
and the binding of importin β. This hypothesis 
requires testing. The exact mechanism and 
molecular-structural basis notwithstanding, the 
quantitative degree of differential localization 
visible as shifted proportions of cells with 
nuclear, cytoplasmic, and equal accumulation 
(Maly and Hofmann 2016) supports the original 
notion of importance of the unique N-terminal 
sequence for determining the nuclear localization 
of myosin IC isoforms (Pestic-Dragovich et  al. 
2000).

It is interesting to note that myosin VB was 
found to be more detectable in the nucleus after 
treatment of the cells with a cell-permeable cal-
cium chelator (Lindsay and McCaffrey 2009). 
This might suggest that a mechanism opposite to 
the one established for myosin IC could be oper-
able in the case of myosin VB. The result, how-

ever, was interpreted as arising, hypothetically, 
from calcium-dependent conformational changes 
in the myosin, which could regulate the accessi-
bility of the epitope used for detection. The 
observed effect, however, deserves revisiting in a 
mechanistic study, in light of the new data on the 
calcium-dependent import of myosin IC, which 
shares with myosin VB certain features of the IQ 
domain architecture and calcium-dependent 
calmodulin binding (Trybus et al. 2007).

Most recently, a detailed investigation into the 
mechanism of the myosin IC entry (Nevzorov 
et  al. 2018) has uncovered an unanticipated 
import pathway and clarified many additional 
aspects concerning the maintenance of this myo-
sin’s nucleocytoplasmic distribution. In this 
study, FRAP (fluorescence recovery after photo-
bleaching) showed continuous shuttling of 
 myosin IC isoform B into and out of the nucleus, 
which was significantly slower than that of actin. 
FLIP (fluorescence loss in photobleaching), at 
the same time, showed continuous export, which 
was limited to approximately half of the nuclear 
content of the isoform. The export signal was 
found to reside in the head domain, as evidenced 
by nuclear retention of the neck-and-tail con-
struct. Mutations in the actin-binding sequence, 

Fig. 10.3 Calcium regulation of myosin IC import into the nucleus
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or in the second IQ domain, did not change the 
equally cytoplasmic and nuclear distribution of 
wild-type isoform B. At the same time, a muta-
tion in the presumed NLS in the neck domain 
decreased the nuclear localization of the full- 
length isoform B – in agreement with the work 
already reviewed  – but, remarkably, not of the 
neck-and-tail construct. It can be noted that this 
result may argue that in the absence of the export 
signal, the full level of nuclear accumulation can 
be reached by mechanisms that are independent 
of the NLS.

The new import pathway in the study by 
Nevzorov et al. was indicated by the finding that 
a point mutation in the pleckstrin homology (PH) 
phosphoinositide-binding domain resulted in a 
significant shift of isoform B toward cytoplasmic 
localization. This effect was also seen with iso-
form C. At the same time, it was found that the 
PH domain mediates binding of myosin IC to the 
endoplasmic reticulum (ER). The tail-and-neck 
construct is successfully imported into the 
nucleus in permeabilized cells that are supplied 
with an energy-regenerating mix, which argues 
in favor of a mechanism independent of any sol-
uble macromolecular import factors. Supporting 
this notion, importin 5, 7, and β proved dispens-
able for import in knockdown experiments 
(Nevzorov et  al. 2018). While obtained on iso-
form B, these results are in keeping with the lack 
of effect of the importin β inhibitor importazole 
on the steady-state distribution of isoform C 
(Maly and Hofmann 2016). In the latter experi-
ments, importazole was only effective in prevent-
ing calcium-induced redistribution into the 
nucleus – of which isoform B was shown to be 
largely incapable in view of its approximately 
equally cytoplasmic and nuclear distribution at 
steady state (Maly and Hofmann 2016).

The combined evidence for the role of the 
head and PH domain is especially informative in 
juxtaposition with the earlier finding (Schwab 
et al. 2013) that the head-and-neck construct of 
myosin IC did not localize to the nucleus despite 
the presence of the neck-domain NLS, whereas 
mutations affecting actin binding led to the con-
struct’s accumulation in the nucleus. These 
results were obtained for all three of the isoforms 

on the background of unstimulated calcium sig-
naling. Taken together, the data paint a somewhat 
complex but physiologically meaningful picture 
of the role of the multiple domains and sequences 
in orchestrating the localization of myosin IC to 
the nucleus that is balanced with its function in 
the cytoskeleton and regulated via intracellular 
calcium. In this picture, the tail, and likely spe-
cifically the PH domain, serves as an additional 
cytoplasmic-retention signal, presumably 
through its capacity for binding membrane lipids, 
that provides redundancy to the similar function-
ality of the head domain and actin-binding.

In the permeabilized model, the energy- 
independent binding to the ER membranes pre-
cedes the energy-dependent step of nuclear 
import (Nevzorov et  al. 2018). It was further 
established that the delta-head construct of myo-
sin IC binds chromatin independently of the 
integrity of its NLS sequence or PH domain. 
Both stretches, however, are involved in the con-
struct’s binding to PIP2-containing lipid vesicles. 
Overall, the findings of Nevzorov et al. led to a 
model whereby myosin IC binds 
phosphoinositide- containing membranes of the 
ER prior to being transported via an active 
membrane- associated flow into the nucleus. 
According to the data, this mechanism appears to 
be responsible both for the post-mitotic entry into 
the nuclei of daughter cells and for the continued 
constitutive shuttling of myosin IC to the nucleus.

It has been argued that wild-type myosin IC 
(isoform B) is inaccessible to the conventional 
nuclear import factors, because fusing it with the 
SV40 NLS did not affect its nucleocytoplasmic 
distribution, whereas the same fusion drove the 
presumably solvable PH-domain mutant to the 
nucleus (Nevzorov et  al. 2018). However, it 
should be noted that the results obtained with the 
SV40 NLS may also reflect the fact that the 
nearly full level of nuclear localization of iso-
form B is reached by the wild type, as far as cell 
population-level steady state is concerned (Maly 
and Hofmann 2016), whereas the PH-domain 
mutant is predominantly cytoplasmic (Nevzorov 
et  al. 2018). In agreement with this view, indi-
vidual cells that start with a predominantly cyto-
plasmic isoform B distribution are capable of 
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rapid calcium-induced and importin-dependent 
import (Maly and Hofmann 2016).

On the whole, the present state of knowledge 
in this field allows it to be posited that in addition 
to a constitutive phosphoinositide- and ER 
membrane- mediated import pathway (Nevzorov 
et al. 2018), an induced import pathway is oper-
able that is mediated by importin β (Maly and 
Hofmann 2016). How the NLS sequence in the 
neck region of myosin IC switches from phos-
phoinositide binding – a function implicated by 
the experiments of Nevzorov et al. – to (possibly 
mediated) importin binding upon arrival of the 
calcium signal presents an interesting question 
for further studies. The first step toward illumi-
nating this issue may be determining the role of 
calmodulin in the phosphoinositide-mediated 
pathway. Indeed, calcium is capable of releasing 
the calmodulin inhibition of lipid binding by 
myosin IC fragments containing the neck and tail 
(Tang et al. 2002; Hirono et al. 2004). This effect 
is in agreement with our observation that IQ 
mutants of isoform C may display significant 
plasma membrane-associated localization along-
side their enhanced nuclear localization (Maly 
and Hofmann 2016). The relevance of such a 
mechanism of calmodulin-mediated regulation to 
nuclear import in general, and its implications for 
the distinction between the constitutive and 
induced pathways remain to be elucidated.

10.2.3.2  Other Myosins
Myosin IIA The NLS in myosin IIA in neurons 
is responsible for nuclear import of an apoptosis 
mediator, annexin 1, during oxygen deprivation 
and reoxygenation-induced cell injury (Zhao 
et al. 2015). This action complements annexin’s 
myosin-driven mechanism of translocation 
across the cytoplasm, at the end of which the 
complex of the two proteins is recognized by 
importin β. A breaking report identifies the 
nuclear-targeting sequence of annexin 1 and a 
means to inhibit it as an experimental approach to 
the treatment of stroke (Li et al. 2019). The rela-
tionship of the identified sequence to the myosin- 
mediated import pathway remains, however, to 
be clarified. It would be of interest to assess gen-
erality of the combined mechanism of transport 

and nuclear entry, for instance, on the example of 
the recently discovered role of non-muscle myo-
sin heavy chain IIA (Xu et al. 2016) in the nuclear 
translocation of CXCR4, a G protein-coupled 
receptor involved in renal carcinoma invasion 
(Bao et al. 2019). At the same time, non-muscle 
myosin heavy chain IIA binds the tumor suppres-
sor menin in both the cytoplasm and the nucleus 
(Obungu et al. 2003). Menin is known to have its 
own nuclear-localization sequences, whose 
mutations are associated with endocrine neopla-
sia (Guru et al. 1998; La et al. 2006). Thus, the 
nuclear co-import of myosin IIA and its molecu-
lar partners may be driven by either side of the 
myosin-partner complex, and subject to com-
pounded regulation. A further variation on the 
theme of co-import of myosin with other proteins 
in pathology is presented by the case of the CBF- 
SMMHC fusion in leukemia. Even though CBF 
itself is constitutively nuclear, the myosin tail 
domain contains a sequence that is instrumental 
in the nuclear entry of the fusion protein 
(Kummalue et al. 2002).

Myosin VI Potassium stimulation of rat pheo-
chromocytoma PC12 cells causes enhanced 
nuclear localization of myosin VI (Majewski 
et  al. 2018). A number of potential nuclear- 
localization sequences and a nuclear-export 
sequence have been identified bioinformatically 
in the head, neck, and tail regions of this protein 
(Vreugde et al. 2006; Majewski et al. 2018), and 
its accumulation in the nucleus has been shown 
to be sensitive to nuclear import and export inhib-
itors (Majewski et al. 2018). One of the putative 
NLS resides in the IQ domain of myosin VI, rais-
ing the possibility that a calcium-regulated mech-
anism might be operable in the case of this 
myosin class as well. Another, in the globular tail 
domain, contains the RRL protein interaction 
motif whose involvement in transcription will be 
reviewed below. Here it is of interest that this 
motif (and, presumably, the potential bipartite 
NLS) is obscured by an α-helix that is formed in 
a splicing isoform of myosin VI known as the 
“long” isoform (Wollscheid et  al. 2016). 
Remarkably, this isoform is not localized to the 
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nucleus (Fili et al. 2017). This finding argues in 
favor of the role of the RRL-containing sequence 
as a critical NLS for myosin VI.  At the same 
time, the “short” isoform that localizes to the 
nucleus (Fili et al. 2017) is specifically associated 
with ovarian cancer and responsible for migra-
tion of ovarian and breast cancer cells (Wollscheid 
et al. 2016). While myosin VI is also associated 
with aggressive prostate cancer and prostate can-
cer cell migration (Dunn et  al. 2006), isoform 
specificity of its function in this malignancy 
remains to be elucidated.

Myosin X The mechanism of nuclear localiza-
tion of myosin X has not yet been probed directly, 
but a number of molecular connections have been 
uncovered in the course of the investigations into 
this myosin’s non-nuclear functions that can be 
seen as furnishing hypotheses concerning its 
entry into the nucleus. So, it has been noted that 
in Xenopus embryos, the nuclear accumulation of 
myosin X in interphase coincides with that of the 
spindle pole protein TPX2, which could be attrib-
uted to the two proteins’ interaction through the 
MyTH4/FERM domain of myosin X (Woolner 
et al. 2008). It could, it was reasoned, therefore 
follow the regulated, cell cycle-dependent local-
ization of TPX2, which is effected by the latter’s 
interaction with importins and Ran (Gruss and 
Vernos 2004). At the same time, it was reported 
that the MyTH4/FERM cassette of myosin X 
itself can bind importin α (Woolner et al. 2008). 
Furthermore, the PH-domain cassette of myosin 
X has been demonstrated to target it to filopodia 
via phosphoinositide interactions (Umeki et  al. 
2011). It is conceivable that the phosphoinositide- 
mediated mechanism implicated in the nuclear 
import of myosin IC may be operable in the case 
of myosin X as well.

Myosin XVIB This myosin has also been 
demonstrated to possess a region in the tail that 
directs it to the nucleus (Cameron et al. 2007). 
Under the action mediated by this region, myo-
sin XVIB achieves a predominantly nuclear 
localization in interphase. The minor isoform, 

myosin XVIA, does not have this region in its 
primary structure, and displays a negligible 
localization to the nucleus. Myosin XVIB, at 
the same time, is continuously shuttled in and 
out of the nucleus, and its level of nuclear accu-
mulation is sensitive to inhibition of nuclear 
export. Remarkably, the head domain does not 
regulate the degree of retention of this myosin 
in the cytoplasm. The degree of nuclear local-
ization of myosin XVI has  – similarly to the 
reviewed case of myosin IC  – been shown to 
vary within the cell population, and a shift in 
favor of more predominantly nuclear distribu-
tion could be seen with leptomycin B, an inhib-
itor of the export mediator CRM1 (Cameron 
et al. 2013). Residues 340–341 and 1061–1069 
(which belong to the sequence common to both 
isoforms) were found to contain consensus leu-
cine-rich nuclear motifs characteristic of the 
signals for CRM1-mediated nuclear protein 
export.

10.2.4  Nucleolar Localization

Myosin IC The molecular basis for the localiza-
tion of nuclear myosin has also been studied on a 
finer level of localization to a major subnuclear 
compartment, the nucleolus. In the instance of 
myosin IC, it has been established that nucleolar 
targeting is attained through two sequences, 
termed nucleolar localization signals (NoLS), 
one of which resides in the head domain and the 
other in the N-terminal sequence that is specific 
to isoform B (Schwab et  al. 2013). Both NoLS 
are necessary for localization to nucleoli, which 
explains the characteristic nucleolar localization 
of only one isoform, B.  Moreover, this finding 
sheds light on the enigmatic specificity of the 
nuclear functions that distinguish the isoforms 
despite their largely identical primary structure, 
and specifically on the fact that unlike isoform B, 
which is essential for RNA polymerase I tran-
scription (to be reviewed below), isoform A is not 
associated with this polymerase (Ihnatovych 
et  al. 2012). Evidently, however, much more 
work is needed to fully explain the differences 
between the isoforms on the molecular level and 
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define the place of this complexity in the system- 
level regulation of the nuclear function.

The head-domain NoLS of myosin IC is 
comprised of amino acid residues 619–637 and 
contains two basic amino acid clusters, 
R621VRR624 and R630RK632 (Schwab et al. 2013). 
High basic amino acid content is a distinctive 
feature of NoLS found in other proteins (Scott 
et al. 2010). In the myosin IC head domain, both 
basic amino acid stretches are necessary for 
nucleolar localization (Schwab et  al. 2013). 
Interestingly, when constructs (other than full-
length myosin) are directed to the nucleolus by 
the head-domain NoLS alone, they localize 
exclusively to the granular component of this 
organelle and not to the fibrillar center or dense 
fibrillar component. In the isoform B specific 
N-terminal sequence, arginines at positions +2 
and +4 (upstream of the beginning of the iso-
forms’ common sequence) are involved in the 
nucleolar targeting, as part of the N-terminal 
NoLS.  These residues are also responsible for 
directing a non-myosin construct bearing the 
sequence of the N-terminal NoLS to a perinu-
cleolar localization pattern.

The significance of the distinct individual 
functions of the head-domain and isoform B spe-
cific NoLS for the sub-nuclear targeting of full- 
length myosin IC remains to be investigated, but 
they serve as an indication that the cooperative 
action of the two domains may resist a purely 
reductionist explanation. Several NoLS per pro-
tein are a common feature among the well- 
studied cases of nucleolar targeting (Hahn and 
Marsh 2007; Zhou et al. 2010; Kalt et al. 2012). 
The molecular basis for their action and for the 
necessity of more than one NoLS per protein 
remains insufficiently understood. Thus, further 
deciphering of the nucleolar targeting of myosin 
may shed light on this broader issue in nuclear 
biology. Another question that remains to be 
addressed is the functional or structural differ-
ences in the conditions that lead to the localiza-
tion of isoform B to the fibrillar center and dense 
fibrillar component (Fomproix and Percipalle 
2004; Kysela et  al. 2005; Philimonenko et  al. 
2010), which is transcription-dependent and will 

be reviewed below in connection with that 
process.

Myosin V Isoforms of myosin V similarly dis-
play differential localization to the nucleolus 
(Lindsay and McCaffrey 2009). While both iso-
form A and isoform B are present in the nucleus, 
only B enters the nucleoli. An arginine-rich motif 
has been identified in the neck region of this iso-
form, which overlaps the calmodulin-binding IQ 
repeats. It was hypothesized, therefore, that 
calcium- regulated binding of calmodulin could 
regulate the accessibility of the NoLS and, conse-
quently, targeting of myosin VB to the nucleolus. 
In light of the positive identification of a calcium- 
dependent mechanism of myosin IC import to the 
nucleus itself, it becomes imperative to revisit 
this hypothesis.

Myosin XVIB By comparison, nucleolar tar-
geting of the nuclear isoform of myosin XVI – 
myosin XVIB – appears to be mediated by the 
N-terminal ankyrin-repeat domain that is char-
acteristic of this myosin class. This notion is 
based on the observation that the N-terminus of 
myosin XVI is intrinsically capable of localiz-
ing to the nucleoli (Cameron et al. 2007). The 
mechanism of targeting in this case was seen as 
stemming from the ability of myosin XVI to 
bind protein phosphatase 1 catalytic subunit 
(Patel et al. 2001), believed to be analogous to 
ankyrin repeats-mediated binding by the 
myosin- targeting subunit (Hartshorne 1998), in 
view of the phosphatase’s distribution to the 
nucleoli (Trinkle- Mulcahy et al. 2003). If so, the 
mechanism of the nucleolar targeting of myosin 
XVIB would be similar to the one that is known 
to be mediated by the ankyrin-repeat domain of 
IκB-α (Sachdev et  al. 1998). The molecular 
partners involved in the nucleolar targeting of 
both myosin IC and XVIB remain to be identi-
fied. Despite the fact that in both cases, 
sequences preceding the head domain have been 
implicated, it appears unlikely that the interac-
tion mechanisms mediated by them could be 
similar, given the great divergence between 
these myosin classes.
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10.3  Molecular Partners 
of Myosin in the Nucleus

10.3.1  Nuclear Actin

Of all the functional partners of myosin, actin is 
certainly the best characterized. In addition to 
establishing the functions of these two proteins in 
the nucleus, studies continue to address the ques-
tion of similarity and difference of their mode of 
interaction inside the nucleus relative to the para-
digmatic modes they exhibit in the cytoplasm. 
Mechanisms involving nuclear actin are also a 
vibrant field on their own (Hofmann 2009; Belin 
and Mullins 2013; Virtanen and Vartiainen 2017; 
Plessner and Grosse 2019). Here, the current 
state of knowledge related to nuclear actin will be 
briefly reviewed as an introduction to the survey 
of its established interactions with nuclear myo-
sin and to indicate its functions that remain 
unconnected to myosin, which may represent 
fruitful directions for researchers searching for 
novel system-level as well as molecular interac-
tions in the nucleus.

Actin is co-transported into the nucleus with 
cofilin via an interaction with importin 9 (Dopie 
et  al. 2012). Depleting importin 9 lowers the 
intranuclear content of actin and leads to inhibi-
tion of transcription. Transcriptional regulation 
through the levels of β-actin in the nucleus can 
also be under the control of growth factors, as 
demonstrated in experiments on mammary epi-
thelial cells subjected to removal of serum 
(Spencer et al. 2011). Some of the latest results 
concerning the nucleocytoplasmic balance of 
actin come from work conducted on stem cells, 
which have been shown to be capable of fine- 
tuned transcription and epigenetic silencing that 
is orchestrated by mechanical forces (Le et  al. 
2016). In this system, morphogenetic lineage 
commitment depends on force-induced polymer-
ization of actin in the cytoplasm that lowers the 
nuclear actin levels, leading to transcription inhi-
bition and histone trimethylation in the faculta-
tive heterochromatin. The co-imported 
actin-depolymerizing protein cofilin plays its 
own role in transcription, being necessary for 
elongation by RNA polymerase II and associated 

with chromatin modifications (Obrdlik and 
Percipalle 2011). Most recently, intranuclear 
cofilin was found to be linked to malignancy in 
melanoma (Bracalente et al. 2018) and induced 
by oxidative DNA damage in medulloblastoma 
(Lewinska et al. 2019).

Polymeric nuclear actin (Belin et  al. 2013; 
Plessner et al. 2015) has a number of particular 
functions. One established example is provided 
by intranuclear polymerization driven by formin, 
which can be induced by serum and mediates 
specific transcription factor activation (Baarlink 
et al. 2013). The large nuclei in Xenopus oocytes 
provide another revealing model (Bohnsack et al. 
2006). These cells are naturally deficient in 
exportin 6, which normally mediates export of 
actin from the nucleus, and, as a result, accumu-
late large amounts of actin. An extensive intra-
nuclear F-actin framework is responsible for 
maintaining the mechanical integrity of these 
uncommonly large pre-meiotic nuclei. It also 
prevents sedimentation of nucleoli and ribonu-
cleoprotein aggregates (Feric and Brangwynne 
2013). While Xenopus oocyte nuclei are unusual 
by virtue of their size, the functionality of F-actin 
in them presumably belongs to a continuum 
shared with normal-size nuclei and presents 
interest for probing its cooperation with nuclear 
myosin. One specific direction for this work may 
be elucidating how nuclear myosin affects the 
viscoelastic properties of the F-actin scaffold, 
which underlie the phenomenon of mechanical 
aging (Feric et al. 2015) that is so pronounced in 
the Xenopus oocyte model.

In addition to what has so far appeared as a 
passive mechanical role in supporting the intra-
nuclear structures, actin polymerization has been 
implicated in intranuclear movement. HSP70 
constructs have been seen to move in an actin 
depolymerization-sensitive manner toward 
nuclear speckles in the course of the gene activa-
tion following heat treatment (Khanna et  al. 
2014). Conversely, human immunodeficiency 
virus type 1 (HIV-1) provirus silencing by prox-
imity to nuclear bodies can be relieved by their 
displacement powered by actin polymerization 
(Lusic et  al. 2013). More instances of actin 
involvement in intranuclear movement, in which 
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the cooperation with myosin is firmly docu-
mented, will be reviewed in the corresponding 
section below.

Interestingly, depending on the conditions, the 
polymeric actin structures induced in the nucleus 
by heat shock may or may not include cofilin or 
accept traditional staining based on decoration 
with phalloidin (Serebryannyy et  al. 2016c). 
Along with the requirement for certain novel 
actin probes in the cited work by Belin and 
Plessner, this recent finding strengthens the indi-
cation that the form of actin polymerization – or 
linear aggregation (Hill 1987) – in the nucleus is 
not necessarily identical, in all instances, to the 
form that is common in the cytoplasm. 
Furthermore, the study by Serebrannyy and col-
leagues showed that both the cofilin-containing 
rods and the ones that result from a polymerization- 
promoting mutation in actin are characteristic of 
intranuclear rod myopathy and perturb the spatial 
distribution of chromatin and RNA polymerase 
II.

Formin-mediated actin polymerization also 
participates in DNA repair (Belin et  al. 2015). 
The nuclear content of formin 2 increases follow-
ing DNA damage and, along with importin 9, this 
protein plays an important role in achieving an 
efficient clearance of double-stranded breaks. 
During this process, nuclear actin accepts phal-
loidin staining and forms long filaments in the 
nucleoplasm, short filaments associated with the 
nucleolus, and certain assemblies that can be 
described as dense clusters. Current research is 
clarifying the molecular mechanisms involved in 
the nuclear actin dependent DNA repair and sug-
gests that it can be targeted as part of a combina-
tion chemotherapeutic regime (Pfitzer et  al. 
2019). The formin mDia2, by comparison, cata-
lyzes formation of short, dynamic actin filaments 
in the interphase nucleus that position centro-
meric chromatin, facilitating association of the 
centromeric histone CENP-A (Liu et al. 2018).

Data show that actin need not acquire the 
polymeric form to perform some of its key func-
tions in the nucleus. For example, the RNA poly-
merase II transcription elongation factor P-TEFb 
is recruited to the transcription complex through 
a mechanism that includes binding of its catalytic 

subunit, Cdk9, to G-actin (Qi et  al. 2011). 
Furthermore, paradigmatic chromatin remodel-
ing complexes such as SWI/SNF possess actin- 
and actin-related protein binding sites composed 
of their components’ HSA domains, which can 
be essential in  vivo (Szerlong et  al. 2008). 
Remarkably, the bound actin in these complexes 
can be stoichiometrically monomeric (Klages- 
Mundt et al. 2018). At the same time, binding of 
monomeric actin to histone deacetylases plays an 
inhibitory role and couples the activity of these 
enzymes to the overall degree of polymerization 
of actin in the nucleus (Serebryannyy et  al. 
2016a). In connection with the chromatin dynam-
ics functions of nuclear myosin, it is noteworthy 
that actin binds histone acetyltransferase PCAF, 
which facilitates RNA polymerase II transcrip-
tion on chromatin (Obrdlik et  al. 2008). This 
finding is especially suggestive of an actin- 
myosin interaction mechanism in light of the 
recruitment of this acetyltransferase by nuclear 
myosin, which will be reviewed in the section on 
chromatin dynamics.

The question of the polymeric vs. monomeric 
form of actin has been particularly intensely 
debated in connection with the function of actin 
in transcription. The results in this specific area, 
to date, have not been definitive. On the one hand, 
transcription by polymerase II is inhibited by 
actin-depolymerization agents in vitro (Wu et al. 
2006). Also, the actin-polymerization activator 
N-WASP is part of the polymerase II transcrip-
tion complex, and transcription is suppressed by 
its truncated version that is dominant-negative 
for Arp2/3-mediated actin polymerization (Wu 
et  al. 2006). Moreover, the F-actin nucleator 
Arp2/3 is directly associated with RNA poly-
merase II (Yoo et al. 2007). On the other hand, 
WASP has a function in transcription that is 
 independent of Arp2/3 activation (Sadhukhan 
et  al. 2014). Additional contrarian evidence is 
represented by the facts that the association of 
actin with RNA polymerase II is insensitive to 
polymerization inhibitors (McDonald et  al. 
2006), and, moreover, experimentally driving the 
polymerization of nuclear actin disrupts RNA 
polymerase II transcription (Serebryannyy et al. 
2016b). The collectively inconclusive, or non-
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uniform, indications as to the polymerization 
state of actin involved in transcription are espe-
cially consequential for the unresolved question 
of the biophysical mode of the actin-myosin 
cooperation in this process, to which we will 
return in the following.

10.3.2  Myosin Regulators 
in the Nucleus

Besides actin, a range of other molecular partners 
of myosin, such as calmodulin, particular light 
chains, kinases, and phosphatases, have been 
found in the nucleus and implicated in a variety 
of nuclear functions. Some of these partners now 
have a comparatively well-established mecha-
nism of interaction with nuclear myosin, which 
underlies their common function in the basic 
nuclear processes. These instances will be 
reviewed under the specific functional rubrics in 
the next section. Here we would like to collect a 
few instances where the studies of the dynamics 
and function of myosin-binding molecules in the 
nucleus have been  fruitful but remain divorced 
from understanding the role of their interaction 
with nuclear myosin. It is hoped that this brief 
review of the apparently “orphaned” topics – as 
they may be viewed from the perspective of 
nuclear myosin biology  – may stimulate the 
interest of myosin researchers.

Calmodulin, now firmly implicated in the reg-
ulation of import of myosin into the nucleus 
(reviewed above), is itself a nuclear protein with 
multiple roles that have been studied, to date, 
without regard to its interaction with nuclear 
myosin and the modulation or functional ramifi-
cations that it might bring. Since the early work 
on nuclear calmodulin, we know of its involve-
ment in resistance to DNA damage (Chafouleas 
et al. 1984) and its ability to promote phosphory-
lation of nuclear proteins (Bachs and Carafoli 
1987) and attenuate calcium-dependent induc-
tion of gene expression (White 1985). One well- 
researched direction is the role of calmodulin in 
signal propagation to the nucleus of neurons 
(Cohen et al. 2015). In this instance, calmodulin 
is shuttled to the nucleus in association with γ 

calmodulin-dependent kinase II in response to a 
cytoplasmic calcium signal mediated by influx 
through Cav1 channels in the plasma membrane. 
The translocation is followed by dissociation of 
the complex and release of the calcium- 
calmodulin, which is then able to activate the 
nuclear pools of other calmodulin-dependent 
kinases, leading to phosphorylation of the 
memory- associated transcription factor CREB. In 
light of the new data on nuclear myosin, one may 
begin to ask questions, for example, about the 
possibility that the calmodulin and myosin func-
tionally recombine in the nucleus following their 
dissociation induced by the cytoplasmic calcium 
signal, with the CREB-mediated gene expression 
facilitated by the myosin interaction with the 
transcription machinery (the latter to be reviewed 
in the next section).

Skeletal muscle myosin light chain kinase 
(MLCK) is detectable in the nuclei of differenti-
ated neurons (Pujol et  al. 1993) as well as plu-
ripotent stem cells (Al Madhoun et al. 2011). In 
stem cells, it is implicated in myogenic differen-
tiation by phosphorylating the transcription fac-
tor MEF2C. In Schwann cells, on the other hand, 
nuclear MLCK plays the role of a negative regu-
lator of myelination, downstream of cAMP sig-
naling (Leitman et  al. 2011). In light of the 
localization of myosin II to the nucleus (Berrios 
et al. 1991; Rodgers 2005) and its involvement in 
transcription processes in a manner regulated by 
light chain modifications, to be reviewed below 
(Li and Sarna 2009; Nevitt et al. 2018; Xue et al. 
2019), these findings suggest a possibility that 
the other documented MLCK-dependent nuclear 
functions may also involve nuclear myosin, or 
otherwise intersect and cooperate with processes 
mediated by nuclear myosin. Recent work on 
myosin light chains in the nucleus adds impetus 
to follow up on the cited studies from the per-
spective of nuclear myosin biology. It has been 
found that phosphorylated myosin light chain 2 is 
elevated in the nuclei of cardiomyocytes sub-
jected to ischemia and reperfusion in vivo and 
enhances the expression of NADPH oxidase 2 
and H2O2 production in a MLCK-dependent 
manner (Zhang et al. 2015a). In cell culture under 
the hypoxia and reoxygenation conditions, phos-
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phorylated myosin light chain 2 binds the 
NADPH oxidase 2 promoter and participates in 
formation of the preinitiation complex with RNA 
polymerase II and transcription factor IIB. Similar 
results have been obtained with non-muscle myo-
sin light chain and xanthine oxidase transcription 
(Zhang et al. 2015b). At the same time, myosin 
light chain 5 is causally associated with distant 
metastasis in cervical cancer and promotes 
expression of the hypoxia-response factor HIF-1α 
by binding to its promoter (Zhang et  al. 2017). 
HIF-1α, in turn, upregulates myosin light chain 
5, which suggests formation of a molecular feed-
back loop favoring metastatic escape from the 
hypoxic niche.

The role of light chain phosphatase in nuclear 
functions of myosin has been documented in the 
comparatively well-studied case of ICAM-1 
expression in the colon. Myosin light chain phos-
phatase inhibitor stimulated myosin II-modulated 
transcription of ICAM-1, an inflammation medi-
ator, in colonic smooth muscle and was able to 
alleviate inflammation in vivo (Li and Sarna 
2009). Additional results in need of follow-up 
from the perspective of nuclear myosin biology 
include the differential nuclear localization of the 
myosin light chain phosphatase catalytic subunit 
isoforms (Murata et al. 1997). The comparatively 
more nuclear isoform δ may conceivably be more 
closely associated with the nuclear functions of 
myosin. Interestingly, the myosin-binding sub-
unit alone localizes predominantly to the nucleus, 
whereas its retention in the cytoplasm depends on 
its interaction with the δ isoform of the catalytic 
subunit (Eto et  al. 2005). Thus, regulation of 
nuclear myosin by light chain phosphatases may 
be orchestrated on the molecular level in com-
plex and unexpected ways.

10.4  Functions of Nuclear Myosin

10.4.1  Transcription

10.4.1.1  Polymerase II
Myosin IC The function of myosin IC isoform 
B (NMI) in transcription mediated by RNA poly-
merase II was the first to be demonstrated (Pestic- 

Dragovich et  al. 2000). Subsequently, it was 
established that this isoform participates specifi-
cally in the synthesis of the first dinucleotide but 
not at the earlier steps of transcription initiation 
(Hofmann et  al. 2006b). Myosin IC isoform B 
co-purifies with RNA polymerase II, yet it is not 
necessary for the formation of the pre-initiation 
complex (Hofmann et al. 2006b). The latter, how-
ever, depends on β-actin. Antibodies against 
β-actin block RNA polymerase II transcription, 
and this form of actin can be observed to be 
recruited to promoters of inducible genes 
(Hofmann et al. 2004). The notion of cooperation 
of NMI with nuclear actin has been supported by 
recent genome-wide analysis by means of chro-
matin immunoprecipitation and deep sequencing. 
It has been shown that promoter occupancies by 
β-actin and Pol II during Drosophila oogenesis 
are similarly distributed and co-vary under regu-
lation of gene expression (Sokolova et al. 2018), 
while NMI is similarly present across the mam-
malian genome and displays occupancy peaks 
that are correlated with RNA polymerase II 
(Almuzzaini et  al. 2015). Moreover, the latter 
study has demonstrated that genes selected from 
the top NMI binders display a drop in the pro-
moter DNA association by actin and actin- 
binding core subunits of RNA polymerase II, 
Rpb6 and Rpb8, when NMI expression is 
silenced. These changes are accompanied by a 
decrease of promoter association with Ser5P 
RNA polymerase II, but not with the unphos-
phorylated form – a result indicative of involve-
ment of NMI in activation of RNA polymerase II, 
or in retention of the activated form on the 
promoter.

As has been discussed in the section of this 
review devoted to the basic biology of nuclear 
actin, the state of actin polymerization that 
 underlies this protein’s functionality in RNA 
polymerase II transcription remains unclear, with 
some evidence for both polymeric, or polymer-
izing, actin and a monomeric functional form. 
Collectively, the observations to date suggest that 
the functions of myosin and actin in transcription 
are complementary, but it still remains to be elu-
cidated whether the direct or mechanical interac-
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tion between these proteins plays a role in RNA 
polymerase II transcription, which would be 
similar to their mutually dependent functionality 
in the cytoplasm. The data that have been obtained 
do not definitively rule out the early speculative 
model (de Lanerolle et  al. 2005), whereby the 
association of myosin IC with DNA via its 
positively- charged lipid-binding tail domain and 
with the RNA polymerase complex via the actin- 
binding site on its motor head results in a propul-
sive force that assists the progression of the 
transcription machine. The possible spatial 
arrangements in the complex involving these 
molecules have recently been reviewed (Sarshad 
and Percipalle 2014).

Observations concerning the localization of 
NMI and actin in the nucleus comport with their 
role in RNA polymerase II transcription. NMI is 
colocalized with RNA polymerase II on the light- 
microscopic level and to within 100 nm on the 
electron-microscopic level (Pestic-Dragovich 
et al. 2000). The colocalization can be disrupted 
by RNA polymerase II and transcription inhibi-
tors. Myosin IC isoform A behaves similarly 
(Ihnatovych et al. 2012). It is noteworthy that in 
stimulated lymphocytes, NMI becomes upregu-
lated on both the mRNA and protein levels 
(Kysela et al. 2005). Together with actin, it also 
shifts from the condensed to the decondensed 
chromatin, as revealed by quantitative immuno- 
electron microscopy. Suggestively of their coop-
erative or complementary functions, NMI always 
resides in 30–50 nm clusters, while actin accu-
mulates into similarly sized clusters only upon 
stimulation. These locations correlate with the 
~80  nm transcription clusters, as identified by 
bromouridine pulsing and immunodetection 
(Kysela et  al. 2005). Similarly, in the onion 
Allium cepa, NMI and β-actin (identified immu-
nologically) localize to foci in the nucleoplasm 
whose number is sensitive to inhibition of RNA 
polymerase II-mediated transcription (Cruz and 
Moreno Diaz de la Espina 2009). Recently, the 
dynamic distribution of nuclear myosin was stud-
ied in human cells subjected to adenoviral infec-
tion (Fuchsova et  al. 2015). In this system, 
formation of replication centers is accompanied 
by association of nuclear actin and myosin with 

clusters of viral DNA, where they colocalize with 
initiation-competent (Ser5P) RNA polymerase 
II. The process involves also other nuclear myo-
sins, and certain differences between the local-
ization of NMI, myosin V, and myosin VI have 
been noted, which present interest for future 
mechanistic research.

Myosin II Although antibodies against myosin 
II had no effect on transcription in the cited in 
vitro experiments (Hofmann et  al. 2006b), 
smooth muscle myosin II has been found on the 
promoter of ICAM-1  in colonic smooth muscle 
cells (Li and Sarna 2009). The expression of this 
inflammation mediator is regulated through sup-
pression of MLCK and elevation of myosin light 
chain phosphatase in the nucleus. This causes 
dephosphorylation of the 20-kD myosin light 
chain, which, in turn, promotes association of 
myosin II with transcription factor IIB.  The 
nuclear activity of regulatory light chain 9 as a 
transcription factor can be enhanced by its meth-
ylation under the action of the nuclear enzyme 
N-terminal methyltransferase 1 (Nevitt et  al. 
2018). Interestingly, the alternative modifica-
tion – acetylation by N-terminal acetyltransferase 
A – promotes the light chain’s phosphorylation 
and such cytoplasmic functions as cell spreading 
and migration. It has also been established 
recently (Xue et al. 2019) that non-muscle myo-
sin II binds nuclear Atoh1, a transcription factor 
driving neuronal differentiation of induced plu-
ripotent stem cells, in a manner sensitive to the 
phosphorylation status of this factor. The experi-
ments suggest that the promotion of the Atoh1 
activity by myosin is dependent on the latter’s 
calcium-regulated motor function. Thus, even 
though myosin II may not be part of the core tran-
scription machinery, a picture is beginning to 
emerge in which this myosin’s varied sub-classes 
play key roles in developmental and pathophysi-
ological processes on the level of intranuclear 
transcription regulation.

Myosin VI Myosin VI associates with RNA 
polymerase II as well as intragenic and promoter 
regions in a transcription-dependent manner, and 
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its own downregulation suppresses the produc-
tion of mRNA (Vreugde et al. 2006). Antibodies 
against this myosin have an inhibitory effect on 
transcription in vitro. The most recent data on 
dynamic localization of myosin VI in PC12 cells 
(Majewski et  al. 2018) show that it colocalizes 
with active RNA polymerase II and active tran-
scription sites, as well as with transcription factor 
SP1. It has also been established recently that the 
ability of myosin VI to bind DNA and associate 
with the RNA polymerase complex can be 
switched off by its acquiring an autoinhibitory 
conformation (Fili et  al. 2017). The conforma-
tion, in turn, is prevented by NDP52, which is 
known to be an adhesion and autophagy- 
associated protein, but in this instance plays the 
role of a transcription activator and binds the 
RNA polymerase II complex together with myo-
sin VI. The interaction is mediated by the RRL 
sequence in the cargo-binding domain of the 
myosin. Remarkably, this is the same sequence 
that is obscured in the non-nuclear splicing vari-
ant of myosin VI, reviewed in the section on 
nuclear localization mechanisms. The experi-
ments also showed that association of myosin VI 
with DNA is a function of the same cargo- binding 
domain, while the association with the RNA 
polymerase II complex involves also the motor 
domain. NDP52 is capable of causing a four-fold 
increase in transcription activity. Furthermore, 
the C-terminal cargo-binding domain harbors a 
nuclear receptor binding sequence, which medi-
ates interaction with estrogen receptor, and the 
myosin VI levels regulate expression of estrogen- 
dependent genes (Fili et al. 2017). It is likely that 
the previously documented interaction with 
androgen receptor, which appears to underlie the 
myosin VI function in promoting androgen- 
regulated expression (Loikkanen et al. 2009), is 
mediated similarly.

Regulated genes in T-helper cells present an 
interesting case (Zorca et al. 2015). In this sys-
tem, RNA polymerase II is paused at the promot-
ers, and recruitment of myosin VI is involved in 
the release of the pause. Global run-on sequenc-
ing showed that T-cell receptor (TCR) engage-
ment results in a genome-wide decrease of 

paused RNA polymerase II, and its advancement 
to the gene body regions, in a myosin 
VI-dependent manner. In myosin-deficient cells, 
accumulation of the polymerase at the promoters 
is observed. One of the genes central to the 
T-helper differentiation is TNF-α. It was estab-
lished by chromatin immunoprecipitation that a 
small quantity of myosin VI localizes to TNF-α 
in unstimulated cells. This quantity increases 
within 30  min after TCR stimulation, and 
decreases by 2 h. Interestingly, the expression of 
TNF-α is frequently monoallelic and, using 
immunofluorescence and RNA FISH methods, 
myosin VI puncta can be observed specifically at 
the active allele. The myosin-dependent mecha-
nism of the pause release on the TNF-α locus 
could be narrowed down (Zorca et  al. 2015) to 
the transition from the initiation-specific (Ferrai 
et al. 2010) phosphorylated form of RNA poly-
merase II–Ser5P–to Ser2P, which is characteris-
tic of elongation. Furthermore, in T-helper cells 
from myosin VI +/− and −/− mice, similar 
amounts of TNF-α mRNA accumulate during the 
TCR-triggered differentiation process (7 days) as 
in +/+ cells, indicating that myosin VI functions 
in the rapid induction only. It is possible that 
other systems exhibiting the signaling-regulated 
Pol II pause release (Danko et al. 2013; Core and 
Lis 2008) follow a similar pattern of dependence 
on nuclear myosin VI in achieving their full 
dynamic range of transcription levels. The meth-
ods employed in the work of Zorca et al. appear 
to have a broad applicability, and further elucida-
tion of the role of nuclear myosin in RNA poly-
merase II transcription mechanisms in a range of 
biological systems with regulated gene expres-
sion programs will represent an important 
advance for this field of study.

10.4.1.2  Polymerase I
The role of NMI in transcription by RNA poly-
merase I was initially demonstrated using a myo-
sin motor inhibitor, microinjection of anti-NMI 
antibodies into the cell, and siRNA-mediated 
downregulation of the NMI expression (Fomproix 
and Percipalle 2004; Philimonenko et  al. 2004; 
Percipalle et  al. 2006). Subsequent work 
addressed the generality of this involvement for 
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the isoforms of myosin IC (Venit et al. 2013). In 
these experiments, knock-out of isoform B (i.e., 
NMI) alone was not seen to affect the levels of 
45S pre-rRNA. At the same time, polymerase I 
transcription on the background of isoform- 
nonspecific shRNA knock-down could be res-
cued by a silent resistant mutant of isoform 
C. Collectively, these results are consistent with 
the conclusion (Venit et al. 2013) that isoform C 
can substitute for isoform B in Pol I transcription 
and does so in the knockout mouse. Isoform A, 
however, does not interact with Pol I (Ihnatovych 
et al. 2012). This raises the possibility that iso-
forms B and C may not be equally potent as fac-
tors in RNA polymerase I transcription, and also 
highlights the important unanswered question of 
the basic cell-physiological consequences of the 
tissue- and disease stage-specific expression of 
isoform A.

Interestingly, the N terminus of NMI appears 
immunologically accessible in association with 
rDNA promoters (Philimonenko et  al. 2004), 
whereas the use of other antibodies against this 
protein inhibits elongation – but not initiation – 
of pre-rRNA transcription (Percipalle et  al. 
2006). Actin too enhances transcription by RNA 
polymerase I, and both actin and NMI are associ-
ated specifically with the transcription-competent 
fraction of the enzyme (Philimonenko et  al. 
2004). The association of NMI is mediated by the 
transcription initiation factor TIF-IA in a manner 
that is regulated by the factor’s phosphorylation 
by RSK kinase (Philimonenko et  al. 2004). In 
this connection, it can be noted that the phos-
phorylation of TIF-IA occurs downstream of the 
MAP kinase cascade and growth factor signaling 
(Zhao et al. 2003). NMI is also part of a chroma-
tin remodeling complex that is essential for RNA 
polymerase I progression (Percipalle et al. 2006; 
Sarshad et al. 2013), as will be reviewed in the 
corresponding section below. NMI’s expression 
level, motor function, and ability to bind actin 
and chromatin all impact rRNA synthesis by pre-
venting stalling of RNA polymerase I at the pro-
moter (Sarshad et  al. 2013). Moreover, the 
experiments also showed that the motor function 
of NMI and polymerization competence of actin 
are required for the RNA polymerase I transcrip-

tion activation (Ye et al. 2008). At the same time, 
it has been demonstrated in vivo that the capacity 
of the myosin for binding actin, and the myosin’s 
calmodulin-binding domain are both critical to 
its association with the polymerase. In light of 
the recent work on the mechanism of myosin IC 
import into the nucleus and the function of 
calmodulin in its mechanical cycle (reviewed 
above), the question may be posed whether the 
observed lack of association of the mutants with-
out the calmodulin-binding domain may be due 
to their suppressed motor function or exclusively 
to inability of the mutant to enter the nucleus.

Myosin VB can also be immunoprecipitated 
with RNA polymerase I and actin (Lindsay and 
McCaffrey 2009), pointing to the possibility of a 
diversity of nuclear myosins playing similar, but 
not necessarily identical, roles in rDNA tran-
scription. Further broadening the range of pro-
cesses involving these nuclear molecules, recent 
research has shown that human papillomavirus 
type 8 protein E7, an oncoprotein associated with 
skin carcinogenesis (Akgul et  al. 2007), binds 
myosin IC and represses both RNA polymerase I 
activity and pre-rRNA production (Oswald et al. 
2017). This finding raises the possibility that the 
basic function of nuclear myosins can be lever-
aged by parasites for redirecting the cell’s 
resources to their proliferation needs.

The role of nuclear myosin in transcription 
mediated by RNA polymerase I is supported by 
its dynamic localization in the nucleus. It has 
been established that NMI and β-actin colocalize 
with RNA polymerase I and nascent pre-rRNA in 
nucleoli in a manner that is sensitive to transcrip-
tion inhibition (Fomproix and Percipalle 2004; 
Percipalle et al. 2006; Ihnatovych et al. 2012). In 
stimulated lymphocytes, the characteristic accu-
mulation of NMI in the dense fibrillar component 
of the nucleolus is enhanced concomitantly with 
the actin content of that compartment (Kysela 
et  al. 2005). This is suggestive of the two pro-
teins’ complementary function, in view of the 
findings identifying the dense fibrillar component 
as the site of active rDNA transcription 
(Philimonenko et  al. 2004; Raska et  al. 2006). 
Supporting this notion is the fact that the local-
ization of NMI to the dense fibrillar component is 
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disrupted upon inhibition of RNA polymerase I 
transcription, but not of RNA polymerases II and 
III (Philimonenko et al. 2010). Myosin VB (but 
not VA) colocalization with RNA polymerase I 
and actin in nucleoli is also sensitive to RNA 
polymerase I inhibitors (Lindsay and McCaffrey 
2009). Similar results have been obtained on 
plant material, where NMI- as well as β actin- 
reactive foci are found in the nucleoli of the onion 
Allium cepa, and the number of such foci is 
reduced upon inhibition of RNA polymerase I 
transcription (Cruz and Moreno Diaz de la Espina 
2009). The necessary counterexample is pro-
vided by myosin IC isoform A, which, in addition 
to not co-immunoprecipitating from nuclear 
extracts with RNA polymerase I, does not local-
ize to the nucleoli of human cells despite its 
almost complete sequence identity with isoform 
B, i.e., NMI (Ihnatovych et al. 2012).

10.4.1.3  Polymerase III
Cavellan et  al. described a 3  MDa complex 
involving NMI, chromatin remodeling factors 
WSTF and SNF2h, and other components 
(Cavellan et al. 2006). They called this complex 
B-WICH; its chromatin-remodeling functionality 
will be more fully reviewed in the next section. 
Of relevance here is its association with such 
RNA polymerase III transcripts as 5S rRNA and 
7SL RNA (Cavellan et  al. 2006). It has been 
recently established that B-WICH is able to pro-
mote binding of c-Myc, which enhances these 
genes’ transcription (Sadeghifar et al. 2015). At 
the same time, the finding that β-actin is tightly 
bound to Pol III and necessary for reconstituting 
its activity in vitro (Hu et al. 2004) supports the 
notion that the involvement of actin and myosin 
in Pol III transcription may be at least broadly 
similar to the reviewed features of Pol I and Pol II 
transcription. Recent work (Wang et al. 2016) has 
established that the cytoskeletal protein filamin A 
associates with the Pol III transcription complex 
via its actin-binding domain, repressing tran-
scription by means of decreasing Pol III promoter 
occupancy. Interestingly, both this repression 
mechanism and the association of B-WICH with 
transcripts, which was described in the original 
work of Cavellan et  al., exclude tRNA genes. 

Thus, actin and myosin may act cooperatively, 
but only on a sub-class of Pol III genes.

10.4.2  Epigenetic Mechanisms 
and Chromatin Dynamics

Beyond participating in transcription, some of 
the best-understood functions of nuclear myosin 
are in the dynamics of chromatin and epigenetic 
modifications. A hypothesis about the role of 
nuclear actin and myosin in condensation of het-
erochromatin was put forward as early as 1976 
(Comings and Okada 1976); however, the experi-
ments with ATP-induced decondensation that 
were conducted to test at the time did not bear it 
out. This direction of inquiry has been re-focused 
with the advent of the modern molecular- 
biological methods, and a preliminary picture of 
the role of nuclear myosin in chromatin dynam-
ics is now beginning to emerge. It was initially 
shown that NMI (myosin IC isoform B) is part of 
a macromolecular ensemble that includes the 
WSTF/SNF2h chromatin remodeling complex 
(Percipalle et  al. 2006; Percipalle and Farrants 
2006). The WSTF component of the complex has 
a role in RNA polymerase I transcription specifi-
cally on chromatin, as compared with naked 
DNA (Percipalle et al. 2006), which is achieved 
through enhanced association of histone acetyl-
transferases, including p300, and higher levels of 
acetylation of histone H3 at the rRNA promoter 
(Vintermist et al. 2011). Additional data (Sarshad 
et  al. 2013) indicate that binding of NMI to 
SNF2h and to actin may be reciprocally regu-
lated, while the rRNA gene occupancies of the 
three proteins (WSTF, SNF2h, and NMI) depend 
on the myosin motor function. It is also cell 
cycle-dependent, an effect that is mediated by 
phosphorylation of WSTF. Furthermore, the abil-
ity of NMI to bind actin and chromatin, its motor 
activity, and its expression all impinge on the 
H3K9 acetylation status at rDNA promoters, 
enabling the transition to transcription elongation 
and, ultimately, cell cycle progression (Sarshad 
et al. 2013). The acetylation is regulated by gly-
cogen synthase kinase GSK3β by phosphorylat-
ing NMI on Ser-1020 (in the C-terminal tail 
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domain), which promotes the myosin’s associa-
tion with chromatin (Sarshad et  al. 2014). The 
phosphorylation takes place on rDNA, with 
which the kinase associates selectively, and is 
characteristic of the G1 stage of the cell cycle. It 
also protects the myosin from polyubiquitination 
by the E3 ligase UBR5 and, consequently, from 
degradation. Interestingly, the leukemia- 
associated nuclear myosin fusion protein CBFβ- 
SMMHC similarly associates with ribosomal Pol 
I genes, through mitosis as well as the interphase. 
It regulates the ribosomal gene expression posi-
tively, apparently by shuttling its partner, the epi-
genetic repressor RUNX2, to the cytoplasm 
(Lopez-Camacho et al. 2014).

The role of NMI in chromatin dynamics has 
recently been probed also in connection with 
transcription by RNA polymerase II (Almuzzaini 
et  al. 2015). It was determined that the myosin 
complex with the nucleosome remodeling pro-
tein SNF2h and WSTF assembles on polymerase 
II promoters as well. Functional myosin was also 
required for recruitment of actin, and negatively 
regulated the chromatin protection of DNA at the 
studied promoters. The same experiments showed 
that the occupancy by myosin correlates with the 
polymerase II promoters’ histone H3 acetylation 
and trimethylation (Almuzzaini et al. 2015). This 
is suggestive in connection with the results 
obtained on rDNA, where NMI was found in a 
complex with histone acetyltransferase PCAF 
(Sarshad et al. 2013). On the polymerase II pro-
moters, NMI positively regulated the recruitment 
of PCAF and histone methyltransferase Set1/
Ash2 as well as the levels of specific acetylations 
and trimethylations (Almuzzaini et al. 2015).

10.4.3  RNA Processing

Myosin VA phosphorylated on Ser 1650 has been 
localized specifically to nuclear speckles contain-
ing the splicing factor SC35 (Pranchevicius et al. 
2008). Upon inhibition of transcription, it redis-
tributed to nucleoli and to aggregates outside the 
speckles. The transcription-dependent dynamic 
localization pattern could be seen as evidence for 
possible involvement of myosin VA in pre-mRNA 

processing. The colocalization with SC35 has 
also been recently shown for myosin VI 
(Majewski et al. 2018). At the same time, inhibi-
tion of transcription results in redistribution of 
myosin IC isoform A into nuclear speckles that 
contain U1 RNPs (Ihnatovych et al. 2012). This 
redistribution appears exquisitely specific with 
respect to the molecular structure of nuclear 
myosin, because isoform B (NMI), under the 
same conditions, similarly loses colocalization 
with RNA polymerase II but does not become 
accumulated in any speckled pattern. These find-
ings remain in need of a follow-up and highlight 
the gap in our knowledge that concerns the poten-
tial role of nuclear myosin in RNA processing.

A different angle of approaching this problem 
might be through a further characterization of the 
functional parallels of the nuclear myosin local-
ization to the dense fibrillar and granular compo-
nents of the nucleolus. The descriptive aspects of 
this dynamic localization have been reviewed 
above in connection with rDNA transcription, but 
its possible relevance to pre-rRNA processing, 
which is structurally associated with these nucle-
olar compartments (Raska et al. 2006), remains 
to be investigated. A potential additional avenue 
for further research may be indicated by the work 
on myosin filament assembly in smooth muscle 
cells. The assembly was found to be facilitated by 
binding of smooth muscle myosin to a 38-kDa 
protein homologous to a subunit of pre-mRNA 
splicing factor 2 (Okagaki et  al. 2000). At the 
same time, the 38-kDa protein was also reported 
to display a dynamic nuclear and cytoplasmic 
localization in the course of the smooth muscle 
cell differentiation. While it is difficult to predict 
the most fruitful direction of testing the long- 
standing hypothesis of myosin involvement in 
RNA processing, new studies are unquestionably 
needed to clarify this potentially important aspect 
of the nuclear myosin function.

10.4.4  Intranuclear Motility

Multiple lines of evidence confirm the role of 
myosins in intranuclear motility. One concerns 
the movement of double-strand DNA breaks, 
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which is an integral part of the repair mechanism. 
This movement has been studied in detail in 
Drosophila cells. The double-strand breaks in 
this system are translocated to the nuclear periph-
ery (Chiolo et al. 2011) in the course of a process 
that requires SUMO ligases and inner nuclear 
membrane proteins (Ryu et al. 2015). Recently, it 
has been shown that the translocation is driven by 
myosins IA, IB, and V in the presence of F-actin 
(Caridi et al. 2018). The actin is nucleated by the 
Arp2/3 complex, and the myosin is recruited via 
the SUMO ligases Smc5/6. These findings were 
also generalizable to mouse cells. In human 
fibroblasts (Kulashreshtha et  al. 2016), double- 
stranded breaks were found to initiate a signal via 
the phosphorylated histone H2AX and recruit 
myosin IC. The functionality of the motor domain 
of isoform B, specifically, is important for the 
relocation of the damaged chromosome territory 
in this experimental system.

Similar mechanisms are responsible for repo-
sitioning of active gene loci and interphase chro-
mosome territories (Bridger 2011). Upon 
transcriptional activation, snRNA loci migrate to 
associate with Cajal bodies, a process marked by 
involvement of β-actin (Dundr et al. 2007). At the 
same time, quiescent cells exhibit a different 
chromosome territory organization than that of 
the interphase nuclei of actively proliferating 
cells (Mehta et  al. 2010). Actin polymerization 
and myosin IC (earlier termed myosin I β) are 
involved in this process. Using an experimentally 
created fluorescently labeled locus, it was possi-
ble to show that its activation-induced relocation 
relied on actin polymerization and actin interac-
tion with nuclear myosin IC (Chuang et al. 2006). 
Promyelocytic leukemia (PML) bodies move 
inside nuclei utilizing ATP through a process that 
is sensitive to an inhibitor of actin-dependent 
myosins (Muratani et al. 2002), which is indica-
tive of a similar mechanism.

One of the models for studying the nuclear 
functions of myosins that has led to the recent 
advances in the study of the intranuclear motility 
mechanisms is the gene activation program 
induced by receptor engagement in T lympho-
cytes. The mechanistic details of RNA poly-
merase II transcription that involve myosin VI in 

this system have been reviewed above. Of inter-
est in connection with the spectrum of myosin 
functions in intranuclear movements is the find-
ing of transient homologous pairing of alleles of 
some of the induced genes, which occurs in the 
nuclei of T-cells at the early stages of this activa-
tion program (Zorca et al. 2015). The pairing is 
dependent on the transition of RNA polymerase 
II to elongation, and accompanies the switch 
from the predominantly monoallelic expression 
in the basal state to biallelic induced expression. 
It is sensitive to inhibition of actin polymeriza-
tion, and depends on myosin VI expression and 
motor activity. The same dependence on myosin 
expression is displayed by the loci’s acquisition 
of a peripheral localization in the nucleus. The 
findings concerning the myosin VI-dependent 
movements in the nuclei of developing T-cells 
appear to be an instance of migration of activated 
gene loci to the intranuclear sites known as “tran-
scription factories” (Osborne et al. 2004), where 
they are believed to acquire transcription factors 
and machinery from pre-accumulated, shared 
pools. Myosin VI residence and functional 
importance in the transcription factories was first 
documented by Vreugde et  al. (Vreugde et  al. 
2006). Deciphering further the role of nuclear 
myosin in the organization of the activated loci 
into the transcription foci is a promising direction 
for future work. Generality of this mechanism 
with respect to the genes and transcription activa-
tion programs, as well as to the classes of nuclear 
myosin, should be among the most urgent 
questions.

An additional example of intranuclear motil-
ity is provided by the movement of viral particles. 
Capsids of herpes simplex virus move inside 
nuclei in a manner that is sensitive to a myosin 
inhibitor (Forest et  al. 2005). Both intranuclear 
pseudorabies virus (an alpha-herpesvirus) and 
herpes simplex virus infection induces actin 
polymerization in the nucleus, and the resulting 
actin filaments colocalize with the capsids on the 
electron microscopy level (Feierbach et al. 2006). 
The distribution of myosin VB, but not of NMI, 
correlates with them as well. The implications of 
these findings for the actin-myosin dependent 
transport, however, have been disputed (Bosse 
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and Enquist 2016) based on the lack of success in 
detecting nuclear F-actin in various infected 
cells, using an alternative to the method of fixa-
tion and phalloidin staining (Bosse et al. 2014). 
Enlargement of the intranuclear diffusion 
domains that is induced by infection is also capa-
ble of facilitating the movement of capsids (Bosse 
et al. 2015). The precise role of myosin and its 
contribution to the movement of viral particles 
will benefit from a quantitative evaluation using 
new methods such as super-resolution micros-
copy. One possibility for the synthesis of the 
diffusion- domain and myosin-driven models that 
could be tested is suggested by the finding that 
the herpesvirus replication domains themselves 
are subject to actin- and myosin-dependent intra-
nuclear motility and coalescence as part of the 
virus’s life cycle (Chang et al. 2011). The most 
recent results (Wilkie et al. 2018) offer a glimpse 
of how such a process involving the capsids, rep-
lication compartments, and myosin might unfold. 
In the experiments with cytomegalovirus, myosin 
VA has been found to be associated with the cap-
sids and F-actin specifically at the edge of the 
replication domain, and its expression was 
responsible for efficient transport of the viral 
particles.

10.4.5  Nuclear Export

Actin and myosin were proposed to be functional 
components of the nuclear pore based on the 
results of experiments on isolated rat liver nuclei, 
in which the energy-dependent macromolecular 
transport was found to be sensitive to actin 
polymerization-perturbing drugs and anti- myosin 
antibodies (Schindler and Jiang 1986). The local-
ization of actin to the nucleoplasmic filaments of 
the nuclear pore has also been observed by elec-
tron microscopy and immunogold labeling in 
anuran and urodelan amphibian species 
(Hofmann et al. 2001). The same work revealed 
binding of actin to eukaryotic initiation factor 
5A, which, in turn, served as a nuclear export fac-
tor for HIV-1 RNA export. The localization of 
myosin to nuclear pores is also a general phe-
nomenon. In Drosophila, it has been demon-

strated by immuno-labeling on both the light and 
electron microscopy level (Berrios et  al. 1991). 
In yeast, myosin-like proteins Mlp1 and Mlp2, 
which are themselves imported via an NLS in 
their C-terminal domain, decorate the nucleo-
plasmic basket of the nuclear pore and support 
specifically the active nuclear import of protein 
(Strambio-de-Castillia et al. 1999). Interestingly, 
the C-terminal domain of Mlp1 is also involved 
in the import of a shuttling ribonucleoprotein 
responsible for mRNA export (Green et al. 2003). 
The interaction is shown to be direct and, in light 
of the NLS localization to this domain, may be an 
example of a “piggy-back” or co-import. 
According to the most recent work on this sys-
tem, deletions of Mlp1 and Mlp2 lead to intra-
nuclear accumulation of polyadenylated RNA 
and inhibition of RNA synthesis (Tudek et  al. 
2018).

Another line of evidence for the involvement 
of myosin in nuclear export comes from the stud-
ies of export of ribosomal subunits. Small ribo-
somal subunits associate with NMI and actin at 
the periphery of the nucleolus and also at the 
nuclear pore, as demonstrated by immunogold 
labeling on the electron-microscopic level 
(Cisterna et  al. 2006). The authors of the cited 
work estimated that as much as 10% of the small 
ribosomal subunits may be exported with partici-
pation of myosin, and proposed that this may rep-
resent a regulated export pathway to complement 
a diffusive constitutive one. The actin and myosin 
in these experiments were associated with the 
ribosomal protein S6, and prolonged application 
of anti-actin and anti-myosin antibodies to live 
cells resulted in accumulation of this protein in 
the nucleus, indicative of an export block. 
Ribosomal subunits at the same time  accumulated 
in the granular component of the nucleolus, and 
there was evidence of overall RNA retention in 
the nucleus (Cisterna et  al. 2009). The list of 
intranuclear ribosomal components associated 
with NMI was broadened in ultracentrifugation 
and immunoprecipitation experiments (Obrdlik 
et al. 2010), which also confirmed the myosin’s 
association with actin-rich filaments of the 
nuclear pore basket. These findings lent addi-
tional weight to the model whereby nuclear myo-
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sin modulates export from the nucleus, even 
though certain questions remain unanswered to 
date, such as, for example, to what extent and by 
what biophysical mechanism the nuclear myosin 
drives the transport of RNA and ribonucleopro-
teins along the critical steps of the nuclear export 
pathway. The function of myosin in nuclear 
export, along with the integrated processes of 
transcription (Sect. 10.4.1), RNA processing 
(Sect 10.4.3), and intranuclear motility (Sect. 
10.4.4) are summarized graphically in Fig. 10.4.

10.4.6  Pathology

Research work is underway to determine the con-
tribution of nuclear myosins to pathological pro-
cesses, especially in the area of cancer. It has 

long been known that smooth-muscle myosin 
heavy chain (SMMHC) forms a chimeric protein 
with core-binding factor β (CBFB) in acute 
myeloid leukemia (Liu et al. 1993), and that this 
chimera is capable of forming rod-like structures 
inside nuclei in cell culture experiments 
(Wijmenga et  al. 1996). More recently, it has 
been shown that the chimeric protein exhibits a 
specifically nuclear localization in  vivo and a 
microgranular intranuclear pattern (Zhao et  al. 
2006). The distinctive staining can be used for 
differential diagnosis of the myeloma subtype 
that is characterized by the chromosomal rear-
rangement that results in the fusion. The differen-
tiation is valuable in the clinic, because the 
subtype in question responds well to established 
chemotherapy regimens. Moreover, studies on 
mouse models indicate that expression of CBFB- 

Fig. 10.4 Nuclear functions of myosin. The schematically 
depicted myosin classes and forms participate in the inte-
grated processes of intranuclear motility (1, Sect. 10.4.4), 

Pol II transcription (2, Sect. 10.4.1), pre-mRNA processing 
(3, Sect 10.4.3), nuclear export (4, Sect. 10.4.5), and Pol I 
transcription and pre-rRNA processing (5, Sect. 10.4.1)
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SMMHC predisposes the animals to leukemia 
(Castilla et  al. 1999; Kuo et  al. 2006). CBFB- 
SMMHC acts in the nucleus through its binding 
partners, the transcription factor RUNX1 and his-
tone deacetylase HDAC8. Small-molecule inhib-
itors of the RUNX1 interaction showed promise 
in experimental treatment of murine leukemia on 
the CBFB-SMMHC background (Richter et  al. 
2016).

Recent studies point to involvement of nuclear 
myosin in abnormal signal transduction to the 
nucleus in tumor cells. Recurrent lung cancer is 
often characterized (Godin-Heymann et al. 2007) 
by a mutation – T790M – in epidermal growth 
factor receptor (EGFR). In the nucleus, EGFR- 
T790M interacts with myosin heavy chain 9 
(non-muscle myosin IIA) and β-actin to support 
proliferation and apoptosis resistance of cultured 
lung cancer cells, and this activity depends on the 
functionality of the myosin and its interaction 
with actin (Chiu et al. 2012). Furthermore, myo-
sin VI has been shown to engage in a bidirec-
tional interaction with p53, whereby p53 directly 
activates the myosin VI promoter and drives the 
protein’s accumulation in the nucleus, while 
myosin VI participates in the accumulation of 
p53 induced by DNA damage and in the 
p53-dependent cell survival under these condi-
tions (Jung et al. 2006). In conjunction with this 
work, the discovery of the calcium-regulated 
import of myosin IC into the nucleus of prostate 
cancer cells (Maly and Hofmann 2016) raises the 
possibility that nuclear myosin-mediated signal 
transduction may be a general feature of cells 
responding to the stress induced by the tumor 
microenvironment. Indeed, the response to such 
conditions is often characterized by elevated 
intracellular calcium concentration (Monteith 
et al. 2012; Cui et al. 2017; Maly and Hofmann 
2018). Moreover, such regulation must be recip-
rocal with the cytoplasmic functions of the same 
myosin type, for example, the recently character-
ized function of myosin IC in prostate cancer cell 
invasion (Maly et al. 2017).

The nuclear myosin field has come a long way 
from the controversy about localization of the 
presumed cytoplasmic protein. Unraveling the 
molecular details of the nuclear myosin classes, 

functions, and intranuclear partners is an ongoing 
and flourishing enterprise. We have now come to 
the stage where systems-level questions are 
beginning to be formulated about the role of these 
multifunctional proteins in a variety of coordi-
nated cell-physiological processes, such as signal 
transduction to the nucleus, in organism-level 
pathology, and also about the coordinated regula-
tion of myosin’s cytoplasmic and nuclear 
functions.
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Myosins in Cytokinesis

Thomas D. Pollard

Abstract

Nearly five decades of research have estab-
lished myosin as the main motor responsible 
for cytokinesis in organisms on the branch of 
the phylogenetic tree that includes amoebas, 
fungi and animals. This research has grown to 
be more mechanistic over the past decade, so 
we now have computer simulations of physi-
cally reasonable models that explain how 
myosins contribute to the assembly and con-
striction of contractile rings that pinch divid-
ing cells into two daughter cells. Isoforms of 
myosin-II, from the same family as muscle 
myosins, are the main myosins for cytokine-
sis, but other myosins contribute to cytokine-
sis in fission yeast. Progress has been made on 
how animal cells use Rho-GTPases to control 
the accumulation and activity of myosin-II at 
the site of cleavage, but the regulatory mecha-
nisms are less clear in other systems.

Keywords
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11.1  Discovery of Myosin-II 
as the Motor for Cytokinesis

The concept that a tension-generating contrac-
tile ring of actin filaments and myosin-II pro-
duces the force for cytokinesis came from a 
series of crucial experiments in the decade 
beginning in 1967. Carter reported that a natural 
product called cytochalasin (cell relaxing) 
caused regression of the cleavage furrow in cul-
tured mammalian cells (Carter 1967), suggest-
ing that active tension produced the furrow. 
Rappaport (1967) showed that the cortex around 
the equator of echinoderm eggs generates 
enough tension to invaginate the plasma mem-
brane into a cleavage furrow that divides the cell 
at the end of mitosis. The tension in the furrow 
was in the same range as contraction by an 
equivalent cross section of muscle, so he specu-
lated that the mechanisms might be similar. 
Hiramoto (1975) later confirmed these observa-
tions. Next Schroeder (1970, 1972) used elec-
tron microscopy of thin sections of dividing 
Hela cells and echinoderm eggs to identify a 
thin layer of filaments on the cytoplasmic sur-
face of plasma membrane in the cleavage fur-
row. He subsequently showed that they are actin 
filaments by decoration with myosin (Schroeder 
1973). Like muscle, this ring of actin filaments 
maintains a constant volume as the cleavage fur-
row begins to constrict but then disassembles as 
cleavage progresses (Schroeder 1972). Fujiwara 
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and Pollard (1976) used fluorescent antibodies 
to show that myosin-II concentrates in the cleav-
age furrow of Hela cells, and Mabuchi and 
Okuno (1977) blocked cytokinesis of echino-
derm eggs by injecting antibodies to myosin-
II.  Together these studies established the 
textbook account of cytokinesis by the assembly 
and constriction of a contractile ring actin fila-
ments and myosin-II around the equator 
(Fig. 11.1).

11.2  Evolutionary Perspective

The evolutionary history of myosin genes 
(Odronitz and Kollmar 2007) (Fig. 11.2) explains 
why the mechanisms of cytokinesis differ in con-
temporary organisms. The primordial myosin 
gene appeared in an early eukaryote and encoded 
myosin-I with a single head, one or more light 
chains and short tails that typically interact with 
membranes. About 1  billion years ago the last 
eukaryotic common ancestor (LECA) also had a 
gene for myosin-V, a motor with two heads, mul-
tiple light chains and a tail including a coiled-coil 
and cargo-binding domains. The gene for myo-
sin- II appeared on the branch leading to amoe-
bas, fungi and animals (Odronitz and Kollmar 
2007) and is not found in vast numbers of unicel-
lular organisms, algae or plants. Consequently, 
these organisms do not have contractile rings and 
depend on membrane traffic and cell wall synthe-
sis for cytokinesis, which may have also been 
true for LECA.

Myosin-II genes encode heavy chains that 
form dimers joined by long alpha-helical coiled- 
coil tails. The N-terminal catalytic domain is 
connected to the tail by a long alpha-helix associ-
ated with a pair of light chains. These myosins 
have short duty cycles (the fraction of force- 
producing states in the ATPase cycle associated 

Fig. 11.1 Contractile ring model from “Cell Biology” 
(Pollard TD et al. 2017b). A ring of actin filaments (yel-
low) and myosin-II mini-filaments (rust) forms around the 
equator between the separated nuclei and produces force 
to invaginate the plasma membrane

Fig. 11.2 Myosin phylogenetic tree. Myosin-I, followed 
by myosin-V arose during the billion years between the 
first eukaryote and LECA, the last eukaryotic common 
ancestor. Myosin-II appeared on the branch leading to 
amoebas, fungi and animals. Myosins VI, VII, IX and X 

evolved in animals. Myosin-I was lost, and myosin-V was 
replaced by myosins-VIII and -XI on the branch leading 
to algae and plants. Myosin-I was replaced by myosin- 
XIV in ampicomplexa. Based on the data of Odronitz and 
Kollmar (2007)
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with actin filaments), so they work in parallel 
with each other to pull on an actin filament, as 
understood in detail for muscle contraction 
(Geeves and Holmes 1999). Vertebrates have 
three genes for nonmuscle myosin-II: MHY9 for 
NM2a, MHY10 for NM2b and MHY14 for 
NM2c with additional variation by tissue- 
specific, alternative splicing of two exons (Ma 
and Adelstein 2014). Each of these myosin-II iso-
forms is required for the normal development of 
the mouse, with the defects associated with the 
deletions of individual genes depending on their 
patterns of expression. The NM2 isoforms can 
substitute for each other when expressed from the 
native promoters.

11.3  Validation of the Role 
of Myosin-II in Cytokinesis

Both conditional and deletion mutations have 
been used to establish functions for myosins dur-
ing cytokinesis. Temperature-sensitive mutations 
have allowed studies showing that the products of 
essential myosin-II genes are required for cytoki-
nesis by fission yeast (Balasubramanian et  al. 
1998) and C. elegans (Davies et  al. 2014). 
Deleting the gene for myosin-II shows that the 
protein is essential for cytokinesis in fission yeast 
(Kitayama et  al. 1997) and that cytokinesis is 
severely compromised in Dictyostelium, which 
survives by cellular fragments pulling apart by 
amoeboid movement (DeLozanne and Spudich 
1987). Depleting the regulatory light chain by 
RNAi showed that myosin-II is required for cyto-
kinesis in C. elegans (Shelton et al. 1999).

The natural products cytochalasin (Carter 
1967) and latrunculin (Spector et al. 1983) inhibit 
the polymerization of actin filaments and have 
been used in numerous studies showing the 
importance of actin filaments for cell division 
(Peterson and Mitchison 2002). Latrunculin has a 
much simpler mechanism of action (Fujiwara 
et al. 2018) than cytochalasin (Cooper 1987), an 
advantage for interpreting experiments.

Blebbistatin, a small molecule inhibitor of 
myosin-II, allows myosin-II and anillin to accu-
mulate around the equator of mitotic vertebrate 

cells but reversibly blocks ingression of the cleav-
age furrow (Straight et  al. 2003). Blebbistatin 
inhibits the myosin-actin ATPase cycle by stabi-
lizing the myosin-ADP-Pi state detached from 
actin filaments (Kovacs et al. 2004). The drug is 
specific for myosin-II and has IC50’s of 1 μM for 
skeletal muscle myosin-II, 6 μM for smooth mus-
cle myosin-II, 4 μM for NM2a, 2 μM for NM2b 
and 2 μM for NM2c (Limouze et al. 2004, Zhang 
et al. 2017). The affinities for other myosins are 
much lower with IC50’s of >150 μM for myosin-
 Ib, myosin-Va and myosin-X. These properties of 
blebbistatin showed that one or more myosin-II 
isoforms is required for constricting the contrac-
tile ring in animal cells. Note that blue light 
(λ < 500 nm) inactivates blebbistatin (Sakamoto 
et  al. 2005), so routine imaging conditions for 
green fluorophores can inactivate blebbistatin. On 
the other hand, selective application of blue light 
can quickly reverse the effects of blebbistatin, 
allowing cytokinesis to continue after being inhib-
ited by blebbistatin (Sakamoto et al. 2005).

11.4  Organization of Myosin-II 
During Cytokinesis

It was generally assumed that the myosin-II in 
the contractile ring was assembled into small 
bipolar filaments (Fig. 11.3a), because the puri-
fied protein spontaneously forms these structures 
from about 30 molecules under physiological 
conditions (Niederman and Pollard 1975). These 
filaments are often called “mini-filaments” to dis-
tinguish them from the thick filaments of 300 
molecules of myosin-II in striated muscle. Both 
Schroeder (Schroeder 1973) and Sanger and 
Sanger (Sanger and Sanger 1980) observed in 
electron micrographs of thin sections rods that 
were consistent with myosin-II mini-filament 
bare zones among actin filaments decorated with 
myosin heads. After special conditions were dis-
covered to preserve actin filaments in nonmuscle 
cells during preparation for electron microscopy 
(Maupin and Pollard 1983), micrographs of thin 
sections of contractile rings in Hela cells revealed 
not only actin filaments but some thicker rods the 
size of myosin-II mini-filaments (Maupin and 
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Pollard 1986). Electron microscopy of platinum 
replicas of the sea urchin egg contractile rings 
also showed bipolar myosin filaments closely 
associated with the circumferential ring of actin 
filaments (Henson et al. 2017).

Conventional fluorescence microscopy first 
showed rod-shaped clusters of myosin-II in iso-
lated cleavage furrows from sea urchin eggs (Otto 
and Schroeder 1990). Optical sectioning by con-
focal fluorescence microscopy resolved the myo-
sin- II in the cleavage furrow of Hela cells as 
diffraction-limited spots with fluorescence inten-
sity judged to be greater than that expected for 
individual mini-filaments (Maupin et  al. 1994). 
Tiny spots of myosin-II in the cortex of C. elegans 

embryos aggregate into larger actomyosin clusters 
that flow along the cortex toward the anterior 
pole (Munro et  al. 2004) and subsequently 
assemble into the contractile ring (Werner et al. 
2007; Reymann et al. 2016).

However, it took super-resolution fluorescence 
microscopy to show that myosin-II is organized 
into mini-filaments in forming (Fig.  11.3b) and 
mature (Fig.  11.3c, d) contractile rings of Hela 
cells (Fenix et  al. 2016), LLC-Pk1 cells (Beach 
et al. 2014) and sea urchin embryos (Henson et al. 
2017). These bipolar filaments align around the 
equator and associate laterally. The contractile 
ring filaments in LLC-Ptk1 cells are composed 
of a mixture of NM2a and NM2b. Myosin-II 

Fig. 11.3 Bipolar mini-filaments of myosin-II. (a) 
Electron micrograph of a negatively-stained bipolar mini- 
filament of human platelet myosin-II in 100  mM KCl, 
1 mM MgCl2, 10 mM imidazole, pH 7.0 (Niederman and 
Pollard 1975). I is the length of the bare zone (aver-
age = 173 nm), D is the diameter of the bare zone (aver-
age = 10.5 nm) and the brackets mark the length of the 
filament (average = 350 nm). (b) Myosin-II mini- filaments 
in a forming contractile ring (arrows) of a live LLC-Pk1 
cell imaged by TIRF-structured illumination microscopy 

(Beach et al. 2014). The N-terminus of nonmuscle myo-
sin- II was tagged with EGFP (green) and the C-terminus 
was tagged with mApple (red), so bipolar filaments appear 
as two green spots flanking a red spot in the central bare 
zone. Scale bars: 2 μm in main panel; 300 nm in insets. (c, 
d) Myosin-II mini-filaments in a live Hela cell with a deep 
cleavage furrow. The cell expressed non-muscle myosin- 
IIA with mEmerald on the N-terminus and mApple on the 
C-terminus and was imaged by structured illumination 
microscopy (Fenix et al. 2016). Scale bars: 2 μm
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filaments in isolated cleavage furrows of sea 
urchin eggs are anchored independently of actin 
filaments (Otto and Schroeder 1990), but this has 
not been investigated in other animal cells.

In budding yeast, myosin-II (the product of 
the myo1 gene) concentrates in the furrow 
between the mother and daughter cells on a scaf-
folding of septin filaments independent of actin 
filaments (Wloka et  al. 2013). Electron micro-
graphs of platinum replicas showed circumferen-
tial and radial septin filaments arranged in an 
hourglass fashion in the furrow (Ong et al. 2014) 
along with bumpy filaments that were absent in a 
strain with a myo1∆ deletion mutation. These 
may be myosin-II filaments, although they did 
not have bare zones like animal myosin-II 
mini-filaments.

Three myosins are located in the contractile 
rings of fission yeast. A conventional myosin-II 
called Myo2 (Myo2p heavy chain, Rlc1p regula-
tory light chain and Cdc4p essential light chain) 
has two heads and a coiled-coil tail about 85 nm 
long but does not seem to form bipolar filaments 

(Bezanilla and Pollard 2000; Lord and Pollard 
2004; Pollard LW et al. 2017a; Friend et al. 2018). 
The intrinsically disordered N-terminal half of 
anillin Mid1p (Chatterjee and Pollard 2019) 
anchors the end of the Myo2 tail in cytokinetic 
nodes (Fig. 11.4b) by direct interactions and indi-
rect interactions via IQGAP Rng2p (Motegi et al. 
2004; Saha and Pollard 2012; Tebbs and Pollard 
2013). Myp2 (Myp2p heavy chain, Rlc1p regula-
tory light chain and Cde4p essential light chain) is 
a genuine myosin-II based on the sequence of its 
catalytic domain but is unconventional, since its 
tail appears to fold back on itself in an antiparallel 
coiled-coil forming a molecule with a single head 
(Bezanilla et al. 1997). Myp2 joins the contractile 
ring after it assembles and is located further from 
the plasma membrane than Myo2 (Laplante et al. 
2015a; McDonald et  al. 2017). Its oligomeric 
state in the contractile ring is not known. In 
addition, one of two myosin-V isoforms, Myo51, 
is located between cytokinetic nodes (Wang et al. 
2014) and contributes to assembly of the contrac-
tile ring (Laplante et al. 2015a).

Fig. 11.4 Cytokinesis by fission yeast. (a) Reverse contrast 
fluorescence micrographs (maximum intensity projections 
of 18 confocal sections) showing the time course of contrac-
tile ring assembly from nodes containing Myo2 myosin-II 
(mEGFP-Myo2p) and from actin filaments (GFP-calponin 
homology domain) assembled by formin Cdc12p in nodes 
(Laplante et al. 2015a). Myo2p appears in nodes at time – 
8 min (asterisk) and actin filaments appear after time zero. 
The spots of actin filaments throughout the cortex are endo-
cytic actin patches, which concentrate around the cleavage 

furrow at the end of cytokinesis. Bar is 5 μM. (b) Model of 
a cytokinetic node based on localization of the proteins by 
FPALM super- resolution microscopy (Laplante et  al. 
2015b; Laplante et al. 2016). (c) Schematic of three nodes 
associated with the plasma membrane and connected by 
actin filaments (Laplante et al. 2016). Myo2 molecules in 
the central node pull on oppositely polarized actin filaments 
from the lateral nodes to form a sarcomeric structure with 
the base of the central node equivalent to the bare zone of a 
bipolar filament of myosin-II 
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11.5  The Role of Myosin-II 
in Assembling 
the Contractile Ring

Contractile ring assembly is best understood in 
fission yeast where the contractile ring proteins 
first accumulate at the cleavage site and then 
depend on force produced by myosin-II to con-
dense into a compact structure (Fig.  11.4a). 
Computer simulations of a molecularly explicit 
model account for many of the observed details 
of the assembly of the contractile ring (Vavylonis 
et al. 2008). This model was based on a detailed 
time course of cytokinesis (Wu et  al. 2003), 
quantitative measurements of the numbers of the 
participating proteins (Wu and Pollard 2005) 
and the biochemical properties of the proteins 
(Kovar et  al. 2003; Lord and Pollard 2004; 
Andrianantoandro and Pollard 2006; Kovar et al. 
2006). Preparation for cytokinesis starts during 
interphase, when two types of protein assemblies 
called nodes form on the inside of the plasma 
membrane and come together around the middle 
of the cell (Akamatsu et al. 2014). Already during 
interphase the contractile ring protein anillin 
Mid1p joins the nodes (Paoletti and Chang 2000) 
where its C-terminal lipid-binding domains (Sun 
et al. 2015) interact with the plasma membrane. 
As the cell enters mitosis, nodes accumulate 
Myo2 myosin-II, formin Cdc12 and other pro-
teins anchored to the plasma membrane by anil-
lin Mid1p and F-BAR protein Cdc15p (Fig. 11.4b) 
(Laplante et al. 2016). Formin Cdc12p polymer-
izes actin filaments that grow from the nodes in 
random directions, sometimes encountering a 
nearby node, where the myosin-II binds and pulls 
on the filament (Fig.  11.4c). This force slows 
polymerization of actin from the formin 
(Zimmermann et al. 2017), which facilitates the 
motion of the nodes towards each other. The stop 
and go motions of the nodes revealed that these 
connections break on average after about 20 s, a 
reaction that depends on severing of actin fila-
ments by cofilin (Chen and Pollard 2011). 
Without severing, nodes form large clusters 
rather than rings. Simulations of this search- 
capture- pull and release model assemble nodes 
into a ring in the same time as live cells (Vavylonis 

et  al. 2008). Key features of this mechanism 
include the initial placement of nodes around the 
equator of the cell (Martin and Berthelot- 
Grosjean 2009; Moseley et al. 2009), anchoring 
of both myosin-II and the barbed ends of actin 
filaments (by Cdc12p) to the plasma membrane 
and the release step, which serves as an error- 
correcting mechanism.

Contractile ring assembly by animal cells 
also proceeds in two steps, accumulation of the 
cytokinesis proteins around the equator fol-
lowed by compaction into a narrower contractile 
ring (Green, et al. 2012). Both steps depend on 
the local accumulation of active RhoA-GTP on 
the cytoplasmic surface of plasma membrane in 
the plane between the nuclei being separated by 
the mitotic spindle (Basant and Glotzer 2018). 
In fact, local activation of RhoA can produce a 
membrane furrow anywhere on the surface of a 
cell at any time in the cell cycle (Wagner and 
Glotzer 2016). RhoA is positioned by a signal-
ing pathway consisting of the centralspindlin 
complex (including a kinesin-6 microtubule 
motor) which localizes a guanine nucleotide 
exchange factor (GEF) called Ect-2 at the cleav-
age site where it activates RhoA by exchanging 
GDP for GTP (Basant and Glotzer 2018). 
RhoA-GTP stimulates contractile ring forma-
tion by activating both myosin-II and formins. 
Rho-kinase phosphorylates the regulatory light 
chain of myosin- II, which releases the myosin 
from auto- inhibition, allowing assembly into 
bipolar filaments, and stimulates its actin-acti-
vated ATPase. Active Rho-GTP also binds 
formins to release them from auto-inhibition, so 
they can nucleate and elongate actin filaments. 
The mechanism that positions Ect-2 at the cleav-
age site is still being investigated but involves 
overlapping anti-parallel microtubules from the 
poles of the mitotic spindle (Pollard and 
O’Shaughnessy 2019).

During the first step of contractile ring forma-
tion in C. elegans embryos, local RhoA activity 
positions contractile ring proteins including myo-
sin- II, formin CYK1 and anillin in a broad, corti-
cal band around the equator (Lewellyn et  al. 
2011). The physical interactions of these proteins 
with each other and the plasma membrane have 
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not been characterized. Myosin-II activity is not 
required for this initial step (Davies et al. 2014), 
although it may contribute to the initial flattening 
of the cell into a barrel shape. Vertebrate cells in 
culture also concentrate myosin-II and anillin in 
the cortex around the equator even in the pres-
ence of blebbistatin, so force produced by myo-
sin is not required until the second step when a 
compact ring forms and invaginates the plasma 
membrane (Straight et al. 2003).

During the second step in C. elegans embryos 
the cortical sheet of actin filaments and myosin-II 
narrows into a ring and the furrow starts to invag-
inate (Reymann et  al. 2016). This step depends 
on both the centralspindlin complex and active 
RhoA to localize myosin-II, formin CYK1 and 
actin filaments as well as a second master regula-
tor called the chromosomal passenger complex, 
CPC (Lewellyn et  al. 2011). A physical model 
based on an active nematic gel of actin filaments 
and myosin-II reproduces the alignment of the 

actin and myosin (Reymann et al. 2016) but does 
not consider the molecular details such as the 
organization of the proteins or their attachments 
to the plasma membrane.

11.6  Mechanisms of Force 
Production During Cleavage

Since the original suggestions by Rappaport 
(1967) and Schroeder (1975) sliding-filament 
models based on bipolar filaments of myosin-II 
have been considered the most likely mechanism 
to produce the force that constricts the contractile 
ring and invaginates the cleavage furrow 
(Fig. 11.5). Enough information is now available 
to test this hypothesis with computer simulations 
of mathematical models.

The most complete models of contractile ring 
constriction are based on data from fission yeast 
where information is available about the number 

Fig. 11.5 The first published drawing of a sliding- 
filament model for cytokinesis (Schroeder 1975). (a) A 
signal (open arrows) arrives at the plasma membrane to 
assemble actin filaments. (b) Actin filaments assemble 
with their barbed ends attached to sites on the plasma 

membrane. (c) Myosin crosslinks antiparallel actin fila-
ments. (d) A sliding filament mechanism pulls on actin 
filaments attached to the plasma membrane. The bipolar 
myosin filaments are represented by just two myosin 
molecules
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of participating molecules (Wu and Pollard 
2005), their turnover rates (Pelham and Chang 
2002; Friend et al. 2018), and their organization 
(Laplante et  al. 2015b). The original two- 
dimensional model (Stachowiak et  al. 2014) 
assumed clusters of myosin-II Myo2 attached to 
the plasma membrane pulling on actin filaments 
anchored by their barbed ends by formins and 
crosslinked by alpha-actinin and included the 
observed rates of protein turnover. Simulations 
produced tension equal to that measured in yeast 
protoplasts from the indentation of the furrow 
and the membrane tension. Turnover of the actin 
and myosin on a time scale of tens of seconds 
was essential to avoid clustering of the myosin 
and loss of tension.

A more realistic second generation model 
(Wang et  al. 2018) assumed Myo2 and formin 
Cdc12  in nodes (Fig.  11.4b), Myo2 applying 
force on adjacent nodes (Fig.  11.4c), myosins 
being concentrated in the ring as it constricts (Wu 
and Pollard 2005), actin being depleted from the 
ring  in proportion to its circumference 
(Courtemanche et al. 2016) and clusters of Myp2 
crosslinking actin filaments deeper in the cyto-
plasm (Laplante et  al. 2015a; McDonald et  al. 
2017). Simulations of this model produced ten-
sion that increased as the ring constricted, as 
measured in dividing protoplasts, and showed 
that both Myo2 and Myp2 contribute about 
equally to tension generation as observed with 
measurements on protoplasts with mutations.

No molecularly explicit models are available 
of constriction of contractile rings in animal cells. 
However, simulations of continuum models of 
active gels of myosin and actin filaments repro-
duce many of the mechanical features of cytoki-
nesis (Joanny et  al. 2013; Turlier et  al. 2014; 
Dorn et al. 2016).

11.7  Alternative Mechanisms 
of Contractile Ring 
Constriction

A number of observations raised questions about 
whether myosin-II alone is responsible for pro-
ducing the forces for cytokinesis. For example, 

C. elegans embryos with a temperature-sensitive 
mutation of myosin-II can constrict their cleav-
age furrows slowly at the restrictive temperature 
(Davies et  al. 2014). The mutant protein may 
have residual activity, but other myosins also 
might contribute and compensate for the loss of 
myosin-II activity. This is clearly the case in fis-
sion yeast, where conventional myosin-II Myo2 
cooperates with myosin-V Myo51 to assemble 
the contractile ring and with unconventional 
myosin-II Myp2 to constrict the contractile ring 
(Laplante et  al. 2015a). (Readers may be inter-
ested in letters discussing how to design and 
interpret these experiments (Laplante and Pollard 
2017; Zambon et  al. 2017). Such cooperation 
between myosins has not been explored in other 
cells.

A second class of question is whether myosin-
 II or other proteins might produce force by cross-
linking shrinking actin filaments as proposed for 
budding yeast (Mendes Pinto et al. 2012; Mendes 
Pinto et  al. 2013). For example, NM2 isoforms 
with the R709C mutation have low actin- activated 
ATPase and reduced or no ability to move actin 
filaments in a motility assay owing to prolonged 
attachment of the ADP-myosin intermediate to 
actin filaments (Ma and Adelstein 2014). 
However, cardiac myocytes depending on the 
R709C NM2c isoform divide normally. This led 
Ma et  al. (Ma et  al. 2012) to conclude that 
“R709C NM2b constricts the contractile ring by 
exerting tension during cytokinesis. These results 
support the idea that it is the structural (crosslink-
ing actin-filaments) rather than the motor (trans-
locating actin-filaments) properties of NM2 that 
are important for cytokinesis.” Crosslinking by 
myosin-II filaments may contribute, but Osorio 
et al. find that the motor activity of myosin-II is 
essential to constrict the cleavage furrow of C. 
elegans embryos (Osorio et al. 2019).

A third type of question is whether forces 
other than contraction by actin and myosin fila-
ments produce forces for cytokinesis. The 
answer is definitely “yes” in both budding yeast 
and fission yeast. Budding yeast form a furrow 
without the motor activity of myosin-II (Lord 
et  al. 2005), although the tail of myosin-II is 
required in some way. Whether other myosins 
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contribute has not been investigated. Fission 
yeast requires a contractile ring of actin fila-
ments and myosin to initiate but not to complete 
cytokinesis (Proctor et  al. 2012). Instead, bio-
synthesis of the extracellular septum provides a 
major fraction of the force to overcome the tur-
gor pressure. Tension in the contractile ring pro-
vides a feedback mechanism to the synthetic 
enzymes embedded in the plasma membrane 
that maintains the circular profile of the furrow 
(Thiyagarajan et al. 2015).

11.8  Contractile Ring 
Disassembly During 
Cleavage

Schroeder (Schroeder 1972) discovered that con-
tractile rings of echinoderm eggs initially con-
tract with constant volume (assessed by the area 
occupied by thin filaments in electron micro-
graphs of thin sections) but subsequently lose 
volume in proportion to the declining circumfer-
ence. Quantitative measurements with mEGFP- 
LifeAct showed that actin filaments in contractile 
rings of fission yeast also decline in proportion to 
their circumference (Courtemanche et al. 2016). 
The ratio of mEGFP-LifeAct to formins declines 
as contractile rings constrict in fission yeast cells, 
evidence that the filaments shorten progressively 
from about 1.5  μm to less than 0.4  μm 
(Courtemanche et al. 2016). On the other hand, 
both fission yeast (Wu and Pollard 2005) and C. 
elegans embryos (Khaliullin et al. 2018) concen-
trate myosin-II in their cleavage furrows as they 
constrict, which explains how rings produce 
more tension as constriction progresses (Wang 
et al. 2018). Nothing is known about the mecha-
nisms maintaining the numbers of myosin-II in 
constricting rings.

11.9  Unanswered Questions

Although much progress has been made on 
understanding cytokinesis including the role of 
myosin-II and other myosins, many fundamental 
questions remain (Pollard 2017). In addition to 

the questions posed here, more work is needed on 
the mechanisms concentrating regulatory pro-
teins such as RhoA at the cleavage site, anchor-
ing contractile ring proteins to the plasma 
membrane, turning over contractile ring compo-
nents and disassembling the contractile ring as it 
constricts. Clearly, much of fundamental interest 
is yet to be discovered.
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Abstract

Myosins constitute a superfamily of actin- 
based molecular motor proteins that mediates 
a variety of cellular activities including mus-
cle contraction, cell migration, intracellular 
transport, the formation of membrane projec-
tions, cell adhesion, and cell signaling. The 12 
myosin classes that are expressed in humans 
share sequence similarities especially in the 
N-terminal motor domain; however, their 
enzymatic activities, regulation, ability to 
dimerize, binding partners, and cellular func-
tions differ. It is becoming increasingly appar-
ent that defects in myosins are associated with 
diseases including cardiomyopathies, colitis, 
glomerulosclerosis, neurological defects, can-
cer, blindness, and deafness. Here, we review 
the current state of knowledge regarding myo-
sins and disease.
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12.1  Myosin Superfamily

Myosins are actin-based motor molecules that 
use the energy from ATP hydrolysis to translo-
cate actin filaments and to produce force. The 
human genome contains about 40 different myo-
sin genes grouped into 12 subfamilies including 
myosins I, II, III, V, VI, VII, IX, X, XV, XVI, 
XVIII, and XIX (Foth et al. 2006). Although still 
a work in progress particularly for the myosin 
isoforms that were discovered more recently, 
there is abundant evidence that myosin malfunc-
tion results in human disease. Here, an overview 
of the myosins expressed in humans with respect 
to disease is presented. Note that the chapters in 
this volume pertaining to individual myosins 
address the role of that myosin in disease, e.g., 
the role of several myosins specifically in hearing 
is discussed in more detail in Chap. 13 (Friedman 
et  al. 2020). Moreover, highly specific myosin 
inhibitors leading to the development of pharma-
cological agents to treat human diseases involv-
ing myosins are discussed in Chap. 5 (Manstein 
and Preller 2020). Other recent review articles 
that address myosins and disease include 
(Courson and Cheney 2015; Li and Yang 2016; 
Peckham 2016; Masters et al. 2017).
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12.2  Myosins I

Class I myosins, which constitute a large and the 
most diverse class in the myosin superfamily, are 
monomeric membrane-associated motor proteins 
that interact with actin filaments to produce 
movement and force (Coluccio 2018). Eight 
myosin I isoforms divided into 4 subclasses are 
expressed in humans (subclass 1, MYO1E and 
MYO1F; subclass 2, MYO1A and MYO1B; sub-
class 3, MYO1C and MYO1H; and subclass 4, 
MYO1D and MYO1G) (Bähler et  al. 1994; 
Morgan et al. 1994; Mooseker and Cheney 1995; 
Berg et al. 2001). Myosins I are ~110–140 kDa in 
size and have a motor domain of ~80 kDa with an 
ATP-binding site and an actin-binding site, a 
light chain-binding domain (LCBD) with 1–6 
calmodulin-binding (IQ) sites, and a C-terminal 
tail (Coluccio 2018). There are both short-tailed 
(MYO1A, B, C, D, G, and H) and long-tailed 
(MYO1E and F) isoforms. All myosins I have a 
tail-homology 1 (TH1) domain containing a PH 
domain involved in membrane binding (Hokanson 
et al. 2006), whereas long-tailed myosins I con-
tain a proline-rich TH2 domain, which might 
contain an ATP-insensitive actin-binding site, 
and a TH3 domain which is a src-homology 
domain.

Evidence from structural, kinetic, and single- 
molecule mechanical studies indicate that some 
class I myosins are strain sensors, i.e., their activ-
ity is regulated by load (for a review, see 
(Bloemink and Geeves 2011)). (i) Cryo-electron 
microscopy of MYO1A and MYO1C bound to 
F-actin shows that although the motor domain 
does not change its orientation relative to F-actin 
± ADP, in ADP the LCBD swings through ~33° 
resulting in a ~50  Å movement (Jontes et  al. 
1995; Jontes and Milligan 1997; Batters et  al. 
2004). (ii) Optical trapping studies show that the 
mechanical interaction of single molecules of 
MYO1A, MYO1B, and MYO1C with F-actin 
occurs in two substeps, a first displacement asso-
ciated with Pi release occurring within a millisec-
ond after myosin I binding to F-actin followed by 
a second displacement associated with ADP 
release after a variable time delay with the ampli-
tude of the second step corresponding to the 

movement of the LCBD observed in ADP by 
electron microscopy (Veigel et al. 1999; Batters 
et al. 2004). (iii) In transient kinetic studies the 
ATP-induced dissociation of MYO1B-actin, 
MYO1C-actin, and probably MYO1A is biphasic 
suggesting that myosin I exists in two forms, one 
competent to dissociate from actin and the other 
which must first isomerize before ATP binding 
(Jontes et al. 1997; Coluccio and Geeves 1999; 
Geeves et  al. 2000; Batters et  al. 2004). 
Isomerization of the nucleotide pocket is required 
both to bind ATP and to release ADP. (iv) The 
equilibrium constant for isomerization of the 
nucleotide pocket is small suggesting that there is 
a small free energy change. This is not compati-
ble with a step linked to force generation. (v) The 
affinity of ADP for actin-myosin I is tight, and 
there is weak coupling between ADP and actin 
binding such that ADP remains tightly bound to 
myosin I in the presence of actin (Coluccio and 
Geeves 1999; Geeves et al. 2000). Together, the 
data suggest that like smooth muscle myosin, 
which is designed to bear tension (Cremo and 
Geeves 1998), some myosins I exhibit a strain- 
sensing ADP-release mechanism, which allows 
them to adapt to mechanical load (Coluccio and 
Geeves 1999; Geeves et  al. 2000). Indeed, in 
single- molecule mechanical studies the rate of 
detachment of MYO1B from actin decreases 
75-fold under tension of 2 pN or less, additional 
evidence that MYO1B is a low duty ratio motors, 
i.e., it spends most of their kinetic cycle unat-
tached to actin but is converted to a high duty 
ratio motors under strain (Laakso et al. 2008). In 
the case of MYO1C, the force-sensitive transition 
in the ATPase cycle was found to be the isomeri-
zation that follows ATP binding rather than ADP 
release (Greenberg et  al. 2012) suggesting that 
MYO1C may act as a tension sensor or slow 
transporter (Batters et  al. 2004; Bloemink and 
Geeves 2011; Greenberg et al. 2012).

Class I myosins are implicated in multiple cel-
lular functions including control of plasma mem-
brane tension, tethering of membrane proteins, 
endocytosis, exocytosis, and cell-cell contact 
(McIntosh and Ostap 2016; Coluccio 2018). 
Recent studies implicate myosins in a variety of 
diseases including kidney disease and intestinal, 
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gastric, and prostate tumors (Mele et  al. 2011; 
Mazzolini et al. 2012, 2013; Maly et al. 2017).

12.2.1  Myosin IA

The first myosin I to be discovered in higher 
organisms was MYO1A (previously the 
110 K-calmodulin complex or brush border myo-
sin I, BBMI). MYO1A is expressed predomi-
nantly in intestine (Hoshimaru and Nakanishi 
1987) where it constitutes the lateral links that 
are seen between the core bundle of actin fila-
ments and the microvillar membrane in electron 
micrographs of microvilli (Mukherjee and 
Staehelin 1971; Mooseker and Tilney 1975; 
Matsudaira and Burgess 1982). Reconstitution 
experiments using purified proteins showed that 
MYO1A binds in a helical fashion around the 
outside of actin filaments bundled by the two 
microvillar proteins villin and fimbrin (Coluccio 
and Bretscher 1989).

Early evidence of MYO1A’s involvement in 
intracellular trafficking was gleaned from studies 
in cultured cells expressing truncated fragments 
of MYO1A. Expression in Caco-2 cells of a non-
functional truncated MYO1A mutant was shown 
to affect the rate of transferrin recycling and the 
rate of transepithelial transport of dipeptidyl- 
peptidase IV from the basolateral to the apical 
membrane (Durrbach et al. 2000).

Myo1a-null mice have shed light on the role of 
this myosin I in intestine. There are large extru-
sions of membranes at the tips of intestinal 
microvilli in Myo1a-knockout mice (Tyska et al. 
2005). Less sucrose isomaltase is associated with 
the brush border membrane, and it is mistargeted 
to the basolateral membrane (Tyska et al. 2005). 
Moreover, cystic fibrosis transmembrane con-
ductance regulator (CFTR) accumulates in sub-
apical endosomes, redistributes to the basolateral 
domain, and is absent from the brush border 
membrane in Myo1a-null mice (Kravtsov et  al. 
2012). These data indicate that MYO1A medi-
ates the association of some proteins with the api-
cal membrane. Although the mice show no overt 
phenotype at the whole animal level (Tyska et al. 
2005), they exhibit an increased sensitivity to 

dextran sulfate sodium-induced colitis (Hegan 
et al. 2015a).

Intestinal and Gastric Tumors In vitro studies 
indicate that MYO1A regulates the polarization 
and differentiation of colon cancer cells; more-
over, the progression of tumors initiated by either 
genetic mutation or a pharmacological approach 
in Myo1a-null mice is accelerated, evidence that 
MYO1A inactivation mediates intestinal tumor 
progression (Mazzolini et al. 2012). Importantly, 
analysis of MYO1A protein in 155 colorectal 
patients showed that patients with low MYO1A 
tumor protein levels had shorter survival rates 
than patients with tumors having high levels of 
MYO1A, evidence that MYO1A is a tumor sup-
pressor in human intestine (Mazzolini et  al. 
2012). MYO1A is also expressed at high levels in 
normal gastric mucosa and is frequently mutated 
in gastric tumors (Mazzolini et al. 2013).

Other Recently, four novel heterozygous 
sequence variants were identified by exome 
sequencing in different genes on chromosome 
12, including MYO1A, that are shared among 
members of a Norwegian family with intermedi-
ate Charcot-Marie-Tooth disease (CMT), a com-
mon inherited neuropathy (Braathen et al. 2016). 
A clear link between MYO1A and CMT remains 
to be determined.

12.2.2  Myosin 1B

MYO1B, which is alternatively spliced to form 
three isoforms, is widely expressed (Ruppert 
et al. 1993). Splicing occurs within the IQ motifs 
in the neck domain leading to a deletion from 
MYO1Ba of 29-amino acids for MYO1Bb and 
twice the number of amino acids for MYO1Bc 
(Ruppert et al. 1993). As a result, MYO1Ba has 6 
IQ domains, MYO1Bb has 5 IQ domains, and 
MYO1Bc has 4 IQ domains.

MYO1B associates with membrane and binds 
phosphatidylinositol 4,5-biphosphate (PIP2) and 
phosphatidyl 3,4,5-triphosphate (PIP3) specifi-
cally and with high affinity (Komaba and 
Coluccio 2010), and cells expressing exogenous 
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MYO1B exhibit increased cortical tension 
(Nambiar et al. 2009). MYO1B is associated with 
membranous subcellular compartments in many 
different cell types where it is implicated in intra-
cellular trafficking (Raposo et  al. 1999; 
Cordonnier et al. 2001; Salas-Cortes et al. 2005). 
In particular, by mediating the association of 
actin filaments with the trans-Golgi network, 
MYO1B may contribute to the formation of 
dynamic tubular membrane structures that form 
post-Golgi carriers (Almeida et  al. 2011). 
Evidently, it also controls the formation of secre-
tory granule biogenesis in neuroendocrine cells 
and in a model system of chromogranin 
A-expressing COS7 cells (Delestre-Delacour 
et al. 2017).

MYO1B interacts either directly or indirectly 
with the transmembrane tyrosine kinase recep-
tors EPHB2, which bind ephrins to regulate pro-
cesses such as cell repulsion, migration, 
proliferation, and cell-cell adhesion during 
embryogenesis (Prosperi et al. 2015; Kania and 
Klein 2016). It also mediates the interaction of 
amino acid transporters with the renal brush bor-
der membrane (Komaba and Coluccio 2015).

Cancer MYO1B is implicated in metastasis as 
its expression is increased in head and neck squa-
mous cell carcinomas (HNSCC) (Ohmura et al. 
2015), prostate cancer (Makowska et  al. 2015), 
and melanoma (Singh et  al. 2014). MYO1B 
depletion in human HNSCC cells inhibits protru-
sion formation and migration, and MYO1B- 
depleted human HNSCC cells metastasize to 
cervical lymph nodes less than control cells when 
implanted into nude mice, evidence that MYO1B 
mediates metastasis by enhancing cell migration 
(Ohmura et al. 2015).

MiRNA-363, which is upregulated in human 
papilloma virus-positive HNSCCs, targets the 
3’UTR of MYO1B and downregulates MYO1B 
mRNA and MYO1B protein expression in 
HNSCC cells resulting in reduced motility 
(Chapman et al. 2015). Additionally, the passen-
ger strand miRNA-145-3p targets MYO1B in 
HNSCC cells reducing MYO1B mRNA and pro-
tein levels and suppressing cancer cell prolifera-
tion (Yamada et  al. 2017). Genome-wide gene 

expression analyses in HNSCC MYO1B- 
knockdown cells suggests that 54 genes are 
mediated by MYO1B (Yamada et  al. 2017). 
Further analysis of these proteins might help to 
reveal the signaling pathways that involve 
MYO1B.

MYO1B is also highly expressed in metastatic 
prostate cancer cell lines (Makowska et al. 2015). 
Myo1b depletion in the prostate cancer cell line 
PC-3 significantly increases cell-spread area and 
reduces migration in a circular invasion assay 
that mimics 3D invasion suggesting that MYO1B 
supports metastasis of prostate cancer cells 
(Makowska et  al. 2015). Together, the studies 
suggest that drugs targeting Myo1b may be effec-
tive against certain cancers.

A new report indicates that splicing of 
MYO1B is involved in gliomagenesis. 
Apparently, serine/arginine splicing factor 1 
(SRSF1) is increased in glioma tissues and cells, 
and it promotes proliferation, survival, and inva-
sion by specifically switching the alternate splic-
ing of the MYO1B gene to the longest isoform, 
which is membrane-localized and has oncogenic 
properties (Zhou et al. 2019). The studies suggest 
that MYO1B splicing can serve as a prognosis 
factor for glioma.

12.2.3  Myosin 1C

MYO1C, whose motor domain is ~50% identical 
and ~72% similar to that of both MYO1A and 
MYO1B, was originally cloned from bovine 
adrenal gland (Zhu and Ikebe 1994). MYO1C 
exists as three isoforms: (i) MYO1CC, or classi-
cal/cytoplasmic MYO1C, (ii) MYO1CB, or 
nuclear myosin I, which has a 16-amino acid 
N-terminal region (NTR), and (iii) MYO1CA, 
which has a 36-amino acid NTR (Ihnatovych 
et  al. 2012). The NTRs affect the nucleotide- 
binding properties of MYO1C by affecting isom-
erization of the nucleotide pocket (Zattelman 
et  al. 2017). Although MYO1CB was the first 
myosin to be identified in the nucleus (Nowak 
et  al. 1997; Pestic-Dragovich et  al. 2000), and 
MYO1CC localizes predominantly at the cell 
periphery and in punctae throughout the cyto-
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plasm (Wagner et al. 1992; Ruppert et al. 1995), 
both MYO1C isoforms B and C locate in the 
cytoplasm and nuclei (Venit et  al. 2013). The 
most recently discovered MYO1CA also localizes 
to the nucleus (Ihnatovych et al. 2012). In fact, a 
nuclear localization-like sequence consisting of 
six positively-charged amino acid residues within 
the second IQ motif that directs the myosins to 
the nucleus via the importin-β import pathway is 
common to all three isoforms (Dzijak et al. 2012; 
Maly and Hofmann 2016). In addition, two 
nucleolar localization sequences, one in the 
motor domain common to the three MYO1C iso-
forms and one in the extended N-terminus of 
MYO1CB, are both required for targeting of 
Myo1cB to nucleoli (Schwab et al. 2013).

In reviewing the literature, it is not always 
clear which MYO1C isoform is being studied 
given that (i) the existence of three MYO1C iso-
forms was not known until recently, (ii) most 
available Myo1c antibodies recognize all three 
isoforms, (iii) the isoforms have overlapping 
localization patterns if not function, and (iv) the 
N-terminal sequence that distinguishes MYO1CB 
from other MYO1C isoforms is too short to be 
targeted so siRNAs directed against MYO1CB 
also affect the other isoforms (Maly et al. 2017). 
This is particularly true for the studies of MYO1C 
in the cytoplasm. As a result, the studies described 
under the MYO1CC heading below may also be 
relevant to MYO1CB or MYO1CA. Thus, we use 
the designation MYO1C.

12.2.3.1  Myosin 1CC

MYO1C localizes predominantly at the cell 
periphery and in punctae throughout the cyto-
plasm (Wagner et al. 1992; Ruppert et al. 1995), 
but it is also found in the nucleus (Venit et  al. 
2013). MYO1C is implicated in a variety of cel-
lular processes including delivery of proteins to 
the cell surface, cell-cell contact, and cell migra-
tion. MYO1C mediates insulin-stimulated glu-
cose uptake in adipocytes by promoting fusion of 
GLUT4-containing vesicles with the plasma 
membrane presumably by facilitating localized 
membrane remodeling (Bose et  al. 2004). 
MYO1C also modulates insulin-stimulated glu-
cose uptake in skeletal muscle cells (Toyoda et al. 

2011) where it mediates tethering and efficient 
delivery of GLUT4 to the cell surface 
(Boguslavsky et al. 2012). In the kidney, MYO1C 
localizes at the podocyte membrane with Neph1, 
and MYO1C depletion or expression of MYO1C 
mutants leads to lower transepithelial resistance 
and increased permeability to bovine serum albu-
min, evidence that MYO1C is important to podo-
cyte function (Arif et al. 2011).

Several reports indicate that MYO1C partici-
pates in cell migration, e. g., overexpression of 
MYO1C in 3 T3-L1 adipocytes results in exten-
sive membrane ruffling (Bose et  al. 2004). 
Moreover, MYO1C binds actin monomers in 
vitro, and overexpression of MYO1C tail or 
MYO1C depletion inhibits the accumulation of 
G-actin at the leading edge of migrating endothe-
lial cells (Fan et al. 2012), evidence that MYO1C 
binds and transports G-actin to the leading edge 
where it assembles to promote cell migration. In 
lamellipodia and membrane ruffles of migrating 
N1 cells, MYO1C colocalizes with SH2- 
containing inositol phosphatase 2 (SHIP2), and 
MYO1C knockdown disrupts SHIP2 localization 
and reduces both PI(4,5)P2 staining and cell 
migration (Edimo et  al. 2016). In endothelial 
cells, MYO1C colocalizes at the plasma mem-
brane with the tyrosine kinase vascular endothe-
lial growth factor receptor-2 (VEGFR2), which 
regulates angiogenic signal transduction, and is 
required for its delivery to the cell surface in 
response to VEGF (Tiwari et al. 2013). MYO1C 
depletion leads to reduced cell proliferation and 
migration demonstrating the importance of 
MYO1C in angiogenic signaling (Tiwari et  al. 
2013). MYO1C depletion in Crk+/+ cells also 
reduces cell spreading (Oh et al. 2013), evidence 
of roles for MYO1C in both cell migration and 
spreading.

In HeLa cells depletion of MYO1C, which 
localizes with lipid rafts, or expression of a 
motor-dead MYO1C mutant redistributes lipid 
raft markers from the plasma membrane to intra-
cellular membranes, evidence that MYO1C 
mediates cell migration and cell spreading by 
regulating recycling of lipid rafts (Brandstaetter 
et  al. 2012). MYO1C localizes on membrane 
tubules emanating from the perinuclear recycling 

12 Myosins and Disease



250

compartment, and MYO1C depletion reduces the 
number of tubules, evidence that MYO1C pro-
motes tubule formation (Brandstaetter et  al. 
2012). Cholesterol trafficking is also disturbed in 
MYO1C-depleted cells leading to the accumula-
tion of autophagosomes and a deficiency in the 
ability to clear misfolded proteins from the cell 
(Brandstaetter et al. 2014).

Cancer The tumor suppressor gene TP53, 
which encodes p53, resides at chromosome 
17p13.1 and is mutated in 40% of all tumors 
(Whibley et  al. 2009). p53 inhibits tumor pro-
gression by acting on proteins that affect cell 
cycle arrest, DNA damage and repair, apoptosis, 
and anti-metastasis and anti-angiogenesis fac-
tors (Li and Yang 2016). Another commonly 
deleted region at 17p13.3, distal to the TP53 
locus, is also associated with tumor suppression 
(Guan et al. 2003; Konishi et al. 2003; Roncuzzi 
et al. 2005). Real-time qPCR analysis identified 
MYO1C and Inpp5k (inositol polyphosphate-
5-phosphatase K) as two candidate tumor sup-
pressor genes in this region. Both MYO1C and 
Inpp5k mRNA and protein are down regulated in 
human endometrial cancers (Hedberg Oldfors 
et  al. 2015; Visuttijai et  al. 2016). The signifi-
cance of both proteins in tumorigenesis awaits 
further investigation.

Diabetes There is some preliminary evidence 
associating reduced MYO1C expression with the 
risk of diabetes. In proteomic studies MYO1C 
protein is reduced ~six-fold in diabetic vs. non- 
diabetic persons (Fang et  al. 2015a). Insulin 
resistance in adipocytes, a major risk factor for 
type 2 diabetes, involves phosphorylation of 
insulin receptor substrate 1 (IRS-1) at serine 307 
by tumor necrosis factor-α (TNF-α) acting 
through the IκB (IKK) complex thereby reducing 
insulin signaling (DiDonato et  al. 1997). The 
IKK complex consists of the catalytic subunits 
IKK-α and IKK-β and the regulatory subunit 
nuclear factor κB essential modulator (NEMO)/
IKK-γ (Senegas et  al. 2015). MYO1C binds 
NEMO and is responsible for its targeting to 
membrane ruffles in response to insulin 

(Nakamori et  al. 2006). Overexpression of 
dominant- negative MYO1C inhibits phosphory-
lation of IRS-1 at serine 307, evidence that 
MYO1C promotes the interaction of IRS-1 with 
NEMO and contributes to TNF-α-induced insulin 
resistance (Nakamori et al. 2006).

Other MYO1C has been identified as one of 
the top 30 genes in the NF-κB target gene net-
work relevant to the immunopathogenesis of 
multiple sclerosis (Satoh 2014). In addition, 
patients with multiple sclerosis or another auto-
immune disease, rheumatoid arthritis, have 
high levels of a MYO1C fragment in their blood 
serum vs. undetectable levels in control sam-
ples suggesting that MYO1Cc might serve as an 
autoimmune disease marker (Myronovkij et al. 
2016). Also, MYO1C may participate in the 
entry of pathogens. MYO1C colocalizes with 
lipid raft-rich membrane sites to which 
Salmonella bacteria bind, and reduced expres-
sion of MYO1C decreases the number of mac-
ropinosomes and inhibits Salmonella entry 
(Brandstaetter et  al. 2012).  MYO1C has been 
implicated in adaptation in the inner ear (Holt 
et al. 2002; Stauffer et al. 2005), and six hetero-
zygous missense mutations in MYO1C were 
identified in a group of 450 mostly European 
patients affected by bilateral sensorineural 
hearing loss (Zadro et al. 2009). Nevertheless, 
definitive proof that MYO1C mediates adapta-
tion is lacking. 

12.2.3.2  Myosin 1cB

MYO1CB is implicated in transcription, chroma-
tin remodeling, and chromosomal movements.  
It colocalizes with actin and RNA polymerase II 
in the nucleus and with RNA polymerase I in 
nucleoli where it is involved in ribosomal RNA 
gene (rDNA) transcription initiation and regula-
tion (Pestic-Dragovich et al. 2000; Fomproix and 
Percipalle 2004; Philimonenko et  al. 2004; 
Hofmann et al. 2006b; Ye et al. 2008). Depletion 
of MYO1CB inhibits polymerase I-mediated  
transcription in cultured cells and in vitro 
(Philimonenko et  al. 2004). MYO1CB interacts 
with initiation-competent polymerase I 
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 complexes through the basal transcription factor 
TIF-1A, which must first be phosphorylated by 
ribosomal S6 kinase (RSK) (Philimonenko et al. 
2004). Presumably, by binding actin through the 
motor domain and DNA through the tail domain, 
MYO1CB generates the force required during 
transcription to pull the polymerase along an 
active gene (de Lanerolle et al. 2005; Hofmann 
et al. 2006a).

MYO1CB shuttles in and out of the nucleus 
and the PH domain is critical, although insuffi-
cient, for nuclear targeting and import (Nevzorov 
et  al. 2018). Evidently, the nuclear localization 
sequence (NLS) contributes to phosphoinositide 
binding (Nevzorov et  al. 2018). Although how 
MYO1CB is transported through the nuclear pore 
complex and how it is retained in the nucleus are 
not yet known, MYO1CB might enter the nucleus 
by interacting with the endoplasmic reticulum, 
which forms a continuous membrane structure 
with the nuclear envelope, before diffusing into 
the nucleus, a mechanism employed by inner 
nuclear membrane proteins for import into the 
nucleus (Nevzorov et al. 2018).

Overexpression of a MYO1CB motor domain 
mutant prevents the repositioning of chromo-
somes from the nuclear periphery to the interior 
during interphase (Chuang et al. 2006). The rapid 
repositioning of chromosomes following serum 
removal is also inhibited in primary fibroblasts 
expressing reduced amounts of MYO1CB (Mehta 
et  al. 2010). MYO1CB is a component of the 
chromatin remodeling complex WICH, which 
contains Williams Syndrome transcription factor 
(WSTF) and the ATPase SNF2h as subunits and 
facilitates the post-initiation phase of polymerase 
I transcription on chromatin (Percipalle and 
Farrants 2006; Percipalle et al. 2006). HeLa cells 
depleted of MYO1CB stalls polymerase I at the 
gene promoter (Sarshad et al. 2013). Presumably, 
MYO1CB interacts with SNF2h to stabilize 
WICH at the gene promoter and to facilitate 
recruitment of the histone acetyl transferase 
PCAF, which maintains the levels of histone 
H3K9 acetylation required to activate transcrip-
tion in order to allow cell cycle progression in 
late mitotic and interphase cells (Sarshad et  al. 

2013). At early G1, glycogen synthase kinase 
(GSK) 3β phosphorylates MYO1CB, stabilizing 
MYO1CB from degradation, and facilitating both 
the association of MYO1CB with the rDNA chro-
matin and transcription activation at G1 (Sarshad 
et al. 2014). MYO1CB also reportedly contributes 
to the maturation of pre-rRNA in nucleoli and 
accompanies rRNA transcripts to the nuclear 
pore basket where MYO1CB associates with 
actin-rich pore-linked filaments to modulate tran-
script export from the nucleus (Obrdlik et  al. 
2010). A role for MYO1CB in DNA repair is also 
possible as depletion of MYO1CB or expression 
of a MYO1CB motor-dead mutant prevents the 
relocation of certain gene-rich chromosome ter-
ritories to newer positions within interphase 
nuclei during the DNA damage response 
(Kulashreshtha et al. 2016).

Immuno-depletion of MYO1CB inhibits poly-
merase II-mediated transcription in HeLa cells 
and in an in vitro transcription system (Pestic- 
Dragovich et al. 2000; Hofmann et al. 2006b). It 
was shown to be required for formation of the 
first phosphodiester bond during transcription 
initiation (Hofmann et al. 2006b), and it may syn-
ergize with polymerase-associated actin to main-
tain active polymerase II at the promoter 
(Almuzzaini et al. 2015).

Most surprising, MYO1CB-knockout mice do 
not show a phenotype related to a role in the 
nucleus suggesting that either MYO1CC or 
another myosin I compensates (Venit et al. 2013). 
In particular, the reduction in polymerase 
I-mediated transcription that occurs in MYO1CB- 
depleted U2OS cells is rescued by expression of 
RNAi-resistant MYO1CC, evidence that 
MYO1CC can functionally substitute for 
MYO1CB (Venit et  al. 2013). Furthermore, 
MYO1CC binds polymerase II suggesting that it 
replaces MYO1CB in polymerase II-mediated 
transcription (Venit et  al. 2013). Conversely, 
MYO1CB may function in cytoplasmic processes 
originally thought to be mediated by MYO1CC. 
MYO1CB localizes predominantly in the cyto-
plasm of HeLa cells, and MYO1CB-depleted 
cells exhibit a 50% increase in elasticity of their 
plasma membrane as measured by atomic force 
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microscopy suggesting a role for MYO1CB in 
maintenance of membrane tension (Venit et  al. 
2016).

Breast Cancer There is recent evidence that 
MYO1CB plays a role in estrogen-responsive 
breast cancer. In mammary epithelial cells, 
which have the estrogen receptors ERα and 
ERβ, estrogens stimulate cell proliferation by 
modulating gene transcription (Hilton et  al. 
2017). Several actin-binding proteins and 
MYO1CB were identified along with actin in 
ERα-containing multi- molecular complexes 
purified from nuclei of estrogen-treated breast 
cancer cells. The studies suggest that in breast 
cancer cells MYO1CB plays a role in nuclear 
ERα actions by mediating assembly and/or sta-
bilization of complexes containing ERα and 
actin early after activation by its ligand 
(Ambrosino et al. 2010).

12.2.3.3  Myosin 1cA

MYO1CA, which has a unique 36-amino acid 
N-terminal extension, localizes to the cytoplasm 
and to RNA polymerase II in the nucleus but not 
to nucleoli with polymerase I suggesting that 
MYO1CB and MYO1CA have distinct functions 
in the nucleus (Ihnatovych et al. 2012). MYO1CA 
is unique amongst the isoforms in that it shows a 
tissue-specific expression pattern with high 
expression in adrenal gland, kidney, pancreas, 
and a subset of adipose tissues (Sielski et  al. 
2014).

Prostate Cancer While MYO1CA is not 
expressed in normal prostate, recently MYO1CA 
was shown to be expressed in metastatic pros-
tate cancer cells (Ihnatovych et  al. 2012; 
Saidova et  al. 2018) where it associates with 
metalloprotease- containing exosomes and 
stimulates their secretion thereby facilitating 
cancer cell migration and metastasis (Maly 
et  al. 2017). Interestingly, while MYO1C in 
general was found to contribute to both cell 
migration and cell invasion, isoform A specifi-
cally contributed only to invasion through 
extracellular matrix and not to migration unim-
peded by extracellular matrix (Maly et  al. 

2017). These data suggest that MYO1CA might 
be a target for detection or treatment of meta-
static prostate cancer.

12.2.4  Myosin 1D

MYO1D is a widely expressed short-tailed class 
I myosin with two IQ domains that bind calmod-
ulin (Bähler et  al. 1994). Whereas the actin- 
activated ATPase activity of some myosins I 
increases in the presence of Ca2+ (Collins et  al. 
1990; Perreault-Micale et al. 2000; Lieto-Trivedi 
and Coluccio 2008), Ca2+ binding to the 
C-terminal Ca2+-binding sites in the calmodulin 
molecule bound to the first IQ domain of MYO1D 
inhibits the actin-activated ATPase activity of 
MYO1D by ~75%, evidence that the regulation 
of class I myosins varies (Köhler et al. 2005).

MYO1D expression in rat is developmentally 
regulated with the highest expression in adult 
brain (Bähler et al. 1994). MYO1D controls left- 
right asymmetry in flies (Hozumi et  al. 2006; 
Spéder et  al. 2006) and zebrafish (Juan et  al. 
2018; Saydmohammed et al. 2018). Situs inver-
tus is not observed in Myo1d-null mice, although 
they exhibit defects in rotational planar cell 
polarity of the cilia in the trachea, which rather 
than all bending in one direction, splay out in dif-
ferent directions due to disruption in the align-
ment of the central pair of microtubules in each 
cilium (Hegan et  al. 2015c). Myo1d-null mice 
also exhibit defects in the positioning of cilia on 
ependymal epithelial cells of the brain ventricle, 
which results in clustering of cilia to one side of 
the cells, evidence that translational planar cell 
polarity is disrupted (Hegan et al. 2015c).

Myo1d and the Nervous System MYO1D is 
widely expressed with the highest expression in 
brain (Bähler et  al. 1994), and its upregulation 
during development along with other major 
myelin proteins (Yamaguchi et al. 2008) suggests 
that MYO1D may contribute to nervous system 
development. Myo1d localizes in cell bodies and 
along dendrites of Purkinje cells with aspartoac-
ylase, which binds MYO1D in vitro (Benesh 
et al. 2012). Mutations in aspartoacylase lead to 
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Canavan disease, a neurodegenerative disorder, 
probably due to defective myelin synthesis 
(Namboodiri et al. 2006). Reduced levels of NAA 
are also found in some regions of the brains of 
children diagnosed with autism spectrum  disorder 
(Friedman et  al. 2003; Levitt et  al. 2003). 
Although a link between MYO1D and neurologi-
cal disorders is possible, no such disorders were 
found in Myo1d-null rats (Hegan et  al. 2015c). 
One possibility is that other class I myosins sub-
stitute for the lack of MYO1D.

Colitis Recent evidence from analysis of mice 
with mutant MYO1D generated by random 
germline mutagenesis indicates that MYO1D 
may protect from DSS-induced colitis (McAlpine 
et  al. 2018). Mice with mutant MYO1D lose 
more weight than control mice, and their colons 
show histopathological changes following DSS 
treatment (McAlpine et  al. 2018). Unlike 
MYO1A, which associates with the brush border 
membrane, MYO1D localizes primarily to the 
basolateral membrane (McAlpine et  al. 2018). 
One idea, consistent with a role for MYO1D in 
intracellular trafficking as observed in MDCK 
cells (Huber et al. 2000), is that MYO1D medi-
ates trafficking of adhesion molecules to the 
basolateral membrane, where they are necessary 
for the integrity of adherens and tight junctions, 
which are disrupted by DSS (McAlpine et  al. 
2018). Whether mutations in MYO1D in humans 
lead to susceptibility to colitis is unknown.

Cancer Recent studies have focused on whether 
MYO1D expression is modulated in prostate 
cancer. Epigenetic marks modify histones to 
silence or activate gene expression and can con-
tribute to malignant transformation (Atlasi and 
Stunnenberg 2017). The trimethylated histone 
H3 at lysine 27 (H3K27me3) inactivates gene 
expression, and there are more H3K27me3-
enriched genes in tumoral vs. normal prostatic 
tissues (Ngollo et  al. 2017). One of the 
H3K27me3-enriched genes is MYO1D (Ngollo 
et  al. 2017), although whether modification of 
MYO1D expression contributes to transforma-
tion awaits further investigation.

12.2.5  Myosin 1E

MYO1E, the first of the vertebrate long-tailed 
myosins I to be identified, was cloned from 
human liver and placenta cDNA libraries where it 
was called human myosin-IC (Bement et  al. 
1994b) and rat brain where it was called myr3 
(Stöffler et  al. 1995). The MYO1E tail domain 
contains a src-homology-3 (SH3) domain similar 
to that found in long-tailed myosins I from amoe-
boid cells. The tail domain likely regulates motor 
domain activity as antibodies directed against the 
tail increase the ATPase activity (Stöffler and 
Bähler 1998). In contrast, the actin-activated 
ATPase activity of MYO1E is inhibited 2-3-fold 
by micromolar amounts of Ca2+ which does not 
cause calmodulin dissociation (Stöffler and 
Bähler 1998).

MYO1E is widely expressed in humans with 
the highest levels in kidney, prostate, colon, liver, 
and ovary (Bement et al. 1994b). MYO1E binds 
synaptojanin-1 and dynamin, two proteins 
involved in clathrin-mediated endocytosis, 
through its SH3 domain, and inhibition of 
MYO1E in cultured fibroblasts leads to defects in 
endocytosis (Krendel et  al. 2007). Myo1e is 
recruited to clathrin-coated pits in Swiss 3  T3 
cells along with proteins that mediate actin 
assembly including WIP, WIRE and N-WASP, 
which initiate Arp2/3-mediated actin assembly, 
suggesting a role for MYO1E in coordinating 
actin assembly (Cheng et al. 2012). In support of 
this idea, MYO1E also localizes in fibroblasts to 
sites of actin assembly in lamellipodia (Gupta 
et  al. 2013). In addition, MYO1E localizes in 
fibroblasts to actin-rich early adhesions with 
CARMIL, FHOD1, Arp3 and β3-integrin, and in 
Myo1e-knockdown cells, cell-matrix adhesions 
fail to mature, evidence of a role in adhesion for-
mation (Gupta et al. 2013). MYO1E may also be 
critical to the immune response as the ability of 
macrophages and dendritic cells to stimulate 
antigen-specific CD4+ T-cell proliferation is 
impaired in murine MYO1E-deficient cells 
(Wenzel et al. 2015).

Glomerulosclerosis Mutations in MYO1E are 
associated with childhood familial focal 
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 segmental glomerulosclerosis (FSCG) (Mele 
et  al. 2011). In mouse kidneys MYO1E is 
expressed primarily in renal podocytes, which 
play a critical role in glomerular filtration 
(Krendel et  al. 2009). MYO1E localizes in the 
foot processes of podocytes with actin and the 
tight junction protein ZO-1 at cell-cell junctions, 
or slit diaphragms, and the SH3 domain of 
MYO1E binds the C-terminus of ZO-1 in vitro 
(Pierchala et al. 2010; Bi et al. 2013), evidence 
that the actin cytoskeleton cooperates with junc-
tional proteins at cell-cell contacts. The kidneys 
of podocyte- specific Myo1e-null mice show signs 
of renal injury such as thickened and closed cap-
illary loops that are partially obstructed with 
extracellular material and defects in glomerular 
filtration resulting in proteinuria early in develop-
ment, evidence of MYO1E’s involvement in glo-
merular filtration (Krendel et  al. 2009; Chase 
et al. 2012). Two MYO1E mutations, Ala159Pro, 
which lies in the switch-1 region of the motor 
domain, and Tyr695X, which leads to expression 
of a truncated fragment lacking the calmodulin-
binding or tail domain, cause thickening and dis-
organization of the glomerular basement 
membrane and are associated with childhood-
onset FSGS (Mele et  al. 2011). Cultured podo-
cytes expressing MYO1E Ala159Pro fail to 
assemble actin filaments along the junctions, and 
the junctions are small and fail to spread, evi-
dence that MYO1E mediates the interaction of 
podocytes with the cell matrix (Bi et al. 2013).

Patients with X-linked Alport syndrome, an 
inherited nephropathy caused by mutation in 
COL4A5, the alpha chain of collagen IV, which 
is a component of the glomerular basement mem-
brane, have more severe disease when they also 
have mutations in MYO1E (Lennon et al. 2015).

Cancer Increased MYO1E expression was 
linked to poor prognosis in a cohort of 134 
patients with basal-like breast cancer, a subtype 
of breast cancer characterized by lack of expres-
sion of estrogen receptor, progesterone receptor, 
and human epidermal growth factor receptor 2 
and a high expression of cytokeratins 5 and/or 17, 
characteristic of the basal/myoepithelial layer of 
normal breast epithelium (Hallett et  al. 2012). 

The studies suggest that MYO1E expression 
could serve as a marker of invasive tumors, and 
they highlight the possibility that MYO1E may 
promote tumor formation. Indeed, studies with 
Myo1e-null mice crossed with the MMTV-PyMT 
mouse model for breast cancer indicate that 
Myo1e is a tumor promoter (Ouderkirk-Pecone 
et  al. 2016). Tumor progression is delayed and 
cell proliferation is reduced in Myo1eKO/PyMT 
mice; moreover, the tumors that do form resem-
ble papillary breast cancer, which is normally not 
invasive (Ouderkirk-Pecone et  al. 2016). 
MYO1E’s role in breast cancer may be related to 
its association with invadosomes, structures that 
are involved in degradation and invasion of the 
extracellular matrix (Arjonen et al. 2011; Shibue 
et  al. 2012). MYO1E localizes in RSV- 
transformed BHK-21 fibroblasts via its TH2 
domain to the actin-rich core of invadosomes, 
and expression of a dominant-negative form of 
MYO1E leads to mislocalization of newly formed 
invadosomes (Ouderkirk and Krendel 2014). 
Thus, inhibition or reduced expression of 
MYO1E could prevent metastasis of tumor cells.

Ketoids Single nucleotide polymorphisms 
(SNPs) in MYO1E are also associated with the 
formation of keloids, benign dermal tumors that 
occur 20 times more frequently in persons of 
African descent vs. Caucasians, suggesting that 
an altered cytoskeleton might contribute to 
enhanced migratory and invasive properties of 
fibroblasts (Velez Edwards et al. 2014).

12.2.6  Myosin 1F

MYO1F is a long-tailed myosin I that has a 
proline- rich TH2 domain and a TH3 domain con-
taining a single SH3 domain in addition to the tail 
homology 1 domain found in all class I myosins 
(Krendel and Mooseker 2005). MYO1F was 
cloned from a mouse cochlear cDNA library and 
although it was originally reported to be widely 
expressed in mouse and human tissues (Crozet 
et al. 1997), a subsequent study showed that it is 
selectively expressed in the mammalian immune 
system, especially natural killer cells, macro-
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phages, dendritic cells, and neutrophils (Kim 
et al. 2006).

Hearing MYO1F maps to human chromosomal 
region 19p13.2-p13.3n (Crozet et al. 1997) where 
the autosomal recessive nonsyndromic deafness 
locus DFNB15 is located (Chen et  al. 2001a). 
MYO1F was also shown to be expressed in 
rodent inner ears (Dumont et al. 2002). Six het-
erozygous mutations in MYO1F were identified 
in a group of 450 mostly European  patients 
affected by bilateral sensorineural hearing loss; 
four in the motor domain, one in TH1, and one in 
the TH1/SH3 domain (Zadro et al. 2009). One of 
these mutations, MYO1F I502V, which is located 
near the actin-binding site, was also identified in 
a Korean patient with hearing loss using targeted 
next-generation sequencing (Baek et  al. 2012). 
Identification of MYO1F as an important deter-
minant in hearing awaits further experimentation 
including its localization in cochlea and whether 
Myo1f-null mice have hearing loss.

Infectious Disease MYO1F is expressed pre-
dominantly in cells of the immune system (Kim 
et al. 2006). Initially, it was reported that MYO1F- 
deficient neutrophils exhibit both increased adhe-
sion to integrins and reduced 2D migration due to 
increased exocytosis of β2 integrin-containing 
granules suggesting that MYO1F modulates cell 
adhesion and motility (Kim et al. 2006). In addi-
tion, it was reported that Myo1f-null mice fail to 
control infection with Listeria bacteria presum-
ably due to impaired motility as a consequence of 
increased adhesion (Kim et al. 2006). However, 
in a subsequent study by another group, an 
increase in cell adhesion in MYO1F-depleted 
neutrophils was also noted, although migration in 
2D culture was found to be normal (Salvermoser 
et  al. 2018). Importantly, the extravasation of 
neutrophils into inflamed cremaster muscle in 
mice and neutrophil migration in 3D culture were 
significantly reduced in the absence of MYO1F 
(Salvermoser et  al. 2018). Evidently, MYO1F- 
deficient neutrophils are unable to pass through 
3D collagen networks a consequence of failure to 
deform their nuclei in order to pass through small 
holes. This has important implications for the 

extravasation of neutrophils as they migrate to 
sites of inflammation, and suggest that defects in 
MYO1F may result in immunological defects.

Cancer In The Cancer Genome Atlas (TCGA) 
data portal, mutations in MYO1F are reported in 
352 cases, which include endometrial, skin, 
colon, stomach and many other types of cancers 
(Diquigiovanni et  al. 2018). Furthermore, de 
novo gene co-expression network inference of 
tissue samples from 229 patients with head and 
neck squamous cell carcinomas identified 
MYO1F as one of the genes implicated in tumor 
progression (Sanati et al. 2018).

Leukemia Acute myeloid leukemia (AML) 
includes myeloid leukemia in which the cancer is 
in cells that produce neutrophils and monocytic 
leukemia, in which the cancer involves mono-
cytes (AMoL). Rearrangements of the mixed lin-
eage leukemia (MLL) gene at locus 11q23 that 
fuse the N-terminus of the histone methyltrans-
ferase MLL with partner genes that destroy the 
normal histone methyltransferase activity of 
MLL and replace it with heterologous functions 
of the fusion partner are often found in leukemias 
(Taki et  al. 2005; Slany 2009; Duhoux et  al. 
2011). While the most frequent partner genes 
involved in infant AML code for nuclear proteins 
involved in chromatin remodeling associated 
with transcriptional elongation, in two infants 
with AMoL, the MYO1F gene was found to be 
fused to MLL (Taki et  al. 2005; Duhoux et  al. 
2011). Cell transformation is associated with 
dimerization of MLL fusion proteins, so one idea 
is that the SH3 domain of MYO1F interacts with 
the proline-rich regions of MLL to mediate oligo-
merization of MLL-MYO1F (Taki et  al. 2005; 
Duhoux et  al. 2011). Although the studies pro-
vide the first clues to a role for MYO1F, linking 
MYO1F to leukemia will require considerably 
more investigation.

Colitis A new report provides evidence that 
MYO1F induces macrophage polarization to a 
proinflammatory phenotype by stimulating 
PI3K/Akt/STAT signaling (Piedra-Quintero 
et  al. 2018). In a mouse model of colitis, 
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MYO1F depletion reduced epithelial damage 
and stimulated recovery (Piedra-Quintero et al. 
2018). Assuming that MYO1F plays a similar 
role in humans, these studies suggest the pos-
sibility that therapies targeting MYO1F could 
be effective in treating inflammatory bowel 
disease.

Lymphoma VAV1 is a guanine nucleotide 
exchange factor (GEF) for Rho-family GTPases 
that is important in lymphocyte development and 
activation (Tybulewicz 2005). Recently, gene 
fusions of the protooncogene VAV1 in which the 
SH3 domain of MYO1F replaces the C-terminal 
SH3 domain of VAV1 have been associated with 
peripheral T-cell lymphomas, non-Hodgkin  
lymphomas that are often associated with poor 
prognosis (Abate et  al. 2017). Jurkat cells, an 
immortalized line of human T-lymphocytes, 
expressing the VAV1-MYO1F fusion show 
increased VAV1 signaling (Abate et  al. 2017). 
Normally, the C-terminus of VAV1 folds over the 
N-terminus, which contains the catalytic GEF 
and PH domains, and prevents access of effector 
factors to the catalytic domain; however, in the 
VAV1-MYO1F fusion protein, inhibition is lost 
leading to constitutive VAV1 signaling in hema-
topoietic tissue and disease (Abate et al. 2017). 
Further studies, e.g., with a larger cohort of 
patients, are needed.

Thyroid Cancer A mutation in the conserved 
ATP-binding region of MYO1F was detected  
in members of a family affected with familial 
non- medullary thyroid cancer (FNMTC) 
(Diquigiovanni et al. 2018). Transfection of this 
same Gly134Ser mutation into a stable rat thy-
roid cell line resulted in an increase in prolifera-
tion, number of colonies, and colony formation in 
soft agar, and greater invasion potential in wound- 
healing assays (Diquigiovanni et  al. 2018). The 
total mitochondrial mass increased in the mutant 
cell line, and the mitochondria appeared more 
fragmented, consistent with the enrichment of 
mitochondria observed in tumors from patients 
carrying this mutation (Canzian et  al. 1998). 
Several questions remain including what effect 

this mutation has on MYO1F motor activity, and 
why mutations in MYO1F, which is predomi-
nantly expressed in cells of the immune system, 
have a dramatic effect on motility of thyroid 
cells. One idea is that expression of MYO1F may 
compete with other myosins I that are expressed 
in these cell types.

Floating Harbor Syndrome In patients with 
Floating-Harbor Syndrome, a rare autosomal 
dominant genetic condition characterized by 
short stature, delayed bone development, expres-
sive language impairment, unique facial appear-
ance, and learning disabilities arising from 
mutations in SNF2-related CBP Activator 
Proteins (SRCAP), a large SWI/SNF-type chro-
matin remodeling ATPase (Hood et al. 2016), the 
MYO1F gene is hypomethylated. How epigenetic 
modification of MYO1F might lead to disease is 
currently unknown.

12.2.7  Myosin 1G

MYO1G  localizes to chromosome 7p11.2-p13, 
and its motor domain is ~60% identical to that 
of MYO1D (Berg et  al. 2001). A short-tailed 
myosin I, MYO1G is expressed specifically in 
hematopoietic tissues (Olety et al. 2010; Patino-
Lopez et  al. 2010). In macrophages MYO1G 
localizes at Fcγ-receptor phagocytic cups and 
mediates engulfment of large particles (Dart 
et  al. 2012). In B lymphocytes MYO1G local-
izes to actin- based protrusions such as lamelli-
podia and filopodia (Maravillas-Montero et  al. 
2014). B cells from Myo1g-null mice exhibit 
defects in spreading, adhesion, and migration 
that affect their ability to phagocytose 
(Maravillas-Montero et al. 2014), most likely a 
consequence of disrupted trafficking of the 
adhesion protein CD44, whose recycling is 
mediated by MYO1G (Lopez-Ortega and 
Santos-Argumedo 2017).

MYO1G is also highly expressed in CD4 and 
CD8 T lymphocytes, whose function is to seek 
out foreign material marked by major histocom-
patibility complex molecules on antigen- 
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presenting cells (Gerard et  al. 2014). Studies 
indicate that MYO1G is important for antigen 
detection. Isolated T cells from Myo1g-null mice 
have reduced membrane tension, move twice as 
fast as T cells from wild-type mice, and show 
altered migration patterns including making 
fewer changes in direction, which could compro-
mise their ability to detect rare antigens (Gerard 
et al. 2014).

Cancer There is early evidence that MYO1G is 
required for cancer cell survival as MYO1G 
depletion in human MCF7 breast cancer 
(MCF7), cervical cancer (HeLa), and osteosar-
coma (U-2-OS) cells destabilizes lysosomes, 
inhibits autophagic flux, and induces non-apop-
totic cell death (Groth-Pedersen et  al. 2012). 
Although the reason for these results is unclear, 
one possibility is that they may be due to the 
increase in actin stress fibers that follows treat-
ment with MYO1G- specific siRNA, which 
could disrupt normal actin function. Further 
investigation including analysis of expression 
data in affected individuals and the use of mouse 
models is warranted.

Although additional studies are required, one 
possibility is that modification of the MYO1G 
gene can have profound effects on human health. 
Increased DNA methylation of CpG islands in 
the MYO1G gene in umbilical cord blood is 
found among infants born to maternal smokers 
(Joubert et  al. 2012; Lee et  al. 2015; Gonseth 
et al. 2016), and the modification persists at least 
until adolescence (Lee et  al. 2015) suggesting 
that the MYO1G gene is sensitive to environmen-
tal exposure. Methylation can affect DNA struc-
ture or interfere with the binding of transcription 
factors to repress gene expression (Siegfried and 
Simon 2010), and changes in methylation have 
been associated with cancers and other diseases 
(Feinberg 2007).

12.2.8  Myosin 1H

MYO1H, coding for short-tailed myosin 1H, 
localizes to chromosome 12 and is ~50% identi-

cal to MYO1C (Berg et  al. 2001). Little else, 
however, is known regarding the properties of 
this myosin.

Jaw Defects Evidence for a connection 
between MYO1H and jaw development is 
mounting. Initially, a marker flanking the 
MYO1H gene was found to be overrepresented 
in a group of 44 dental patients with mandibular 
prognathism (Tassopoulou-Fishell et al. 2012), 
where the lower jaw (mandible) protrudes 
beyond the upper jaw (maxilla) resulting in an 
extended chin and malocclusion. A second 
study associated MYO1H with horizontal max-
illomandibular discrepancies (da Fontoura et al. 
2015). Similarly, MYO1H was found to be 
associated with an increased risk for class III 
(SNB, sella-naison Point B, angle greater than 
83°) mandibular prognathism (Cruz et  al. 
2017), and in a separate study targeted sequenc-
ing found a Pro100ILeu mutation in MYO1H to 
be significantly associated with mandibular 
prognathism (Sun et  al. 2018). Polymorphism 
of the MYO1H gene was found in one study to 
be associated with an increased risk of mandib-
ular retrognathism (Arun et al. 2016), where the 
mandible is usually positioned posterior to the 
maxilla.

The two MYO1H orthologs, myo1ha and 
myo1hb, in zebrafish are expressed primarily in 
jaw cartilage, and reduced expression of these 
orthologs results in severe jaw and tail defects 
(Sun et  al. 2018). Together, the data implicate 
MYO1H as a contributory gene to jaw deforma-
tions by regulating maxillo-mandibular growth. 
Future studies should include the analysis of jaw 
development in Myo1h-null mice.

Respiration Defects MYO1H is broadly 
expressed in the central nervous system including 
the forebrain, midbrain, and lower medulla where 
the CO2-sensitive Phox2b  +  neurons of the ret-
rotrapezoid nucleus and the nucleus of the solitary 
tract (Spielmann et  al. 2017), regions that play 
important roles in breathing, reside (Feldman et al. 
2003). Mutations in MYO1H have been associated 
with a recessive form of central hypoventilation 
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with autonomic dysfunction (Spielmann et  al. 
2017). This hyperventilation phenotype was reca-
pitulated in mice expressing mutated MYO1H, 
suggesting that MYO1H plays a role in in respira-
tory control (Spielmann et al. 2017).

12.3  Myosin II

Class II or “conventional” myosins are double- 
headed molecules that form bipolar filaments. 
According to the HUGO Gene Nomenclature 
Committee, the 15 genes coding for class II myo-
sins in humans are designated as MYH1, MYH2, 
MYH3, MYH4, MYH6, MYH7, MYH7B, MYH8, 
MYH9, MYH10, MYH11, MYH13, MYH14, 
MYH15, and the pseudogene MYH16. They 
include genes coding for the myosin heavy chains 
that mediate (i) skeletal muscle contraction 
(MYH1, MYH2, MYH3, MYH4, MYH7b, MYH8, 
MYH13, and MYH15), which are responsible for 
posture and locomotion; (ii) cardiac muscle con-
traction (MYH6 and MYH7), which are responsi-
ble for beating of the heart; and (iii) smooth 
muscle contraction (MYH11), which is responsi-
ble for visceral activities such as maintenance of 
blood pressure; as well as the three myosin heavy 
chains (MYH9, MYH10, and MYH14) of non- 
muscle myosin IIA (NMIIA), IIB (NMIIB), and 
IIC (NMIIC), respectively, which are expressed 
in all eukaryotic cells where they mediate a num-
ber of cellular events including cytokinesis, cell 
migration, cell adhesion, and cell signaling 
(Simons et  al. 1991; Berg et  al. 2001; Marigo 
et al. 2004; Conti et al. 2008; Masters et al. 2017). 
As the nomenclature is confusing and changes 
are still being proposed (Mascarello et al. 2016), 
a list of the genes for human myosin II heavy 
chains, the currently approved names of the myo-
sin heavy chain proteins along with synonyms, 
the names of the myosin II proteins, and the type 
of muscle fibers in which they are found are in 
Table 12.1 (Table 12.1).

To support such diverse functions, class II 
myosins are heterogenous in structure and func-
tion (Reggiani and Bottinelli 2008). Skeletal and 
cardiac muscles are referred to as striated or sar-
comeric muscles because when magnified they 

exhibit alternating light and dark bands due to the 
arrangement of their thick myosin-containing 
and thin actin-containing filaments into units 
called sarcomeres. Different striated muscle fiber 
types have distinct myosin II isoforms (Schiaffino 
and Reggiani 2011; Schiaffino et al. 2015). There 
are three fast muscle isoforms: skeletal muscle 
myosin 2X/D is expressed predominantly in fast- 
twitch skeletal muscle type 2X fibers; skeletal 
muscle myosin 2A is expressed predominantly in 
fast-twitch oxidative glycolytic skeletal muscle 
type 2A fibers; and skeletal muscle myosin 2B is 
expressed predominantly in fast-twitch glyco-
lytic skeletal muscle type 2B fibers. In addition, 
two other myosin II isoforms, embryonic myosin 
II and perinatal myosin II are expressed in devel-
oping muscle, whereas extraocular myosin II, 
slow tonic myosin II, and slow extraocular myo-
sin II are expressed specifically in extraocular 
muscle (Rossi et al. 2010). There are two cardiac 
isoforms, β- and α-cardiac myosin II; β-cardiac 
muscle myosin II is also known as slow skeletal 
muscle myosin II.  In contrast to striated/sarco-
meric muscle, smooth muscle, as the name 
implies, does not have a striated appearance 
under the microscope as its contractile units are 
not regularly aligned into sarcomeres. There are 
four isoforms of smooth muscle myosin II 
(SM1A, SM1B, SM2A, and SM2B) generated by 
splicing at two alternate sites of a single gene, 
MYH11 (Eddinger and Meer 2007).

The regulation of striated and smooth muscle 
also differs with skeletal muscle contraction reg-
ulated by the thin filament accessory proteins tro-
ponin and tropomyosin and smooth muscle 
contraction mediated by myosin light chain phos-
phorylation. Biochemical and mechanical prop-
erties indicate that class II myosins include fast 
movers (e.g., fast skeletal muscle myosin 2A), 
slow/efficient force holders (e.g., slow skeletal 
myosin II, β-cardiac myosin II), and strain sen-
sors (NMIIA, NMIIB) (Bloemink and Geeves 
2011).

The association of conventional myosin II 
with disease is the subject of several recent excel-
lent review articles (Tajsharghi and Oldfors 2013; 
Ma and Adelstein 2014b; Marston 2018; Pecci 
et al. 2018; Trivedi et al. 2018).
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12.3.1  Sarcomeric/Striated Muscle 
Myosin II

12.3.1.1  Skeletal Muscle Myosins II

Skeletal Muscle Myosin 2X/D (MYH1 Heavy 
Chain)
Myositis There is a strong selection pressure 
against mutations in MYH1, which codes for the 
heavy chain of skeletal muscle myosin 2X/D and 

is found in fast-twitch type 2X/D skeletal muscle 
fibers; however, recently, a Glu321Gly variant in 
the motor domain of MyHC-2X/D was found to 
be strongly associated with susceptibility in quar-
ter horses to develop immune-mediated myositis 
under certain environmental conditions (Finno 
et al. 2018). In the absence of inflammation, type 
2X myofibers were normal; however, in the pres-
ence of inflammation, myofibers in horses het-
erozygous or homozygous for the MYH1 mutation 

Table 12.1 Myosin II genes in humans. Gene assignment is according to the HUGO Gene Nomenclature Committee. 
Approved names followed by synonyms in parentheses are found in the column labeled Protein Name of Heavy Chain

Gene name
Protein name of 
heavy chain

Myosin protein 
name Muscle fiber type

Sarcomeric muscle myosins
Skeletal 
muscle 
myosin II

MYH1 MYH1
(MyHC-2X/2D)

Skeletal muscle 
myosin 2X/2D

Type 2X muscle fibers in 
fast-twitch skeletal muscle

MYH2 MYH2
(MyHC-2A)

Skeletal muscle 
myosin 2A

Type 2A muscle fibers in 
fast-twitch skeletal muscle

MYH3 MYH3
(MyHC-EMB)

Embryonic 
myosin 2

Embryonic and fetal muscle; 
specialized muscles

MYH4 MYH4
(MyHC-2B)

Skeletal muscle 
myosin 2B

Type 2B muscle fibers in 
fast-twitch skeletal muscle

MYH7b 
(previouslyMYH14)

MYH7B
(MyHC-7B)

Slow/tonic 
myosin 2

Slow/tonic extraocular 
muscles

MYH8 MYH8
(MyHC-neo)

Neonatal/
perinatal myosin 
2

Neonatal/perinatal skeletal 
muscle; specialized muscles

MYH13 MYH13
(MyHC-EO)

Extraocular 
myosin 2

Extraocular muscle

MYH15 MYH15
(MyHC-15)

Slow extraocular 
myosin 2

Extraocular muscle, slow B

MYH16/pseudogene MYH16-
(MyHC-M)

Cardiac 
myosin II

MYH6 MYH6
(MyHC-α-cardiac)

α-cardiac myosin 
2

Atria, jaw muscles

MYH7 MYH7;
(MyHC/Slow 
skeletal/β-cardiac)

β-cardiac myosin 
2;
Slow skeletal 
myosin 2

Type 1 fibers in slow-twitch 
skeletal muscle; ventricles of 
the heart

Non-sarcomeric muscle myosins
Smooth 
muscle 
myosin II

MYH11 MYH11
(MyHC-smooth 
muscle); SMMHC

Smooth muscle 
myosin 2

Contractile units of smooth 
muscle cells

Non-muscle 
myosin II

MYH9 MYH9
(NMMHC-IIA)

NMIIA Non-muscle cells

MYH10 MYH10
(NMMHC-IIB)

NMIIB Non-muscle cells

MYH14 MYH14
(NMMHC-IIC)

NMIIC Non-muscle cells

The Table is compiled from (Rossi et al. 2010; Schiaffino and Reggiani 2011; Schiaffino et al. 2015; Mascarello et al. 
2016; Marston 2018)
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were subject to invasion and destruction by lym-
phocytes leading to gross muscle atrophy (Finno 
et  al. 2018). This is the first reported disease- 
causing mutation in any species. Whether a simi-
lar situation occurs in humans carrying a mutation 
in this highly conserved amino acid in MyHC- -
2X/D is unknown.

Skeletal Muscle Myosin 2A (MYH2 Heavy 
Chain)
Hereditary Inclusion Body Myopathy A muta-
tion in a highly conserved residue (Glu706Lys) in 
the SH1 helix of myosin heavy chain 2 (MYH2) 
or MyHC-2A, the heavy chain of skeletal muscle 
myosin 2A, which is found in fast-twitch (type 
2A) skeletal muscle fibers, is associated with a 
rare autosomal dominant condition called heredi-
tary inclusion body myopathy (Martinsson et al. 
2000). Patients have congenital joint contractures 
that normalize during early childhood, and by age 
40 the patients exhibit external opthalmoplegia 
(weakness of the eye muscles) and mostly proxi-
mal muscle weakness and atrophy (Martinsson 
et al. 1999). The muscles show rimmed vacuoles 
with filamentous inclusions, and in some patients 
the type 2A muscle fibers are frequently abnormal 
appearing small, infrequent and with abnormali-
ties (Martinsson et  al. 1999; Martinsson et  al. 
2000). The SH1 helix of the myosin motor domain 
is one of two helices that hold in place the con-
verter region, which controls the position of the 
lever arm (Houdusse and Sweeney 2016). Thus, 
the Glu706Lys mutation in the SH1 helix is likely 
to result in a compromised myosin. In another 
study, five adults with generalized muscle weak-
ness, extraocular muscle involvement, and rela-
tively favorable prognosis were found to lack fast 
type 2A muscle fibers due to the total absence of 
fast myosin heavy chain 2A as a consequence of 
truncation mutations of the MYH2 gene 
(Tajsharghi et  al. 2010). Why the phenotype in 
patients missing one of the major muscle fiber 
types is mild is unknown.

Embryonic Myosin II (MYH3/MyHC-EMB 
Heavy Chain)
Freeman-Sheldon Syndrome and Sheldon- 
Hall Syndrome Mutations in MYH3, which 

codes for myosin heavy chain 3 (MYH3) or 
embryonic myosin heavy chain (MyHC-EMB), 
the heavy chain of embryonic myosin II, are 
responsible for Freeman-Sheldon syndrome 
(FSS; DA2A; “whistling face” syndrome), one of 
the most severe congenital contracture (i.e., 
arthrogryposis) syndromes, and one-third of all 
cases of Sheldon-Hall Syndrome (SHS; DA2B), 
the most common distal arthrogryposis, i.e., con-
tractures affecting the hands (camptodactyly) and 
feet (clubfeet) (Toydemir et al. 2006). In addition 
to the hand and feet contractures in children with 
FSS and SHS, children afflicted with FSS have 
contractures of the mouth and face, resulting in a 
small mouth and pinched lips, and often develop 
scoliosis. Mutations responsible for both diseases 
localize primarily to the myosin motor domain, 
in the groove between the upper and lower 
50-kDa domains in the case of FSS, and to sur-
faces that might interact with other proteins such 
as actin and troponin in the case of SHS, although 
two mutations in the myosin rod were found in 
patients with SHS indicating that mutations may 
affect either ATPase activity or filament forma-
tion (Toydemir et  al. 2006). Three missense 
mutations, Thr178Ile, Arg672Cys, and 
Arg672His, account for 91% of FSS cases, with 
Thr178Ile, associated with the most severe phe-
notype (Beck et al. 2014). Analysis of Arg672Cys- 
containing muscle cells and myofibrils indicate 
that some myosin cross-bridges have greatly 
reduced detachment kinetics, which likely 
reduces filament sliding (Racca et al. 2015).

Perinatal Myosin II (MYH8/MyHC-peri)
Carney Complex Carney complex is a disease 
characterized by the presence of benign tumors 
(myxomas) in the heart, which can block blood 
flow causing serious complications or death, and 
in other parts of the body including endocrine tis-
sues such as the pituitary, adrenal, and thyroid 
glands; patients also often exhibit pigment abnor-
malities (Wilkes et al. 2005). Although mutations 
in the PRKAR1A gene, which encodes for the 
R1α regulatory subunit of cyclic-AMP dependent 
protein kinase A, are the cause of Carney com-
plex in most patients, a missense mutation 
(Arg674Gln) in the MYH8 gene has been associ-
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ated with cardiac myxomas (Dijkhuizen et  al. 
2001; Wilkes et al. 2005). One idea is that muta-
tions in MYH8 could prevent the normal devel-
opmental switch from multipotent embryonic 
cardiac cells to non-proliferative mature cardiac 
cells (Wilkes et al. 2005).

Trismus-Pseudocamptodactyly Studies in 
mice indicate that expression of MYH8, which 
codes for myosin heavy chain 8 (MYH8) or neo-
natal myosin heavy chain (MyHC-neo) in fetal 
skeletal muscle, is transient, beginning during 
limb-bud development and declining after birth 
(Bandman 1985; Lyons et  al. 1990; Weiss and 
Leinwand 1996; Machida et al. 2000; Sacks et al. 
2003). Trismus-pseudocamptodactyly, a distal 
arthrogryposis characterized by contractures of 
facial muscles, has been linked to a substitution 
of glutamine at Arg674  in the motor domain of 
MYH8 in two small American families of Dutch 
descent (Veugelers et al. 2004). Arg674 is adja-
cent to the P-loop of the nucleotide pocket in the 
myosin motor domain suggesting that the enzy-
matic activity of the mutant myosin is disrupted.

12.3.1.2  Cardiac Muscle Myosins II

α-Cardiac Muscle Myosin II (MYH6/
MyHC-α-cardiac)
Congenital Heart Defects MYH6 codes for 
myosin heavy chain 6 (MYH6) or α-cardiac 
myosin heavy chain (α-cardiac MyHC), which is 
expressed at high levels in the developing atria. A 
mutation (Iso820Asn) in the neck region at the 
start of the IQ domain, which likely prevents 
light-chain binding to MYH6, is associated with 
an autosomal dominant form of atrial septal 
defect, one of the most common forms of con-
genital heart malformation (Ching et  al. 2005). 
Further evidence that α-cardiac myosin II is 
required for atrial septum formation comes from 
studies showing that introduction of morpholinos 
against MYH6 in the developing chick heart pre-
vents the formation of the atrial septum (Ching 
et al. 2005). Subsequently, another study showed 
that mutations in MYH6 that disrupt myofibril 
formation (Ala230Pro; Ala1366Asp) or enhance 

myofibril assembly (His252Gln) cause a wide 
range of sporadic congenital heart defects 
(Granados-Riveron et  al. 2010). Missense, in- 
frame deletion, premature stop, de novo, and het-
erozygous variants of MYH6 are also associated 
with hypoplastic left heart syndrome (HLHS), a 
severe form of congenital heart disease that 
affects normal blood flow through the heart 
(Tomita-Mitchell et al. 2016).

A rare missense mutation in the converter 
region of MYH6, Arg721Trp, is associated in 
Icelandic patients with a high risk of sick sinus 
syndrome (SSS), or sinus node dysfunction, 
which is characterized by sinus bradycardia (slow 
heart rate), sinus arrest, and chronotropic incom-
petence (attenuated heart rate response to exer-
cise) (Holm et al. 2011). The authors suggest that 
the Arg721Trp mutation may also be associated 
with several cardiovascular diseases including 
atrial fibrillation, atrioventricular block, and aor-
tic stenosis. The same mutation is associated with 
coarctation of the aorta (CoA), a common birth 
defect defined by narrowing of the proximal 
descending aorta or aortic arch and a bicuspid 
aortic valve that causes neonatal heart failure or 
hypertension in adults (Bjornsson et al. 2018).

Cardiomyopathies Some mutations in cardiac 
muscle sarcomeric proteins affect heart develop-
ment while others cause cardiomyopathies later 
in life. Although the majority of hypertrophic 
cardiomyopathy (HCM) cases, a disease of the 
left ventricles, are caused by mutations in 
β-cardiac myosin II and cardiac myosin-binding 
protein C (see below), mutations in MYH6 have 
also been associated with HCM and dilated 
 cardiomyopathy (DCM) (Niimura et  al. 2002; 
Carniel et al. 2005; Hershberger et al. 2010; Zhao 
et al. 2015). This suggests that MYH6, which is 
expressed predominantly in atria, may also be 
expressed in ventricles, or that events in the atria 
can affect ventricular function.

β-Cardiac Myosin II//Slow Skeletal Muscle 
Myosin II (MYH7)
The MYH7 gene codes for myosin heavy chain 7 
(MYH7) or the heavy chain of slow skeletal/β- -
cardiac myosin II, which is expressed in cardiac 
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ventricles and slow twitch (Type 1) skeletal mus-
cle fibers and is associated with over 500 disease- 
causing mutations (Colegrave and Peckham 
2014). MYH7-related disease can present as mild 
to fatal forms of cardiomyopathies and/or skele-
tal myopathies.

Cardiac Disease: Hypertrophic Cardiomyopathy  
Missense mutations in MYH7 and cardiac myosin-
binding protein C (MyBP-C) account for 80% of 
HCM, the most common genetic form of inherit-
able heart disease, which is characterized by left 
ventricular hypertrophy, diastolic dysfunction, and 
hypercontractility often leading to sudden death, 
heart failure, and stroke (Geisterfer-Lowrance et al. 
1996; Dadson et al. 2017).

Recently, Spudich proposed a model for how 
different myosin mutations associated with 
HCM could affect myosin structure and func-
tion (Spudich 2015). Many of the several hun-
dred mutations in MYH7 that produce the same 
hypercontractile phenotype are located in the 
“myosin mesa”, a relatively flat part of the sur-
face of the myosin head, the converter region, or 
the proximal S2, which interfaces with the myo-
sin mesa and the converter region (Colegrave 
and Peckham 2014; Spudich 2015; Homburger 
et al. 2016; Nag et al. 2017; Trivedi et al. 2018). 
The myosin mesa, which is adjacent to the actin-
binding domain and contains multiple basic 
amino acids, may interact with myosin itself as 
myosin packs down on the surface of the thick 
filament forming the interacting-head motif 
(IHM), which does not bind actin (Wendt et al. 
2001; Alamo et  al. 2008; Jung et  al. 2008). 
Under these conditions, the myosin is presum-
ably trapped in a super-relaxed state (SRX) with 
very low basal activity (McNamara et al. 2015; 
Anderson et al. 2018). The HCM mutations in 
the converter domain cluster where the docked 
head contacts the converter domain of the free 
head (Marston 2018). Mutations in the myosin 
mesa, converter, or proximal S2 region of myo-
sin could thus destabilize the interaction 
between myosin heads and make them available 
to interact with actin, thus accounting for the 
hyper-contractility that characterizes this dis-
ease (Nag et  al. 2017; Trivedi et  al. 2018). In 

support of this model, four HCM mutations, 
Arg249Gln, His251Asn, and Arg453Cys on the 
mesa and Asp906Gly on proximal S2, report-
edly reduce the affinity of proximal S2 for sS1, 
a fragment representing the myosin motor 
domain without the regulatory light chain 
(Trivedi et al. 2018).

Examination of a newly solved high- resolution 
structure of the bovine β-cardiac myosin II 
sequestered state shows that 178 HCM mutations 
can affect either motor activity or the dysregula-
tion of the sequestered state (Robert-Paganin 
et  al. 2018). Some mutations can have dual 
effects, e. g., the Arg403Gln mutation reduces 
motor activity (Nag et al. 2015) and also weakens 
the IHM (Robert-Paganin et  al. 2018). 
Importantly, the small molecule mavacamten 
inhibits the myosin ATPase and cardiomyocyte 
contractility in vitro and suppresses the develop-
ment of ventricular hypertrophy in mice (Green 
et  al. 2016) by stabilizing the IHM (Anderson 
et al. 2018).

Nearly 40% of the known mutations respon-
sible for HCM are in myosin-binding protein C 
(MyBP-C) (Marston 2018). Mutations in 
MyBP-C may also lead to HCM by increasing 
the number of myosin molecules able to interact 
with actin (Trivedi et al. 2018). Cardiac MyBP-C 
is a long, flexible protein consisting of 11 
domains, eight immunoglobulin domains, three 
fibronectin-3 family domains, a proline-alanine- 
rich domain, and a phosphorylatable M domain 
(Flashman et  al. 2004). The C-terminal module 
anchors MyBP-C to the thick filament with the 
rest of the molecule extending away from the 
thick filament backbone (Marston 2018; Trivedi 
et  al. 2018). In a model of IHM of the myosin 
molecule, MyBP-C appears to contact the mesa 
and light chains of the free head. Mutations in 
MyBP-C may weaken the IHM state resulting in 
an increase in the number of myosin heads avail-
able to interact with actin (Trivedi et al. 2018).

Cardiac Disease: Dilated Cardiomyopathy  
Mutations in MYH7 account for 3–4% of famil-
ial DCM (McNally and Mestroni 2017), which is 
characterized by modest myocardial hypertro-
phy, thin-walled ventricles, and myocyte hypo-
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plasia leading to heart failure due to reduced 
cardiac output (Seidman and Seidman 2001). 
Patients fatigue easily initially due to reduced 
systolic function then develop heart failure 
(Seidman and Seidman 2001). Two missense 
mutations, Ser532Pro, which is in the actin-
binding domain, and Phe764Leu, which is in the 
converter region, cause DCM (Kamisago et  al. 
2000). Myosins purified from the hearts of mice 
expressing these mutants show reduced actin-
activated ATPase activity and actin filament 
velocity in in vitro motility assays, suggesting 
that depressed motor function may be the root 
cause of the disease (Schmitt et  al. 2006). 
Recombinant human β-cardiac sS1 containing 
these two mutations and three others that pro-
duce hypo-contractile DCM phenotypes, 
Ala223Thr, Arg237Trp, and Ile201Thr, were co-
expressed with the essential light chain in the 
immortalized mouse myoblast cell line C2C12 
and purified, and individual events in the ATPase 
cycle were measured (Ujfalusi et al. 2018). No 
consistent effects of the mutations on rate con-
stants for ATP binding, ATP hydrolysis, or ADP 
release or the affinity for ATP, ADP, or actin 
were observed, although four of the five muta-
tions resulted in a reduced duty ratio, i.e., the 
percentage of time the myosin stays bound to 
actin vs. wild-type protein. A similar change in 
duty ratio was observed in single- molecule stud-
ies using Ala223Thr, Arg237Trp, and Ser532Pro 
(Liu et  al. 2018a). These data suggest that the 
mutations may cause a deficit in force generation 
(Ujfalusi et al. 2018).

Laing Distal Myopathy The skeletal muscle 
disease Laing distal myopathy (LDM; MPD1), 
which initially causes weakness in the ankle 
extensors and toe and then long finger extensors 
and certain limb and neck muscles (Laing et al. 
1995; Mastaglia et al. 2002; Lamont et al. 2006), 
is an autosomal dominant disease caused by 
mutations in the MYH7 gene (Meredith et  al. 
2004). Six families with early onset distal myop-
athy were found to have five heterozygous muta-
tions in the tail region of MYH7, two that 
introduce deletions, and three that introduce pro-
lines, all of which are predicted to disrupt the 

coiled-coil structure of the myosin tail (Meredith 
et al. 2004). When expressed in myoblasts, how-
ever, two of the mutations, Arg1500Pro and 
Leu1706Pro, incorporated into thick filaments 
(Buvoli et  al. 2012), although whether the fila-
ments with mutant myosins function like wild- 
type filaments is unknown. Both mutants induce 
myosin aggregates in myoblasts, and the 
Leu1706Pro mutant accumulated in the sarco-
meric bare zone suggesting that it affects the 
proper antiparallel arrangement of myosin mole-
cules (Buvoli et al. 2012). Thus, MYH7 mutations 
may result in muscle weakness by causing aggre-
gation or subtle changes in sarcomere structure.

Myosin Storage Myopathy (MSM) Missense 
mutations in MYH7 are responsible for the con-
genital skeletal muscle disease myosin storage 
myopathy (hyaline body myopathy) (Tajsharghi 
et al. 2003). Eight mutations all located at the dis-
tal tail of the myosin rod have been associated with 
MSM (Tajsharghi et al. 2003; Bohlega et al. 2004; 
Dye et al. 2006; Chai et al. 2007; Tajsharghi et al. 
2007; Ortolano et  al. 2011; Stalpers et  al. 2011; 
Yuceyar et al. 2015). Patients can have no weak-
ness to severe impairment of walking, and biopsies 
show subsarcolemmal hyaline bodies consisting of 
aggregated myosins in type 1 fibers (Tajsharghi 
and Oldfors 2013). Insight into how the mutations 
give rise to disease comes from studies in flies. 
Flies expressing one of the three mutant myosins, 
Leu1793Pro, Arg1845Trp, and Glu1883Lys, 
exhibit severe impairment of flight and jump abil-
ity and disrupted muscle  ultrastructure and myosin 
aggregates as seen in human biopsies of afflicted 
patients (Viswanathan et  al. 2017). Importantly, 
the mutant myosins exhibit a reduced ability to 
assemble into filaments and are more susceptible 
to controlled proteolysis indicating that the fila-
ments are disordered, which could lead to muscle 
weakness.

Multi-Minicore Disease (MmD) Multi- 
minicore disease is a recessive congenital myop-
athy characterized by small areas or cores in 
skeletal muscle fibers of sarcomeric disorganiza-
tion and lack of oxidative enzymes (Zorzato 
et al. 2007). Patients present with various pheno-
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types; however, most have spinal rigidity, axial 
weakness, scoliosis, and respiratory impairment 
(Ferreiro et  al. 2000; Jungbluth et  al. 2000). 
Although multi-minicore disease has been asso-
ciated with mutations in the skeletal muscle 
ryanodine receptor (RYR1) (Jungbluth et  al. 
2002; Jungbluth et al. 2004) and selenoprotein N 
(SEPN1) genes (Ferreiro et  al. 2002), four 
patients with heterozygous missense mutations 
in the MYH7 gene from two families reportedly 
show clinical features of skeletal myopathy with 
variable cardiac involvement (Cullup et  al. 
2012).

12.3.2  Non-sarcomeric Muscle 
Myosin II

12.3.2.1  Smooth Muscle Myosin II

Smooth Muscle Myosin II (MYH11)
Thoracic Aortic Aneurysm and Dissection 
(TAAD) and Patent Ductus Arteriosus 
(PDA) Mutations in the MYH11 gene, which 
codes for myosin heavy chain 11 (MYH11) or 
smooth muscle myosin heavy chain (SMMHC), 
account for ~2% of non-syndromic TAAD 
(Pomianowski and Elefteriades 2013), an autoso-
mal dominant disease in which the aorta becomes 
weakened and dilated forming a bulge, or aneu-
rysm, leading in some cases to tearing (dissec-
tion)  of the layers of the aorta, which disrupts 
normal blood flow. The condition can be life- 
threatening if the aneurysm bursts. Aortic tissues 
with heterozygous mutations in MYH11 are stiff, 
show large areas of degeneration, and they have 
both areas of reduced numbers of vascular 
smooth muscle cells and hyperplasia (Zhu et al. 
2006; Pannu et al. 2007). In some cases, TAAD 
due to mutations in the MYH11 gene is associated 
with patent ductus arteriosus (PDA) (Zhu et  al. 
2006; Pannu et al. 2007), a common congenital 
heart defect in which the ductus arteriosus fails to 
close following birth.

Rare variants in MYH11 have been detected 
throughout the molecule; however, only a small 
number are associated with disease (Harakalova 
et al. 2013). The few MYH11 mutations identified 

in familial TAAD patients with PDA are dele-
tions and missense mutations in the coiled-coil 
tail region of the myosin heavy chain, which are 
likely to disrupt filament formation, and the mis-
sense variant Arg712Gln in the motor domain, 
which is expected to impair myosin motor func-
tion (Zhu et al. 2006; Pannu et al. 2007). A recur-
rent MYH11 rare variant in the motor domain, 
Arg247Cys, found in patients with thoracic aortic 
disease but not in patients with familial TAAD, 
reduces myosin ATPase activity and motility in 
vitro, and Myh11R247C/R247C knock-in mice show 
reduced aortic contraction and in response to vas-
cular injury increased smooth muscle cell prolif-
eration (Kuang et  al. 2012). MYH11 mutations 
leading to aneurysms may be associated with 
upregulation of the transforming growth factor β 
(TGFβ) signaling pathway (Renard et al. 2013).

Patients with duplications of chromosomal 
16p13.1 region, which contains 9 genes includ-
ing MYH11, have increased MYH11 mRNA lev-
els in aortic tissue and an increased risk of 
thoracic aortic disease and neuropsychiatric con-
ditions specifically, schizophrenia and attention- 
deficit disorder (Kuang et al. 2011). Insight into 
how increased expression leads to thoracic aorta 
disease comes from studies showing that overex-
pression of MYH11  in murine aortic smooth 
muscle cells results in ER stress and autophagy 
(Kwartler et al. 2014).

Cancer A pericentric inversion on chromosome 
16 involving the transcription factor gene CBFB 
and MYH11 results in the formation of an onco-
genic fusion gene, CBFB-MYH11, which is asso-
ciated with acute myelogenous leukemia subtype 
M4 with eosinophilia (Liu et  al. 1993; Usuki 
et  al. 1996). In mouse models CBFβ-SMMHC 
encoded by CBFB-MYH11 is necessary, but not 
sufficient, to induce leukemia (Castilla et  al. 
1999). CBFβ binds the hematopoietic transcrip-
tion factor RUNX1 (AML1) to regulate gene 
expression, and RUNX1 is required for CBFB- 
MYH11- induced leukemogenesis (Hyde et  al. 
2015). Evidently, RUNX1 binds chromodomain 
helicase DNA-binding protein 7 (CHD7), a chro-
matin remodeling factor that regulates transcrip-
tion, and reduced expression of CHD7 delays 
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leukemogenesis by CBFB-MYH11 by inhibiting 
proliferation of leukemia-initiating and leukemic 
cells (Zhen et al. 2017).

Missense mutations in MYH11 (Arg501Leu; 
Lys1044Asn) that result in unregulated myosins 
with constitutive motor activity are implicated in 
intestinal neoplasia, possibly by affecting the 
energy balance in cells or cell lineage decisions 
(Alhopuro et al. 2008). Moreover, colorectal can-
cers with lower expression of MYH11 reportedly 
correlate with poorer prognosis, suggesting a role 
for MYH11  in the prognosis of colorectal can-
cers (Wang et al. 2014).

M e g a c y s t i s - M i c r o c o l o n - I n t e s t i n a l 
Hypoperistalsis Syndrome (MMIHS; Berdon 
syndrome) MMIHS, a rare congenital disease 
characterized by dilation of the bladder and 
microcolon, and lack of intestinal peristalsis, was 
associated with an homozygous mutation in 
MYH11 (Lys1200Ter) in one newborn (Gauthier 
et  al. 2015) and compound heterozygous muta-
tions (a 2-bp deletion in exon 22, and a 49-bp 
deletion in exon 49) in MYH11 in a second new-
born (Yetman and Starr 2018). Similarly, Myh11- 
null mice have a thin-walled bladder and 
abnormal peristalsis and die after 3 days (Morano 
et al. 2000).

12.3.3  Non-muscle Myosins II

12.3.3.1  Non-muscle Myosin IIA 
(MYH9, NMIIA)

MYH9 Syndrome The MYH9 gene product 
codes for myosin heavy chain 9 (MYH9) or 
NMMHC-IIA, the heavy chain of non-muscle 
myosin IIA (NMIIA), which is widely expressed. 
NMIIA is critical to early embryonic develop-
ment in mice as Myh9-null mice fail to form 
E-cadherin-mediated cell-cell junctions and die 
by embryonic day 6.5 (Conti et  al. 2004). 
Originally, five rare giant-platelet disorders, 
May-Hegglin anomaly, and Sebastian, Fechtner, 
Epstein and Alport-like syndromes with macro-
thrombocytopenia, were characterized as unre-
lated disorders; however, it was subsequently 
established that they are all caused by mutations 

in MYH9 and designated as MYH9 syndrome 
(Kelley et al. 2000; Heath et al. 2001; Kunishima 
et al. 2001; Seri et al. 2003). Patients present with 
autosomal dominant macrothrombocytopenia 
with giant platelets and leukocyte inclusions due 
to aggregates of NMIIA and may develop late 
onset sensorineural hearing loss, cataracts, and 
nephritis (Seri et  al. 2003). NMIIA is the only 
myosin II among three NMII isoforms (paralogs) 
expressed in the megakaryocytic and granulo-
cytic lineages, so the late onset hearing, vision, 
and renal defects may be due to partial compen-
sation by the other myosin II isoforms (Seri et al. 
2003; Marigo et al. 2004).

Mutations are usually single amino acid sub-
stitutions. Commonly affected residues include 
Ser96 and Arg702 in the head domain, Arg1164, 
Asp1425, and Glu1841 in the coiled-coil region, 
and Arg1933  in the non-helical tailpiece at the 
C-terminus (Heath et al. 2001; Martignetti 2002; 
Pecci et al. 2018). Mutations in the head domain 
are associated with higher incidence of nephrop-
athy than tail domain mutants (Pecci et al. 2014). 
The risk of developing one of the late-onset 
effects depends, however, on the specific muta-
tion, e.g., patients with substitutions of Arg702 
located in the short SH1 helix of the lower 50 kDa 
subdomain in the myosin head domain develop 
hearing defects before the age of 40 and kidney 
damage before the age of 45, whereas patients 
with mutations at the SH3/motor domain inter-
face (Trp33, Val34, Asn93, Ala95, Ser96), coiled- 
coil region (Arg1165; Asp1424, Glu1841), or 
non-helical tailpiece (Arg1933∗) have less risk of 
developing hearing defects and nephropathy 
(Pecci et al. 2014).

Heterozygous expression of MYH9 
Arg702Cys in mice causes macrothrombocyto-
penia reproducing the clinical phenotype of the 
human disease (Suzuki et  al. 2013). Bleeding 
time and clot retraction are not different from that 
in wild-type animals, but proplatelet formation is 
abnormal. Platelets are formed from megakaryo-
cytes in the bone marrow in a cytoskeletal-driven 
process whereby long branching processes called 
proplatelets are extended into blood vessels 
where they undergo fission to release platelets 
(Machlus and Italiano 2013). In the Myh9 
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Arg702Cys heterozygous mouse, the proplatelets 
are larger, consistent with thrombocytopenia and 
increased platelet size in patients with MYH9 dis-
orders (Zhang et  al. 2012; Suzuki et  al. 2013). 
Evidently, the observed defects are due to 
impaired actomyosin forces required to split 
platelets from proplatelets (Thon et al. 2012).

Insight into the pathogenesis of renal disease 
in MYH9-related disease comes from mice 
expressing the MYH9 missense mutations 
Arg702Cys, Asp1424Asn, or Glu1841Lys 
(Zhang et  al. 2012; Cechova et  al. 2018). The 
mice have severe focal segmental glomeruloscle-
rosis and exhibit podocyte foot effacement, 
which is also observed in biopsy samples from 
patients with MYH9-related disease, suggesting 
that it may be responsible for the renal abnormal-
ities (Zhang et al. 2012; Cechova et al. 2018).

Hearing Loss The hearing loss locus DFNA17 
is associated with MYH9 mutations (Lalwani 
et al. 2000). In mice NMIIA localizes to the ste-
reocilia on the inner and outer hair cells of the 
sensory epithelium in the inner ear (Mhatre et al. 
2006). Although why mutations in MYH9 cause 
hearing defects is currently unknown, localiza-
tion of NMIIA to the stereocilia, which deflect in 
response to sound and vibration opening and 
closing transduction channels, suggests a role in 
mechanotransduction.

Cancer Increased expression of MYH9 has 
been linked to bladder cancer (Xiong et al. 2012), 
esophageal squamous cancer (Xia et  al. 2012), 
non-small cell lung cancer (Katono et al. 2015), 
and gastric cancers (Liu et al. 2016) in agreement 
with studies showing that reduced expression of 
NMIIA in cultured human MCF-7 breast cancer 
cells inhibits invasion in in vitro assays (Derycke 
et al. 2011).

Myh9 was identified as a tumor suppresser 
using an in vivo RNAi-based screen for genes 
that upon repression predispose mice to squa-
mous cell carcinomas (SCCs) (Schramek et  al. 
2014). Furthermore, knockout of Myh9 expres-
sion in mice with tumor-susceptible backgrounds 
accelerated tumor development and malignant 
progression (Schramek et al. 2014). Interestingly, 

Myh9 knockdown had little effect on tumor 
latency or multiplicity in mice carrying an 
epithelial- specific Trp53 gain-of-function sug-
gesting NMIIA’s possible involvement in regulat-
ing posttranscriptional p53 stabilization and/or 
nuclear retention (Schramek et al. 2014). Analysis 
of hundreds of human tissues showed that 24% 
skin SCCs and 31% head and neck SCCs had 
weak or no NMIIA immunolabelling suggesting 
that MYH9 is a tumor suppressor in humans 
(Schramek et al. 2014). In another study, condi-
tional deletion of MYH9  in mouse heart and 
tongue epithelium had no effect on heart develop-
ment but resulted in the development of SCC of 
the tongue (Conti et  al. 2015). The tumors 
appeared during embryonic development, 
showed 100% penetrance, and did not show a 
change in TP53 stability (Conti et al. 2015). The 
authors speculate that the high penetrance of 
SCC in Myh9-depleted cells may be related to the 
role that NMIIA plays in cytokinesis and in 
karyokinesis by affecting microtubule dynamics 
(Ma et al. 2010; Schramek et al. 2014). Although 
functional loss of cadherin is responsible for 
most human invasive lobular carcinomas (ILCs), 
female mice with mammary-specific inactivation 
of E-cadherin are not prone to develop mammary 
tumors suggesting that mutations in other genes 
are required (Kas et  al. 2017). Using an inser-
tional mutagenesis screen in mice that also had 
mammary-specific inactivation of the cadherin 
gene CDH1, several genes involved in regulation 
of the actin cytoskeleton including Myh9 were 
frequently mutated in ILC (Kas et al. 2017). The 
mutations in Myh9 resulted in haploinsufficiency 
suggesting that dosage is important. Indeed, 
intraductal injection in mammary glands of 
female mice of CRISPR-Cas 9-encoding lentivi-
ruses designed to cause hemizygous expression 
of Myh9 resulted in mammary tumors in 11/26 
cases within 17 weeks suggesting that Myh9 is a 
haplo-insufficient tumor suppressor in ILC devel-
opment (Kas et al. 2017).

12.3.3.2  Nonmuscle Myosin IIB 
(MYH10, NMIIB)

Heart Disease The MYH10 gene codes for 
myosin heavy chain 10 (MYH10) or NMMHC- 
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IIB, the heavy chain of non-muscle myosin IIB 
(NMIIB) (Simons et  al. 1991). Mutations in 
Myh10 in mice lead to abnormal heart develop-
ment in which the heart develops outside of the 
body due to failure of ventral wall closure (Ma 
and Adelstein 2014a). A similar phenotype is 
found in the human syndrome Pentalogy of 
Cantrell (Ma and Adelstein 2014a), although 
whether mutations in MYH10 are responsible is 
not yet known.

Pulmonary Disease Mice bearing a mutation 
in the Myh10 gene that leads to a missense 
mutation (Leu458Arg) in NMMHC-IIB have 
recently been shown to exhibit cyanosis and 
respiratory distress due to a dramatic increase in 
matrix metalloproteinase 2 activity, which dis-
rupts extracellular matrix remodeling in devel-
oping lungs (Kim et al. 2018). In healthy human 
lungs, NMIIB is expressed in smooth muscle 
cells and mesenchymal cells of the alveolar 
interstitium; however, NMIIB expression is 
strongly reduced in smooth muscle cells and 
moderately reduced in the alveolar interstitium 
of lung samples from emphysema patients (Kim 
et  al. 2018). Further studies are required to 
establish a connection between NMIIB and pul-
monary emphysema.

12.3.3.3  Non-muscle Myosin IIC 
(MYH14, NMIIC)

Hearing Loss The MHY14 gene codes for 
myosin heavy chain 14 (MYH14) or NMMHC-
IIC, the heavy chain of non-muscle myosin IIC 
(NMIIC) (Golomb et al. 2004). Four mutations 
(Ser7Ala, which introduces a stop codon in the 
motor domain; Gly376Cys, which introduces a 
mutation in the motor domain; and Arg726Ser 
and Leu976Phe, which introduce mutations in 
the tail domain) in MYH14 were initially asso-
ciated with autosomal dominant non-syndromic 
hearing loss (ADNSHL), DFNA4, in Europeans 
with mild-to-moderate progressive hearing loss 
with postlingual onset (Donaudy et  al. 2004). 
Another mutation in the tail, Ala1868Thr, was 
subsequently linked to ADNSHL in a Korean 
(Kim et  al. 2016). Additional studies showed 
that two variants in MYH14, one a mutation in 

the motor domain (Asp191Gly) and one a muta-
tion in exon 2 (Gln25∗), in a Korean family led 
to nonsyndromic severe sensorineural hearing 
loss with prelingual onset (Kim et  al. 2017). 
Although its function in the inner ear is 
unknown, NMIIC localizes mainly in the organ 
of Corti, the stria vascularis, and the cells sur-
rounding the scala media such as Hensen cells, 
Claudius cells, and the external sulcus cells 
(Lalwani et al. 2000), a localization pattern dis-
tinct from that of NMIIA, which localizes pre-
dominantly within the spiral ligament and 
sensory hair cells of the organ of Corti (Mhatre 
et al. 2006). Also in a Korean family, a mutation 
in the tail domain of MYH14, Gly2822Thr, was 
found to be responsible for peripheral neuropa-
thy, myopathy, hoarseness, and hearing loss 
suggesting that mutations in MYH14 might 
have a wider phenotypic spectrum (Choi et al. 
2011).

Anorectal Malformations Whole-exome 
sequencing of the genomic DNA of 8 members 
of a Chinese family that included 2 siblings with 
anorectal malformations led to the identification 
of mutations in MYH14 as the cause of the defect 
(Zhu et  al. 2017). Localization studies in mice 
show that during embryonic development NMIIC 
localizes to the cloaca, which gives rise to the 
digestive and urinary tracts (Zhu et al. 2017). No 
defects in the hindgut were observed in Myh14- 
null mice (Ma et al. 2010). One possibility is that 
whereas in the case of the Myh14-null mouse, 
NMIIA and NMIIB may substitute for NMIIC as 
their expression overlaps with that of NMIIC in 
the region of cloacal development (Zhu et  al. 
2017), expression of a mutant NMIIC may act as 
a dominant negative.

Cancer NMMHC-IIC is alternatively spliced in 
loop 1 and loop 2 of the motor domain to form 4 
splice variants: NMII0, NMIIC1, NMIIC2, and 
NMIIC1C2 (Ma and Adelstein 2014b). NMIIC0 
contain no inserts at either position. NMIIC1 and 
NMIIC1C2 have an 8-amino acid insert at loop 1. 
In addition, NMIIC2 and NMIIC1C2 have a 
33-amino acid insert in the loop 2 region. The 
isoforms differ primarily in the rates of ADP 
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release with NMIIC1C2 having a 5-7-fold 
increase in ADP affinity vs. NMIIC0 (Heissler 
and Manstein 2011). Accordingly, the actin- 
activated ATPase activity and in vitro motility of 
NMIIC2 and NMIIC1C2 are higher than those of 
NMIIC0 and NMIIC1 (Jana et al. 2009; Heissler 
and Manstein 2011).

There is some evidence that mislocalization 
of NMIIC1 during cytokinesis may lead to the 
development of breast cancer. NMIIC1 localizes 
to the midbody during abscission, the final step 
in cytokinesis, and is required in a number of 
tumor cell lines for cell division (Jana et  al. 
2006). BRCA2, a tumor suppressor whose muta-
tion increases the risk of breast and ovarian can-
cer, functions in the repair of DNA double-strand 
breaks and also regulates cell division (Daniels 
et  al. 2004; Jonsdottir et  al. 2009). 
Phosphorylation of BRCA2 by mitotic polo-like 
kinase 1 (Plk1) results in localization of BRCA2 
at the midbody where is associates with NMIIC1 
to form a discrete ring-like structure (Takaoka 
et al. 2014). The MgATPase activity of NMIIC1 
is stimulated by this interaction with BRCA2 
and other components of the ring-like structure, 
and inhibition of this interaction interrupts cyto-
kinesis (Takaoka et al. 2014). A missense muta-
tion in the Plk1- binding site on BRCA2 is 
associated with hereditary breast cancer suggest-
ing that disruption of the Plk1-BRCA2 interac-
tion prevents phosphorylation of BRCA2, 
inhibits the MgATPase activity of NMIIC1, and 
interrupts cytokinesis, which may contribute to 
the cancer phenotype. Additional studies con-
firming these results are of great interest given 
their important implications.

Myotonic Dystrophy Type I Myotonic dystro-
phy type 1 (DM1), the most prevalent form of 
muscular dystrophy in adults, is caused by expan-
sion of the CTG repeat in the 3′ untranslated 
region of DMPK, a protein kinase on chromo-
some 19q13.3 (Brook et  al. 1992). Aberrant 
splicing of MYH14, also located on chromosome 
19q13.3, has been observed in patients with 
DM1, suggesting that alterations of the MYH14 
gene could contribute to the pathogenesis of 
DM1 (Rinaldi et al. 2012).

12.4  Myosin III

Myosin III proteins are expressed predominantly 
in sensory cells where they localize to retinal 
photoreceptors in the eye and stereocilia on the 
hair cells of the inner ear (Dose et  al. 2003; 
Schneider et  al. 2006). Vertebrates express two 
genes coding for myosin 3: Myo3a codes for an 
N-terminal kinase domain followed by a motor 
domain, a neck region containing 2–4 IQ motifs, 
and a tail region containing two IQ motifs and 
two conserved domains 3THDI, which binds 
espin-1, and 3THDII, which binds actin; whereas 
Myo3b codes for a shorter molecule containing a 
kinase domain followed by a motor domain, neck 
domain with 2–3 IQ motifs, and tail region con-
taining 3THDI (Dosé et  al. 2008; Salles et  al. 
2009). There is no coiled-coil domain in the tail 
region suggesting that MYO3A is monomeric 
(Kambara et  al. 2006). MYO3A is a high duty 
ratio motor (Kambara et  al. 2006). 
Autophosphorylation of MYO3A significantly 
increases the probability of MYO3A dissociating 
from actin (Komaba et al. 2010).

Hearing Defects First identified in Drosophila 
as the gene (ninaC) responsible for the formation 
and function of photoreceptors in the eye (Montell 
and Rubin 1988), mutations in MYO3 were sub-
sequently associated with progressive nonsyn-
dromic hearing loss (DFNB30) in an extended 
Israeli family (Walsh et al. 2002). A mouse model 
of DFNB30, Myo3aKI/KI, carrying a nonsense 
mutation (Tyr1041X) equivalent to the nonsense 
allele (Tyr1042X) responsible for the most severe 
human phenotype was subsequently generated 
(Walsh et  al. 2011). Hair cell degeneration and 
hearing loss in these mice progress with age, con-
sistent with the phenotype of human DFNB30 
(Walsh et al. 2011), and excellent support for the 
idea that mutations in MYO3A are responsible 
for hearing defects. Recently, a mutation in the 
motor domain of MYO3A protein (Leu697Trp) 
identified by whole-exome sequencing of sam-
ples from members of two unrelated families 
with autosomal dominant hearing loss and con-
firmed in 36 affected individuals was shown to 
lead to a reduction in ATPase activity and motil-
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ity and an increase in actin affinity (Dantas et al. 
2018). The authors suggest that the mutant mol-
ecule may act as a dominant negative and dis-
place the wild-type protein.

In both outer and inner hair cells, MYO3A 
and MYO3B localize to the tips of stereocilia in a 
tip-to base gradient (Schneider et  al. 2006; 
Merritt et  al. 2012). Overexpression in COS7 
cells of MYO3A but not MYO3B, induced the 
formation of filopodia (Merritt et  al. 2012; 
Ebrahim et al. 2016). MYO3A and MYO3B pre-
sumably support the elongation of stereocilia by 
transporting the actin-bundling protein espin-1 to 
the plus ends of actin filaments (Salles et  al. 
2009; Merritt et al. 2012). When co-expressed in 
COS-7 cells with espin-1, MYO3A and MYO3B 
both produce longer filopodia than observed with 
expression of the motor domain only (Merritt 
et  al. 2012; Ebrahim et  al. 2016). Importantly, 
espin-1 is necessary for the normal staircase 
appearance of stereocilia (Ebrahim et al. 2016). 
The espin-1 paralog espin-like (ESPNL), which 
is found in developing stereocilia, is also trans-
ported by myosin III (Ebrahim et al. 2016).

Two actin-binding sites, one in the motor 
domain and one in the tail domain, are required 
for MYO3A’s localization at filopodial tips 
(Les Erickson et  al. 2003); however, MYO3B 
lacks an actin-binding site in the tail, yet its dis-
tribution in the hair bundle resembles that of 
MYO3A (Merritt et  al. 2012). Apparently, 
MYO3B uses an actin-binding site in its espin-1 
cargo to reach the tips of actin protrusions 
(Merritt et al. 2012). The stereocilia on the hair 
cells of mice lacking MYO3A and MYO3B are 
unusually tall and ungraded and the mice are 
profoundly deaf, whereas mice lacking MYO3B 
and losing MYO3A postnatally have normal 
hearing (Lelli et al. 2016). The results suggest 
that the two isoforms play redundant roles dur-
ing early cochlear development by limiting the 
elongation of stereocilia but are not required for 
the formation of mature bundles (Lelli et  al. 
2016). In contract to studies in COS7 cells 
implicating myosin III in the transport of espin 
to the tips of filopodia, espin localizes at the 
tips of stereocilia from Myo3a−/−Myo3b−/− mice 
(Lelli et al. 2016).

Whole-exome sequencing of genomic DNA 
from members of a family with post-lingual pro-
gressive nonsyndromic hearing loss identified the 
cause as a mutation (G488E) in the highly con-
served switch-1 region of the motor domain of 
MYO3A (Grati et al. 2016). The mutant fails to 
accumulate at the tips of filopodia when expressed 
in COS7 cells but localizes at the tips of stereo-
cilia in inner ear organ culture. One idea is that 
the mutant myosin can affect the position of the 
mechanoelectrical transduction (MET) complex 
which resides at the tips of stereocilia. In the hair 
cells of the inner ear, neighboring stereocilia are 
connected by fine filaments called tip links, 
which extend from the tip of each stereocilium to 
the side of its tallest neighbor (Pickles et  al. 
1984). Deflection of stereocilia in response to 
sound and pressure applies tension on the tip 
links opening mechanosensitive channels located 
at the lower end of each tip link and initiating 
auditory and vestibular perception (Assad et  al. 
1991; Beurg et al. 2009). MYO3A was found to 
interact with an isoform of protocadherin-15, a 
component of tip-link filaments (Pepermans et al. 
2014; Grati et al. 2016). The authors suggest that 
the accumulation of mutant MYO3A at the tips 
of stereocilia could cause MET dysfunction 
(Grati et al. 2016).

Other In addition to sensory cells in the eye and 
ear, myosins III are expressed in lower levels in 
other tissues including brain (especially the 
olfactory bulb), pancreas, and intestine (Dosé 
et  al. 2008; Katti et  al. 2009). Modifications of 
the MYO3A gene have been associated with blad-
der cancer (Chung et al. 2011), colorectal cancer 
(Lascorz et  al. 2010), and anxiety disorders 
(Unschuld et al. 2009)

12.5  Myosin V

Myosins V are double-headed motors that medi-
ate membrane trafficking (Prekeris and Terrian 
1997; Lapierre et  al. 2001; Hales et  al. 2002; 
Desnos et al. 2007; Swiatecka-Urban et al. 2007; 
Jacobs et al. 2009; Brozzi et al. 2012; Lombardo 
et al. 2017). Three myosins V, MYO5A, MYO5B, 
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and MYO5C, are expressed in almost all human 
cells (Rodriguez and Cheney 2002). The MYO5 
heavy chain consists of a motor domain with 
ATP- and actin-binding sites, a neck region con-
sisting of 6 IQ domains that bind calmodulin, a 
coiled-coil region that can dimerize, and a globu-
lar tail domain (GTD), which serves as an inhibi-
tory domain that interacts with the head domain 
to regulate motor activity and is also involved in 
cargo binding (Mercer et al. 1991; Rodriguez and 
Cheney 2002; Wei et  al. 2013; Zhang et  al. 
2016a). MYO5 assumes a compact, inactive con-
formation in the absence of Ca2+ and an active, 
extended conformation in the presence of Ca2+ 
(Wang et al. 2004). Most of the disease-causing 
mutations in MYO5 inhibit the folding of the 
GTD and thus impair proper function of MYO5 
(Wei et al. 2013).

MYO5A (Mehta et al. 1999; Yildiz et al. 2003; 
Sakamoto et  al. 2008) and to a lesser degree 
MYO5B (Heissler et  al. 2017) are processive, 
i.e., they take multiple steps on an actin filament 
without detaching, whereas MYO5C is nonproc-
essive (Takagi et  al. 2008). MYO5 walks in a 
coordinated hand-over-hand movement along 
actin filaments as observed with high-speed 
atomic force microscopy (Kodera et  al. 2010). 
The activity of the two heads of a single MYO5 
molecule are coordinated so that at least one head 
is always attached to an actin filament. Attachment 
of both heads to actin puts intramolecular strain 
on the leading head and inhibits its release of 
ADP so that the leading head stays attached to 
the filament while the trailing head detaches and 
rebinds at the front (Purcell et  al. 2005; Veigel 
et al. 2005). This cycle is repeated over and over 
again. MYO5’s long and relatively stiff neck 
region allows MYO5 to generate 36-nm steps, 
the same size as the actin helical repeat 
(Shiroguchi and Kinosita 2007).

MYO5A is expressed in high levels in brain 
and melanocytes, whereas MYO5B and MYO5C 
are more broadly expressed in non-neuronal cells 
with MYO5B abundant in kidney, liver, and pla-
centa and MYO5C expressed in epithelial and 
glandular tissues like stomach, colon, pancreas, 
and lung as well as salivary, thyroid, prostate, and 
mammary glands (Rodriguez and Cheney 2002). 

All three isoforms interact through their tail 
regions with the Rab GTPases Rab10 and Rab8a, 
and MYO5A and MYO5B can bind to Rab 11 
family members (Roland et  al. 2007, 2009). 
Rab8a and Rab11a bind directly to MYO5B on 
recycling vesicles (Roland et al. 2011). It is esti-
mated that >100 Myo5 molecules cluster on the 
surface of a vesicle to support vesicle movement 
along actin filaments (Miller and Sheetz 2000).

Defects in MYO5 lead to neurological defects, 
intestinal defects, cholestasis and cancer.

Griscelli Syndrome MYO5A was first identi-
fied as the gene whose defect is responsible for 
the dilute coat color in mice (Mercer et al. 1991). 
Mice carrying a mutation in the dilute gene have 
a light coat color due to the uneven distribution of 
pigment granules in developing hair shafts 
(Russell 1949), a consequence of reduced 
MYO5A-mediated melanosome transport in 
melanocytes (Provance et  al. 1996), and they 
exhibit a neurological defect (Mercer et al. 1991). 
In humans, mutations in MYO5A lead to Griscelli 
syndrome, a rare autosomal recessive disorder 
characterized by diffuse skin pigmentation, sil-
very hair, an accumulation of melanosomes in 
melanocytes, and neurological defects that can 
include seizures and intellectual disabilities 
(Griscelli et  al. 1978; Pastural et  al. 1997; 
Anikster et al. 2002)

In melanocytes MYO5A transports melano-
somes to the cell periphery along actin filaments 
by binding to the adaptor protein melanophilin 
and Rab27a (Strom et al. 2002; Wu et al. 2002). 
Defects in MYO5A thus result in the hypopig-
mentation observed in patients with Griscelli 
syndrome. MYO5A facilitates the transport of 
endoplasmic reticulum (Dekker-Ohno et  al. 
1996; Wagner et  al. 2011) and mRNA-protein 
complexes (Yoshimura et al. 2006) into dendritic 
spines and mediates filopodia formation in neu-
ronal growth cones (Wang et  al. 1996), which 
may explain why mutations in MYO5A result in 
neurological defects.

Mutations in Rab27a lead to a second form of 
Griscelli syndrome (type 2), which is not associ-
ated with neurological defects but is associated 
with a severe immune disorder (Griscelli et  al. 
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1978; Pastural et al. 1997; Anikster et al. 2002). 
The pigmentation defects in this second form of 
Griscelli syndrome are explained by defective 
melanosome transport (Hume et  al. 2001; Wu 
et al. 2001). In the immune system Rab27 plays a 
role in cytotoxic T lymphocytes. Cytolytic gran-
ules are unable to fuse with the plasma membrane 
and to kill target cells in cytotoxic T lymphocytes 
from Griscelli syndrome type 2 patients (Haddad 
et al. 2001; Stinchcombe et al. 2001), which may 
be responsible for the immunological defects 
seen in these patients.

Microvillous Inclusion Disease (MVID) MVID 
is a rare but fatal congenital disorder leading to 
persistent diarrhea in newborns (Muller et  al. 
2008). The name MVID stems from the fact that 
the surface of intestinal enterocytes of affected 
individuals lack microvilli and exhibit secretory- 
like granules and vacuolar structures containing 
microvilli (Muller et  al. 2008). Multiple muta-
tions in MYO5B have been associated with 
MVID (Muller et al. 2008; Ruemmele et al. 2010; 
Szperl et al. 2011). The 62 mutations so far asso-
ciated with MVID include large deletions, single 
nucleotide deletions, missense mutations, non-
sense mutations, splicing mutations, and com-
pound heterozygous mutations (Szperl et  al. 
2011; Dhekne et  al. 2018). They are found in 
both the MYO5B motor domain, which contains 
the ATP-binding site and the actin-binding site, 
and the C-terminal tail, which is involved in 
cargo binding (Muller et  al. 2008; Ruemmele 
et  al. 2010; Dhekne et  al. 2014; Knowles et  al. 
2014). In particular, a mutation in the MYO5B 
motor domain that is associated with MVID 
(Pro660Leu) is found in Navajo populations 
(Erickson et  al. 2008). Mutations in the motor 
domain that are associated with MVID likely 
affect processivity or protein folding and stability 
(Heissler et al. 2017).

Depletion of MYO5B by RNA interference in 
cultured intestinal CaCo2 cells reproduces sev-
eral of the disease phenotypes including loss of 
apical microvilli and the presence of large vacu-
oles lined by microvilli and subapical clusters of 
vesicles resembling secretory vesicles 
(Ruemmele et  al. 2010). MYO5B-depleted 

CaCo2 cells have a modified distribution of endo-
somal and lysosomal markers and a disruption in 
cell polarity as evidenced by mislocalization of 
apical and basolateral transporters (Ruemmele 
et al. 2010; Thoeni et al. 2014). Studies of duode-
nal biopsy specimens from MVID patients show 
that the apical localization of several transporters 
including sodium hydrogen exchanger isoform 3 
(NHE3; SLC9A3), sodium glucose cotransporter 
1 (SGLT1; SLC5A1), and aquaporin water chan-
nel 7 (AQP7) is lost in intestinal cells, which may 
contribute to the severe diarrhea experienced by 
these patients (Engevik et al. 2018).

Tight junction integrity is affected by MYO5B 
depletion in cultured CaCo2-BBE cells and 
enterocytes from Navajo patients with MVID 
(Knowles et al. 2014). MYO5B mislocalizes and 
the normal accumulation of recycling endosomes 
positive for Rab11a and the Rab11a effector 
FIP5  in the apical cytoplasm of the cells is 
 abolished in MVID enterocytes (Szperl et  al. 
2011). These data suggest that the defect is due to 
faulty trafficking from the apical recycling endo-
somal compartment to the apical membrane, 
which is regulated by MYO5B (Ameen and Salas 
2000; Weisz and Rodriguez-Boulan 2009). 
Curiously, depletion of MYO5B in CaCo2-BBE 
cells, which are more polarized than the parental 
CaCo2 cells, does not lead to the formation of 
microvillous inclusions although rescue of 
MYO5B-depleted CaCo2-BBE cells with 
MYO5B P660L induced microvillous inclusions 
(Knowles et  al. 2014). Interestingly, rescue 
experiments performed with CaCo2-BBE cells 
show that microvilli establishment requires the 
interaction of MYO5B with Rab8a, whereas loss 
of the MYO5B and Rab11a interaction results in 
the formation of microvillous inclusions 
(Knowles et al. 2014).

Recent mouse models of human MVID have 
been developed. Intestine-specific conditional 
Myo5b-deficient mouse models develop severe 
diarrhea shortly after tamoxifen treatment, and 
the enterocytes show reduced numbers of micro-
villi, microvillar inclusions, and subapical secre-
tory granules, thus recapitulating the intestinal 
phenotype of human MVID (Carton-Garcia et al. 
2015; Schneeberger et  al. 2015). Apical trans-
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porters (NHE3, SGLT1; and AQP7) and enzymes 
such as sucrase isomaltase and alkaline phospha-
tase are lost from the apical membranes of intes-
tinal cells from Myo5b-null mice, consistent with 
studies in MVID patients (Engevik et al. 2018). 
These mouse models are expected to have an 
impact on understanding the molecular mecha-
nism of this disease and the development of 
therapies.

Mutations in two other genes, syntaxin bind-
ing protein-2 (STXBP2) and syntaxin-3 (STX3), 
two proteins associated with the membrane 
fusion machinery, are also associated with MVID 
(Stepensky et al. 2013; Vogel et al. 2015; Dhekne 
et  al. 2018). The overlap in symptoms among 
patients with MYO5B, STXBP2, and STX3 
mutations suggest that these three proteins may 
cooperate to regulate protein trafficking to the 
apical brush border of enterocytes and exocytosis 
(Stepensky et al. 2013; Vogel et al. 2015).

One unresolved question is why defects in 
MYO5B, which as noted above is broadly 
expressed, lead to enterocyte-specific effects and 
not more global effects. One possibility is that 
loss or mutation of MYO5B is compensated for 
by the expression of MYO5A, which also binds 
to Rab8 and Rab11 (Roland et al. 2009; Knowles 
et al. 2014); however, MYO5A is unable to res-
cue MYO5B-depleted CaCo2-BBE cells. 
Another possibility is that trafficking in one 
polarized cell type is distinct from that of other 
cell types (Knowles et al. 2014).

Cancer Upregulation of MYO5A expression 
has been linked to cancer cell migration and 
metastasis. MYO5A expression is high in a num-
ber of human cancer cell lines including those 
derived from lung, colon, breast, and prostate, 
with the more highly metastatic cell lines con-
taining higher levels of MYO5A than less meta-
static cell lines (Lan et  al. 2010). Similarly, 
metastatic colorectal cancer tissues have higher 
mRNA levels of MYO5A than nonmetastatic can-
cers suggesting a role for MYO5A in metastasis. 
MYO5A may promote tumor cell invasion. In 
cancer cell lines, the expression pattern of 
MYO5A mimics that of the transcriptional 
repressor Snail, which triggers epithelial- 

mesenchymal transition (Lan et al. 2010). Snail 
binds and activates the MYO5A promoter, and 
expression of MYO5A is reduced in Snail- 
depleted lung cancer A549 cells (Lan et al. 2010). 
In addition, MYO5A binds Bcl-xL, an anti- 
apoptotic protein that promotes invasion and 
metastasis (Du et al. 2007).

The disruption of cell polarity observed in 
intestinal cells with mutations in MYO5B (Muller 
et  al. 2008) suggests that MYO5B may play a 
role in tumorigenesis as mammalian epithelial 
tissues lose polarity as they become malignant 
(Royer and Lu 2011). Histological examination 
of 70 normal and gastric cancer tissue samples 
showed that MYO5B expression is downregu-
lated in gastric carcinomas vs. normal gastric tis-
sues (Dong et  al. 2012). Reduced expression 
correlated with nodal metastasis and cancer dif-
ferentiation (Dong et  al. 2012). In addition, 
reduced expression of MYO5B in AGS gastric 
cancer cells, which express MYO5B, causes the 
cells to become more invasive in vitro suggesting 
that MYO5B promotes cell migration (Dong 
et  al. 2012). Further analysis showed that 
MYO5B is epigenetically silenced in gastric can-
cer cells by DNA methylation and histone modi-
fication (Dong et al. 2013).

Reduced MYO5B expression also correlates 
with shorter survival rates for colorectal cancer 
patients (Letellier et  al. 2017). MYO5B is an 
effector of the Rab GTPases Rab8a, Rab10, and 
Rab11a, each of which is involved in regulating 
the recycling of proteins to the plasma membrane 
(Correia et al. 2008; Roland et al. 2007, 2009). 
Studies indicate that the gene expression signa-
ture of MYO5B or MYO5B and RAB8A may 
serve as a potential prognostic marker in colorec-
tal cancer (Letellier et al. 2017).

An increase in MYO5C expression was iden-
tified in subtypes of pediatric acute lymphoblas-
tic leukemia (ALL) by gene expression profiling; 
however, confirming and identifying a role for 
MYO5C in ALL awaits further investigation.

Cholestasis Recently, mutations in MYO5B 
have been associated with low gamma- 
glutamyltransferase cholestasis (Gonzales et  al. 
2016; Qiu et  al. 2017). Liver samples taken by 

L. M. Coluccio



273

biopsy showed an abnormal distribution of the 
bile salt export pump (BSEP) at canaliculi and a 
course granular dislocation of MYO5B, and the 
levels of total bile salts in the plasma were 
increased as observed in BSEP-deficient patients 
(Qiu et al. 2017). That the reduced bile secretion 
is likely a consequence of improper intracellular 
trafficking of BSEP to bile canaliculi is supported 
by in vitro studies. In polarized hepatic epithelial 
(WIF-B) cells, Rab11a and MYO5B are respon-
sible for the trafficking of apical ATP-binding 
cassette (ABC) transporters like BSEP to the api-
cal membrane to form bile canaliculi 
(Wakabayashi et al. 2005). Thus, MYO5B muta-
tions may lead to cholestasis. Some patients with 
MVID also present with cholestasis (Girard et al. 
2014).

12.6  Myosin VI

Myosin VI (MYO6) is the only myosin that 
moves toward the minus end of actin filaments 
(Wells et al. 1999). The MYO6 motor domain has 
two unique inserts: a 22-amino acid insert by the 
nucleotide-binding site near switch-1 that alters 
the rate of nucleotide association and dissocia-
tion and may be necessary for anchoring under 
high loads (Sweeney et al. 2007) and a 53-amino 
acids located between the converter region and 
the IQ region that binds calmodulin and redirects 
the lever arm to enable the motor to move toward 
the minus end of actin filaments (Wells et  al. 
1999; Menetrey et  al. 2005; Menetrey et  al. 
2007). Indeed, removal of insert 2 causes MYO6 
to move to the plus end of actin filaments (Bryant 
et al. 2007; Park et al. 2007).

Whether MYO6 exists as a monomer or dimer 
has been the subject of much debate. MYO6 puri-
fies from cells as a monomer (Lister et al. 2004) 
and may serve in that state as an anchor (Altman 
et al. 2004). Upon cargo binding MYO6 dimer-
izes (Yu et  al. 2009) and becomes a processive 
motor (Park et  al. 2006). For processive move-
ment the two heads of dimeric myosins must be 
coordinated so that the lead head stays bound to 
actin while the trail head is moving. The prevail-
ing model is that MYO6 walks along actin by 

blocking ATP binding to the lead head (Sweeney 
et al. 2007; Pylypenko et al. 2011).

MYO6 has a short lever arm with one canoni-
cal IQ domain, but single molecules of dimeric 
MYO6 take large steps of 30–36 nm (Rock et al. 
2001; Nishikawa et  al. 2002). Evidently, cargo 
binding mediated by the C-terminus triggers 
dimerization of MYO6 and unfolding of a three- 
helix bundle in the proximal tail region that 
serves as a lever arm extension to support 
MYO6’s large step size (Mukherjea et al. 2009). 
A single alpha helix (SAH) domain located in the 
N-terminal tail region may also contribute to the 
length of the lever arm (Spudich and 
Sivaramakrishnan 2010; Sweeney and Houdusse 
2010). In addition to a PIP2-binding motif 
(Spudich et  al. 2007), the tail region of MYO6 
contains a large insert before the CBD and a 
small insert in the CBD that generate  alternatively 
spliced isoforms containing no insert, the large 
insert, the small insert, or both inserts (Buss et al. 
2001; Dance et al. 2004). Isoforms containing the 
large insert are specifically found in polarized 
epithelia with apical microvilli and are targeted 
to clathrin-coated structures (Buss et al. 2001; Au 
et al. 2007; Wollscheid et al. 2016).

Recent structural evidence indicates that Ca2+ 
binding to calmodulin regulates MYO6 activity 
(Batters et al. 2016). In low Ca2+, apo-calmodulin 
binds to both the IQ motif and a part of the cargo- 
binding domain (CBD) keeping MYO6  in an 
inactive form. High Ca2+ induces a major confor-
mational change in calmodulin that releases the 
tail and increases lipid cargo binding. Importantly, 
although “primed” to bind cargo, MYO6 is not 
motile in the presence of Ca2+, a likely conse-
quence of a more flexible lever arm due to a con-
formational change in the second calmodulin. 
Presumably, a subsequent increase in Ca2+ would 
then be needed to effect motility. MYO6 regula-
tion differs from that of myosin V where the CBD 
interacts with the head rather than the IQ domain 
(Liu et al. 2006; Thirumurugan et al. 2006).

MYO6 is involved in multiple functions 
including vesicle trafficking (Buss et  al. 1998, 
2001; Aschenbrenner et  al. 2004; Bond et  al. 
2011; Tomatis et al. 2013), maintenance of Golgi 
morphology (Buss et  al. 1998; Warner et  al. 
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2003), and cell motility (Yoshida et  al. 2004; 
Dunn et al. 2006), and multiple binding partners 
have been identified including the Golgi- 
associated protein optineurin (Sahlender et  al. 
2005), the adaptor protein Dab2 (Morris et  al. 
2002), the adaptor protein GAIP interacting pro-
tein C terminus (GIPC/synectin) (Naccache et al. 
2006), and nuclear dot protein 52 (NDP52) 
(Morriswood et  al. 2007), which shares 70% 
sequence identity with the transcription coactiva-
tor CoCoA (Yang et al. 2006). Binding is through 
the RRL or WWY motifs in the tail region 
(Tumbarello et  al. 2013). Recently, a proximity 
labelling-based proteomics strategy identified 
MYO6 as a novel interactor with the LIFT 
(LARG-Induced F-actin for Tethering) complex, 
which controls endosome dynamics, and the 
DISP (DOCK7-Induced Septin disPlacement) 
complex, a regulator of the septin cytoskeleton 
(O’Loughlin et al. 2018).

Defects in MYO6 lead to cardiomyopathy, 
deafness, and cancer.

Familial Hypertrophic Cardiomyopathy As 
discussed above, although most familial cardio-
myopathies are caused by mutations in sarco-
meric proteins including the MYH7 gene product, 
a missense mutation (His246Arg) in the motor 
domain of MYO6 has been linked to mild cardiac 
hypertrophy in a kindred with autosomal domi-
nant sensorineural hearing loss (Mohiddin et al. 
2004). Snell’s waltzer mice also exhibit left ven-
tricular hypertrophy (Hegan et al. 2015b).

Auditory and Vestibular Defects MYO6 is 
expressed at the base of the stereocilia on the hair 
cells of the sensory epithelium of the inner ear, 
on vesicles in the pericuticular necklace, an area 
of presumed membrane trafficking, and between 
the stereociliary membrane and the core bundle 
of actin filaments (Hasson et al. 1997; Rzadzinska 
et  al. 2004). Missense, nonsense, splicing, and 
overexpression mutations including a Cys442Tyr 
mutation in a conserved cysteine residue in the 
MYO6 motor domain identified in an Italian fam-
ily (Melchionda et  al. 2001) and a nonsense 
mutation in MYO6  in a Brazilian family 
(Sampaio-Silva et  al. 2018) are associated with 

autosomal dominant nonsyndromic hearing loss 
in humans, DFNA22.

Much of what is known regarding MYO6 
function in the ear comes from mouse models. 
The Myo6-deficient Snell’s waltzer (sv) mouse, 
which carries a spontaneous recessive mutation 
causing MYO6 deficiency by frameshift muta-
tion, exhibits head tossing, circling, hyperactiv-
ity, and deafness due to degeneration of the 
sensory epithelium of the inner ear including the 
loss of inner and outer hair cells and supporting 
cells (Avraham et  al. 1995). In neonatal sv/sv 
mice, the plasma membrane is detached from the 
base of stereociliary actin bundles resulting in 
fused stereocilia likely because the stereociliary 
membrane is not attached to the actin-rich 
 cuticular plate in the absence of MYO6 (Self 
et al. 1999).

The stereocilia on the hair cells of the hearing- 
and balance-deficient tailchaser mouse, which 
carries a D179Y mutation in the transducer 
region of MYO6, are fused at the base and 
branched (Hertzano et  al. 2008). The mutation 
prevents initiation of processive runs by allowing 
premature release of Pi from the head that is not 
attached to actin (Pylypenko et  al. 2015). The 
impaired motor function, which affects MYO6 
processivity, presumably results in the accumula-
tion of MYO6 at the tips of stereocilia and the 
inability to transport cargo or to anchor the mem-
brane of stereocilia to the core bundle of actin 
filaments.

Cancer MYO6 is implicated in intracellular 
trafficking and cell migration, and defects in 
these processes are linked to disease including 
cancer. Upregulation of MYO6 has been observed 
in human cancerous prostate specimens and 
breast cancer tissues using microarray analysis 
(Su et  al. 2001). Curiously, although the most 
aggressive ovarian cancers exhibited the highest 
levels of MYO6 expression (Yoshida et al. 2004), 
the highest MYO6 expression levels were found 
in samples of prostate cancers of medium grade 
(Dunn et  al. 2006). In a mouse model, reduced 
expression of MYO6 decreased metastasis of 
ovarian carcinoma cells inoculated intraperitone-
ally into nude mice (Yoshida et al. 2004). MYO6 
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depletion in LNCaP human prostate cancer cells 
impairs in vitro migration and soft-agar colony 
formation (Dunn et  al. 2006), and reduced 
expression of MYO6  in two breast cancer cell 
lines inhibits cell viability and colony formation 
(Wang et al. 2015). Knockdown of MYO6 expres-
sion also suppresses proliferation of melanoma 
cells in vitro (Li et al. 2015) consistent with the 
idea of MYO6 as a tumor promoter. MYO6 is 
also overexpressed in tongue squamous cell car-
cinoma, and reduced expression of MYO6 in the 
human oral squamous cell carcinoma cell line 
CAL27 cells decreases cell proliferation and 
increases apoptosis suggesting that MYO6 pro-
motes oral squamous cell carcinoma (Zhang 
et al. 2016b).

Several cancers express only the MYO6 non- 
insert splice form (Wollscheid et al. 2016), which 
localizes throughout the nucleus (Fili et al. 2017). 
In association with DNA and RNA polymerase 
II, MYO6 mediates transcription (Vreugde et al. 
2006). MYO6 interacts with the androgen recep-
tor (Loikkanen et  al. 2009) and the estrogen 
receptor through a LxxLL nuclear receptor bind-
ing motif in the C-terminus (Fili et  al. 2017). 
Evidently, MYO6 gets activated by NDP52, 
which unfolds MYO6 and enables recruitment of 
RNA polymerase II through actin (Fili et  al. 
2017). In support of this idea, estradiol-mediated 
promoter activity is significantly reduced in 
MYO6-depleted MCF-7 cells (Fili et  al. 2017). 
The studies suggest a link between MYO6 and 
the regulation of hormone receptors.

Infectious Disease For the intestinal pathogen 
Salmonella to enter enterocytes, the bacteria 
must first inject into the cell a number of effector 
molecules that reorganize the actin cytoskeleton 
and induce membrane ruffling to support patho-
gen entry by macropinocytosis. The effector mol-
ecule SopE, a Rac1 and Cdc42 GEF, is critical for 
formation of membrane ruffles and uptake of the 
bacteria. Studies indicate that SopE activates 
RhoGTPases that recruit MYO6 to the membrane 
via PAK where it triggers PI3K signaling and the 
recruitment of PI(3)P-binding proteins that pro-
mote Salmonella uptake by marcopinocytosis 
(Brooks et al. 2017). Whether MYO6 variants are 

associated with variable sensitivities to 
Salmonella infection, or whether myosin inhibi-
tors can be used to fight bacterial infections is 
unknown.

12.7  Myosin VII

Two MYO7 isoforms are expressed in humans: a 
250 kDa transcript called MYO7A and a shorter 
240.8  kDa transcript called MYO7B (Bement 
et al. 1994a; Hasson et al. 1995). MYO7A con-
tains a motor domain, a 5 IQ neck domain, a sin-
gle α-helix domain, a myosin tail homology 4 
(MyTH4) domain, and a protein 4.1, ezrin, 
radixin, moesin (FERM) domain followed by an 
SH3 domain and another MYTH4 and FERM 
domain (Chen et  al. 1996). MYO7B lacks the 
SAH domain that follows the IQ domains in 
MYO7A (Chen et al. 2001b).

Monomeric MYO7A is a slow, high-duty ratio 
motor, well suited to serve as a transporter 
(Haithcock et al. 2011). Studies with Drosophila 
Myo7a indicate that in low Ca2+ the molecule 
folds back on itself so that the motor domain 
binds to the head-neck region thereby inhibiting 
motor activity (Umeki et  al. 2009). Although a 
monomer in vitro, MYO7A dimerizes in the pres-
ence of its cargo molecule MyRip, (myosin-VIIa- 
and Rab-interacting protein) a Rab effector 
(El-Amraoui et al. 2002) that facilitates its inter-
action with vesicles, and can then move proces-
sively along actin filaments (Sakai et  al. 2011). 
MYO7A is expressed in a variety of tissues 
although expression is highest in the testes, 
cochlea, and retina (Hasson et  al. 1995). 
Mutations in MYO7A lead to Usher syndrome, a 
recessive genetic disorder characterized by deaf-
ness and progressive retinal degeneration, as well 
as nonsyndromic hearing loss, and cancer.

Purified MYO7B has a low basal ATPase 
activity that is activated by low concentrations of 
actin filaments. Its slow rate of ADP release 
means that it stays strongly bound to actin mak-
ing it well suited to generate tension and to 
anchor membrane receptors to actin filaments 
(Henn and De La Cruz 2005). MYO7B is 
expressed primarily in the distal tips of apical 
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microvilli on intestinal and renal epithelial cells 
(Chen et al. 2001b). A complex of MYO7B, the 
actin-bundling protein harmonin, and the adaptor 
protein ankyrin repeat and SAM domain- 
containing protein 4B (ANKS4B) connects the 
actin bundles in microvilli with cadherins, which 
link adjacent microvilli (Li et al. 2016; Yu et al. 
2017). Adhesion between the distal tips of micro-
villi is important for organizing the tight packing 
of microvilli (Crawley et al. 2014). Although per-
turbations in brush border structure and microvil-
lar density lead to malabsorption and diarrhea 
(Khubchandani et  al. 2011; Schneeberger et  al. 
2018), no direct link between mutations in 
MYO7B and disease has been identified.

Usher Syndrome 1B: Hearing Defects Hair 
cells on the sensory epithelia of the inner ear are 
responsible for hearing (cochlea) and balance 
(vestibular organs). On the apical surface of hair 
cells are hair bundles consisting of multiple well- 
organized actin-based stereocilia arranged by 
height. Extracellular tip links comprised of cad-
herin 23 and protocadherin 15, connect the side 
of the taller stereocilia, designated as the upper 
tip link density, to the tip of its neighboring 
shorter stereocilium (lower tip link density). In 
response to sound, movement or gravity, the hair 
bundles deflect toward the tallest stereocilia, 
which exerts tension on the tip links opening 
mechanotransduction channels located at the 
lower tip link density (Gillespie and Muller 2009; 
Kazmierczak and Muller 2012; Pan et al. 2018).

MYO7B is found in the hair bundles and cyto-
plasm of the sensory cells of the inner ear (Hasson 
et al. 1995; Lefevre et al. 2008; Grati and Kachar 
2011). Mutations in the head and tail regions of 
MYO7A result in Usher syndrome 1B (USH1B), 
an autosomal recessive disorder with sensory 
impairment (Weil et  al. 1995; Jacobson et  al. 
2011). Patients are borne deaf, have vestibular 
dysfunction, and develop progressive retinal 
degeneration leading to blindness (Smith et  al. 
1994). The genes, USH1C (harmonin) (Verpy 
et  al. 2000), CDH23 (cadherin 23) (Bolz et  al. 
2001; Bork et al. 2001), PCDH15 (protocadherin 
15) (Alagramam et al. 2001; Ahmed et al. 2006), 
USH1G (sans, scaffold protein containing 

ankyrin repeats and sam domain) (Weil et  al. 
2003), and CIB2 (calcium- and integrin-binding 
protein 2) (Riazuddin et al. 2012), are also asso-
ciated with Usher syndrome. A missense muta-
tion in MYO7B, Arg502Pro, in a conserved 
actin-binding region of the motor domain called 
the activation loop (Varkuti et al. 2012) severely 
reduces motor activity (Xiong et  al. 2018) and 
leads to recessive deafness in shaker-1 mice 
(Gibson et al. 1995). Shaker-1 homozygous mice 
exhibit hyperactivity, head tossing and circling 
due to vestibular defects (Gibson et al. 1995).

Insight into how mutations in MYO7A result 
in hearing and balance defects comes from the 
shaker-1 and other mouse models. During early 
development the hair bundles on the sensory cells 
of the cochlear and vestibular organs of USH1 
mouse mutants are severely disorganized and 
fragmented, and the lateral links that connect ste-
reocilia to each other along their shaft are sparse 
vs. wild-type mice (Boeda et  al. 2002; Lefevre 
et al. 2008). At later stages of development ste-
reocilia elongation and apical tip defects are 
observed (Lefevre et al. 2008). In Myo7I487N/I487N 
ewaso mice, which also have a mutation in the 
MYO7A motor domain and experience profound 
hearing loss and vestibular dysfunction including 
circling and star-gazing behavior, the outer hair 
cells of the cochlea degenerate, and the hair cells 
of the vestibular sensory epithelium have a highly 
disrupted staircase morphology (Miller et  al. 
2012).

In the mouse inner ear MYO7A localizes in 
stereocilia with its interacting protein sans at the 
upper tip link density along with the F-actin- 
bundling protein harmonin b (Boeda et al. 2002; 
El-Amraoui and Petit 2005; Grati and Kachar 
2011). This complex is thought to anchor cad-
herin 23, a component of the tip links, to the actin 
filaments in the stereocilia and to exert tension on 
the tip link during mechanotransduction regulat-
ing transduction channels. Thus, mutations in 
Myo7a and other Usher genes would lead to 
defects in mechanotransduction. In support of 
this idea, studies with two mouse models for 
USH1 with defects in Myo7a show increased cur-
rent, decreased sensitivity, and abnormal adapta-
tion (Kros et al. 2002). Cochlear implantation at 
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an early age is common treatment for USH 
patients (Broomfield et  al. 2013; Jatana et  al. 
2013). For further insight into the role of MYO7A 
in hearing, see (Cosgrove and Zallocchi 2014; 
Mathur and Yang 2015) and Chap. 13 by Friedman 
et al.

Usher Syndrome 1B: Vision Defects The outer 
retina of the eye consists of retinal pigment epi-
thelial (RPE) cells and photoreceptors, ciliated 
cells whose outer segments are packed with 
membrane disks containing photopigments 
required for phototransduction. Rhodopsin is the 
photopigment for rods, photoreceptors that 
respond to very low light. Photopigments contain 
opsins, membrane-bound proteins that bind the 
chromophore retinal. The outer segment of pho-
toreceptors is constantly being renewed with new 
disks added at the proximal end and old disks 
being shed at the distal end, which is in contact 
with RPE cells. The RPE cells phagocytose the 
outer segment disks and are involved in the 
regeneration of visual pigments. RPE cells are 
rich in melanosomes, which contain melanin, a 
pigment that reduces backscattered light and 
removes free radicals formed during phagocyto-
sis of photoreceptor outer segments (Boulton and 
Dayhaw-Barker 2001; Strauss 2005).

MYO7A is expressed in the RPE and photore-
ceptor cells (El-Amraoui et  al. 1996; Liu et  al. 
1999), and it participates in several events includ-
ing (i) the transport of melanosomes into apical 
processes within the RPE (Liu et  al. 1998), (ii) 
the normal phagocytosis of rod outer segment 
disks by the RPE (Gibbs et  al. 2003), and (iii) 
opsin transport through the photoreceptor cilium 
(Liu et al. 1999) via an interaction with spectrin 
βV, which binds rhodopsin and the microtubule 
motors kinesin and dynein (Papal et  al. 2013). 
Association of MYO7A with melanosomes is 
through the C-terminal FERM domain 
(Schwander et al. 2009).

An obvious defect in the retinas of shaker-1 
mice is the mislocalization of melanosomes, 
which in the RPE do not extend into the apical 
processes that surround the tips of the photore-
ceptor outer segments as observed in wild-type 
animals (Liu et  al. 1998). Evidently, MYO7A 

mediates melanosome trafficking by forming a 
complex with MyRip and Rab27a (Lopes et  al. 
2007; Sakai et  al. 2011; Williams and Lopes 
2011). Although shaker-1 mice housed under 
light intensities normally found in vivaria do not 
develop photoreceptor degeneration, in shaker-1 
mice carrying the Myo7ash1-11J allele, moderate 
light induces significant rod photoreceptor 
degeneration, a consequence of defective light- 
induced translocation from the outer to the inner 
segments of photoreceptors of the heterodimeric 
G-protein transducin, which mediates light/dark 
adaptation (Peng et al. 2011). This finding is in 
contrast to studies showing that the shaker-1 
Myo7ash1-4626SB mouse has a lower amount of the 
retinoid isomerase RPE65 and thus protection 
from acute light damage (Lopes et al. 2011). In 
mice, MYO7B expression at wild-type levels was 
achieved in retinas in vivo using lentiviral- 
mediated gene transfer resulting in normal apical 
localization of melanosomes in RPE cells and 
distribution of opsin in photoreceptor cells 
(Hashimoto et al. 2007). These and other studies 
suggest the possibility of improving retinal activ-
ity by viral-mediated delivery of MYO7A in 
humans (Colella et al. 2013; Lopes and Williams 
2015).

Nonsyndromic Deafness In addition to syn-
dromic conditions such as Usher syndrome, 
mutations in MYO7A can cause dominant 
(DFNA11) (Liu et  al. 1997b; Luijendijk et  al. 
2004) and recessive (DFNB2) (Liu et al. 1997a; 
Riazuddin et  al. 2008) non-syndromic hearing 
loss. Myo7aF947I/F947I dumbo mice, which have a 
mutation between the coiled-coil region and the 
first MyTH4 domain in the C-terminus of 
MYO7A, have less hearing loss than Myo7I487N/

I487N ewaso mice and no obvious vestibular dys-
function (Miller et al. 2012). The hair cells in the 
cochlea are disrupted but less than that of 
Myo7I487N/I487N ewaso mice, and the arrangement 
of vestibular hair bundles is only mildly affected. 
The Myo7aF947I/F947I dumbo mice may represent a 
possible mouse model for DFNB2 in humans. In 
transfected hair cells, MYO7A mutants associ-
ated with USH1B do not localize to stereocilia, 
whereas those associated with DFNB2 localize 
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correctly in the hair bundles (Riazuddin et  al. 
2008). Therefore, the DFNB2 mutants may retain 
some of their function and are thus associated 
with a milder phenotype (Riazuddin et al. 2008).

Cancer Recent evidence implicates MYO7A in 
the progression of melanoma (Liu et al. 2018b). 
MYO7A variant S1666C was found to be associ-
ated with an increased risk of malignant mela-
noma (Fernandez et al. 2009). Later studies show 
that MYO7A is highly expressed in mouse B16 
melanoma cells, and MYO7A depletion inhibits 
colony formation in cultured B16 cells and also 
reduces tumor growth in a mouse xenograft 
model (Liu et al. 2018b).

12.8  Myosin IX

Two class IX myosins are expressed in mam-
mals: MYO9A and MYO9B (previously known 
as myr7 and myr5, respectively). Class 9 myosins 
have a motor domain with an N-terminal exten-
sion similar to Ras-association domains and a 
large basic insert near loop 2 (50-20 kDa junc-
tion) that binds calmodulin (Liao et  al. 2010). 
The light chain-binding region has 6 unevenly 
spaced IQ motifs in mammalian MYO9A and 4 
evenly spaced IQ motifs in mammalian 
MYO9B. The tail region contains an atypical C1 
domain, which contains a zinc-binding region, 
and a GAP (GTPase-activating protein) domain 
that catalyzes the inactivation of the small 
G-proteins RhoA, RhoB and RhoC (Reinhard 
et al. 1995; Wirth et al. 1996; Chieregatti et  al. 
1998; Gorman et al. 1999; Grewal et al. 1999).

MYO9B is single-headed but evidently moves 
processively toward the plus end of actin fila-
ments taking several large steps before dissociat-
ing from the filament (Post et  al. 1998; Inoue 
et  al. 2002; Nishikawa et  al. 2006; Liao et  al. 
2010). This requires a different mechanism of 
motility vs. the hand-over-hand movement asso-
ciated with dimeric myosins, which requires one 
head to be attached to the actin filament at all 
times. Studies show that deletion of the large 
basic insert in the motor domain near loop 2 of 
Caenorhabditis elegans Myo9, which is closer to 

MYO9B than to MYO9A, leads to loss of proces-
sivity, evidence that this insertion acts as a tether 
to actin during the translocation of Myo9 (Elfrink 
et al. 2014).

The two myosin 9 isoforms differ in their 
expression and localization. MYO9A is largely 
expressed in the brain and testis with lower levels 
in adrenal gland, kidney, lung and spleen 
(Chieregatti et  al. 1998; Gorman et  al. 1999). 
Myo9a-deficient mice have severe hydrocephalus 
due to an accumulation of cerebral fluid in the 
brain as a consequence of aberrant cell morphol-
ogy, tight junctions, and differentiation of the 
ependymal epithelial cells in the ventral caudal 
third ventricle and the aqueduct (Abouhamed 
et  al. 2009). Treatment of the mice with a Rho 
kinase (ROCK) inhibitor reduced ventricle 
enlargement and rescued the defective matura-
tion of the ependymal epithelial cells suggesting 
that unregulated Rho and Rho kinase activities 
contribute to hydrocephalus formation 
(Abouhamed et al. 2009; Bahler et al. 2011).

MYO9A is also expressed in the F-actin-rich 
belt of renal proximal tubule cells, and MYO9A- 
deficient mice develop renal disease as evidenced 
by proteinuria and polyuria (Thelen et al. 2015). 
The proximal portion of the nephron becomes 
dilated and fibrotic, and both albumin and its 
binding receptor megalin accumulate at the lumi-
nal surface of proximal tubule cells suggesting a 
defect in endocytosis, which may be due to 
downregulation of the murine Rho effector 
diaphanous-related formin-1 (mDia1).

MYO9B is expressed predominantly in the 
cells of the immune system including lymph 
nodes, thymus, macrophages and CDC4+ T cells 
(Wirth et al. 1996). Myo9b-null mice do not have 
an overt phenotype; however, macrophages iso-
lated from Myo9b-null mice exhibit impaired 
motility and chemotaxis in in vitro assays due to 
the inability to form large lamellipodia as 
observed in wild-type cells (Hanley et al. 2010). 
The Rho inhibitor TAT-C3 increased the velocity 
of Myo9b-null cells but impaired tail retraction 
(Hanley et al. 2010). In addition, the accumula-
tion of monocytes and macrophages in the perito-
neum of Myo9b-null mice after intraperitoneal 
injection of the chemoattractant C5a was severely 
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diminished vs. wild-type animals, evidence that 
MYO9B is important for the immune response 
(Hanley et  al. 2010). The studies reveal the 
RhoGAP Myo9b as a key signaling molecule in 
the formation of cell surface projections and 
motility in macrophages.

Hydrocephalus and Fetal Akinesia A non-
sense mutation in MYO9A (c.1537C  >  T:p.
(Arg513∗)) was identified in an infant with no 
observed movements (akinesia) and severe ven-
triculomegaly in both sides (Maddirevula et  al. 
2019). The enlarged brain ventricles are consis-
tent with the hydrocephaly observed in Myo9a- 
knockout mice (Abouhamed et al. 2009).

Congenital Myasthenic Syndrome Missense 
biallelic mutations in the MYO9B gene were 
identified in two families afflicted with congeni-
tal myasthenic syndrome, a group of rare disor-
ders due to defects in the structure and function 
of neuromuscular junctions (O’Connor et  al. 
2016). The idea that MYO9A is required for 
motor axon functionality is supported by reduced 
expression of two MYO9A orthologues in zebraf-
ish which leads to shortened and abnormally 
branched axons and abnormal swimming 
(O’Connor et al. 2016).

Inflammatory Bowel Disease It has been pro-
posed that gene polymorphisms are associated 
with inflammatory bowel disease (IBD). Some 
MYO9B gene polymorphisms were associated 
with an increased risk of IBD (rs1457092), 
Crohn’s disease (CD) (rs962917), and ulcerative 
colitis (UC) (rs962917; rs2305764), and other 
polymorphisms were associated with a reduced 
risk of IBD (rs1545620) or UC (rs2305764) 
(Wang et  al. 2016). However, these results are 
controversial as a meta-analysis found no signifi-
cant association both in allele and genotype com-
parisons between MYO9B polymorphism 
(rs2305764, rs2305767, rs1457092) and CD in 
Caucasians (Chen et al. 2016b). Thus, more stud-
ies are needed. The rs2305767 polymorphism, 
one of the polymorphisms initially associated 
with a decreased risk of UC (Wang et al. 2016) 
was found to have a high association with Turner 

syndrome and predisposition to celiac disease 
(Villanueva-Ortega et al. 2017).

Other Autoimmune Diseases MYO9B gene 
polymorphisms have also been associated with 
systemic lupus erythematosus, rheumatoid arthri-
tis, and type 1 diabetes in Spanish populations 
suggesting that MYO9B is a risk factor for auto-
immune diseases (Sanchez et al. 2007; Santiago 
et  al. 2008). In the mouse, experimental 
 autoimmune encephalomyelitis (EAE), a model 
for multiple sclerosis, is characterized by an 
acute paralytic episode following an injection of 
myelin proteins followed by partial or total recov-
ery (Miller et  al. 2010). Initiation of EAE was 
delayed in Myo9b-null vs. wild-type mice, and 
fewer CD4+ T cells, including Th1 and Th17 
subtypes, were found in the central nervous sys-
tem; moreover, no recovery was observed (Liu 
et al. 2015b). The studies suggest that MYO9B is 
required for the normal development of EAE and 
that loss of MYO9B leads to defects in T-cell 
response.

12.9  Myosin X

MYO10 consists of a motor domain with 
nucleotide- binding and actin-binding sites, a 
LCBD, which binds three molecules of calmodu-
lin, a single α-helix (SAH) region followed by a 
coiled-coil region involved in the formation of 
antiparallel dimers (Lu et al. 2012), a C-terminal 
tail domain that has 3 PEST sequences, which are 
rich in proline, glutamate, serine, and threonine 
and confer sensitivity to certain proteases, 3 
pleckstrin homology (PH) domains, which bind 
phosphatidyl (3,4,5)-triphosphate (PIP3), and a 
myosin tail homology 4 (MyTH4) and band 4.1, 
ezrin, radixin, merlin (FERM) domain respons-
ble for binding to microtubules and integrins 
(Divito and Cheney 2008). Although full-length 
MYO10 (~237 kDa) is widely expressed in verte-
brate tissues (Berg et al. 2000), a shorter version 
known as headless MYO10 (~165 kDa), which is 
missing most of the head domain, is expressed in 
neural stem cells, neurons, and astrocytes (Sousa 
et al. 2006; Raines et al. 2012).
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MYO10 is thought to exist in the cytoplasm as 
a folded inactive monomer that unfolds and 
dimerizes upon contact with PIP3 to act as a pro-
cessive motor able to transport cargo (Umeki 
et al. 2011). Native MYO10 is difficult to isolate 
because it is found in low abundance, and when 
expressed in baculovirus, full-length MYO10 is 
mostly monomeric (Knight et  al. 2005; Umeki 
et  al. 2011), so some studies such as those 
designed to examine the mechanical interaction 
of MYO10 with actin filaments at the single- 
molecule level have used forced dimer constructs 
made, e.g., by adding a leucine zipper (Nagy 
et al. 2008; Takagi et al. 2014) or the coiled-coil 
region from myosin V (Sun et al. 2010) after the 
MYO10 coiled-coil region. These studies have 
shown that under low load MYO10 walks proces-
sively along single actin filaments (Takagi et al. 
2014), on actin-fascin bundles (Ricca and Rock 
2010; Lu et al. 2012; Ropars et al. 2016) or on 
both single filaments and bundles (Sun et  al. 
2010) depending on the construct. MYO10’s 
interaction with actin occurs in two phases as first 
observed for myosin I: MYO10’s 17-nm power 
stroke is composed of a 15-nm movement fol-
lowed by a 2-nm movement (Takagi et al. 2014).

MYO10 localizes at the tips of filopodia, slen-
der actin-rich membrane protrusions (Berg and 
Cheney 2002), and it mediates their formation as 
evidenced by in vitro studies showing that over-
expression of MYO10 causes an increase in the 
number and length of filopdia, whereas reduced 
MYO10 expression leads to the loss of filopodia 
(Bohil et al. 2006; Tokuo et al. 2007; Watanabe 
et al. 2010). The mechanism of filament elonga-
tion involves transport of vasodilator-stimulated 
phosphoprotein, VASP, to the tips of filopodia, 
where VASP competes with actin capping protein 
to promote actin filament assembly and filopodia 
growth (Tokuo and Ikebe 2004). Integrins, cell 
surface proteins that mediate adhesion to the 
extracellular matix, are also actively transported 
to the tips of filopodia by MYO10, where they 
stabilize filopodia and support cell migration 
(Zhang et al. 2004). PIP3 binding is required for 
the translocation of MYO10 to filopodial tips as 
mutation of the second PH domain, which spe-
cifically binds PIP3, results in the intracellular 

localization of MYO10 and a reduction in the 
number and length of filopodia (Plantard et  al. 
2010).

Mice deficient in both full-length and headless 
MYO10 exhibit a white belly spot along with 
syndactyly and persistent hyaloid vasculature in 
the eye and have fewer live births with greater 
than half of the surviving pups exhibiting exen-
cephaly, a defect in neural tube closure, results 
consistent with the idea that MYO10 performs 
critical functions during development (Heimsath 
et al. 2017).

Cancer Cancer cells spread by invading the sur-
rounding tissue and establishing metastatic colo-
nies. There is growing evidence that actin-rich 
protrusions like filopodia, filopodial-like protru-
sions, and invadopodia, membrane protrusions 
rich in matrix metalloproteases capable of digest-
ing extracellular matrix, are used by cancer cells 
to invade adjacent tissues (Arjonen et  al. 2011; 
Shibue et al. 2012). MYO10 localizes at the tips 
of invadopodia and is required for their forma-
tion, and MYO10 depletion reduces the number 
of long invadopodia (Schoumacher et al. 2010). 
MYO10 expression is increased in several differ-
ent cancers including brain (Mischel et al. 2003), 
breast (Arjonen et al. 2014), lung (Bidkhori et al. 
2013; Dvornikov et al. 2018; Wang et al. 2018), 
skin (Tokuo et  al. 2018), and prostate cancer 
(Makowska et al. 2015) suggesting that MYO10 
may be a potential therapeutic target for some 
cancers.

MYO10 is strongly expressed in aggressive 
breast cancers and is required for breast cancer 
cell invasion and dissemination in multiple can-
cer cell lines (Arjonen et al. 2014). In breast car-
cinomas, MYO10 is expressed at the invasive 
edges and correlates with the presence of TP53 
mutations and poor prognosis (Arjonen et  al. 
2014). The proportion of cultured breast cancer 
cells expressing reduced amounts of MYO10 
migrating through the membrane in transwell 
assays is significantly less than in control cells 
(Cao et  al. 2014). The reduction in metastatic 
behavior as a consequence of reduced MYO10 
expression many be due to a decrease in cell- 
substrate adhesion, which is required for filopo-
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dia extension (Zhang et  al. 2004). The FERM 
domain of MYO10 binds integrins through an 
NPXY motif and transports integrins within filo-
podia. The ability of Myo10 to transport β1 inte-
grins is required for invasion (Arjonen et  al. 
2014), evidence that some integrins are important 
for cancer cell survival (Shibue et  al. 2012). 
Indeed, altered expression of many different inte-
grins correlates with increased tumor progression 
and poor prognosis in human cancer 
(Desgrosellier and Cheresh 2010). miRNA-340 
is consistently expressed at a low level in human 
breast cancer cell lines and its overexpression 
inhibits breast cancer cell migration and invasion 
by regulating MYO10 expression (Chen et  al. 
2016a). The studies suggest that miRNA-340 
may serve as a marker for breast cancer metasta-
sis and prognosis.

Recent evidence indicates that MYO10 medi-
ates melanoma initiation and metastasis. MYO10 
depletion in cultured Melb-a mouse melanoblasts 
inhibits the formation of long protrusions by 
reducing the transportation of VASP to the lead-
ing edge of migrating cells (Tokuo et al. 2018). 
Furthermore, the ability of MYO10-depleted 
B16F1 mouse melanoma cells to form lung colo-
nies after tail-vein injection is markedly decreased 
vs. control cells. Mice in which full-length but 
not headless Myo10 is deleted exhibit with 100% 
penetrance a white spot on their belly caused by 
reduced melanoblast migration; other defects 
include syndactyly and persistent hyaloid vascu-
lature in the eye (Tokuo et  al. 2018). When 
crossed with mice that conditionally express in 
melanocytes the BRAFV600E mutation combined 
with Pten silencing the Myo10-null mice exhibit 
reduced melanoma development and metastasis 
vs. control mice resulting in an extended medial 
survival time (Tokuo et  al. 2018). Importantly, 
examination of human melanoma samples 
showed that elevated expression of MYO10 is 
associated with low survival rates for melanoma 
patients (Tokuo et al. 2018).

Infectious Disease MYO10 may play a role in 
the budding of viral particles from target cells. 
Marburg virus, which causes hemorrhagic fever 
and is a close relative of the deadly Ebola virus, 

consists of a single strand of negative-sense RNA 
coding for seven structural proteins encapsulated 
by nucleoprotein that is embedded in matrix and 
surrounded by a membrane supplied by the host 
cell (Messaoudi et  al. 2015). During infection, 
Marburg viruses attach to the cell surface and are 
taken up by macropinocytosis (Messaoudi et al. 
2015). Viral and endosomal membranes fuse 
releasing the viral ribonucleocapsid into the 
 cytoplasm where the negative-sense RNA 
genome undergoes transcription and replication 
(Messaoudi et al. 2015). After their formation in 
the perinuclear region of macrophages, nucleo-
capsids are transported to the cell surface where 
they are assembled; the matrix protein VP40 is 
important for virion assembly. In cells co- 
expressing VP40 and fluorescently-tagged 
MYO10, MYO10 is found at the tips of filopodia 
and along filopodia positive for VP40 
(Kolesnikova et  al. 2007). In cells expressing a 
putative dominant negative MYO10, both the 
number of VP40-enriched membrane protrusions 
at the cell surface and the amount of VP40 
released decrease, evidence that MYO10 medi-
ates the budding of virus particles (Kolesnikova 
et al. 2007).

The intracellular pathogenic bacteria 
Shigella and Listeria, which cause dysentery, 
spread in the colon from cell to cell through 
membrane protrusions. Once inside, these bac-
teria commandeer the host cell’s actin machin-
ery to form comet tails composed of 
microfilaments whose assembly propel the bac-
teria through the cytoplasm to the cell mem-
brane where they form protrusions that are 
ingested by adjacent mucosal cells (Tilney and 
Portnoy 1989). In this way the bacteria evade 
the host’s immune system while spreading from 
cell to cell. Myo10 is found near the rear of the 
bacteria and is a component of Shigella- and 
Listeria-induced protrusions. Myo10- depleted 
cells form the same number of protrusions as 
control cells; however, the protrusions are 
shorter and thicker, and the spread of bacteria 
from cell to cell is reduced by 80% (Bishai 
et  al. 2013). The studies suggest that MYO10 
might be an effective target for treatment 
against these pathogens.
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Myo10 is also a key inducer of tunneling 
nanotubes (TNTs), actin-containing structures 
that facilitate the transfer of vesicles, organelles, 
genetic material, and pathogens between cells 
(Gousset et  al. 2013). The transfer of the HIV 
viral protein Nef, which is critical to HIV patho-
genesis and development of AIDS, depends on 
the presence of MYO10-dependent TNTs (Uhl 
et al. 2018). The studies suggest that insight into 
how TNTs are formed might lead to ways to con-
trol HIV infection.

12.10  Myosin XV

Humans have one gene encoding myosin 15A 
(MYO15A) and a myosin 15 pseudogene 
(MYO15B). MYO15A is alternatively spliced to 
form three isoforms. MYO15A isoform 1 encodes 
a 395-kDa polypeptide, the largest of the myosin 
heavy chains. It has a 133-kDa proline-rich 
N-terminal extension followed by a motor 
domain, 2–3 IQ domains, and a tail consisting of 
two sets of MYTH4 and FERM domains sepa-
rated by an SH3 domain. The third potential IQ 
domain is noncanonical and binds neither 
calmodulin nor the regulatory or essential light 
chains (Bird et al. 2014). MYO15A isoform 2 is 
a 262-kDa polypeptide, which lacks the 
N-terminal extension (Liang et  al. 1999; Fang 
et al. 2015b). MYO15A isoform 3 is recently dis-
covered and has a novel 50-amino acid N-terminal 
domain (Rehman et  al. 2016). In contrast, 
MYO15B is a transcribed pseudogene with a 
short, also proline-rich, N-terminal extension but 
with no similarity to the N-terminal extension of 
MYO15A, a motor domain missing the first 
N-terminal 66/204 residues, one apparent IQ 
domain, and a tail with 30% identity and 44% 
similarity to that of MYO15A (Boger et al. 2001). 
In addition to the deletion in the motor domain, 
amino acid substitutions in critical regions of the 
motor domain including the phosphate- and 
actin-binding regions indicate that this myosin is 
nonfunctional (Boger et al. 2001). One possibil-
ity is that MYO15B acts as a dominant negative 
protein to regulate endogenous myosin 15 func-
tion (Rehman et al. 2016).

In the mouse inner ear, Myo15 is expressed at 
a low level making its isolation difficult so there 
are no reports of biochemical studies done with 
purified native full-length protein; however, an 
EGFP-tagged version of the myosin 15 isoform 2 
motor domain and three predicted IQ motifs 
(EGFP-Myo15-3IQ) was successfully expressed 
in insect cells when coexpressed with the muscle- 
specific chaperone UNC45B, the chaperone 
 heat- shock protein 90 (HSP90), and the regula-
tory light chain (RLC) and essential light chain 
(ELC) normally associated with myosin II (Bird 
et  al. 2014). EGFP-Myo15-2IQ, whose ATPase 
activity is activated 67-fold by actin, is a barbed-
end directed high-duty ratio motor with a power 
stroke of ~ 8  nm (Bird et  al. 2014), consistent 
with the predicted step size for a myosin motor 
with a lever arm having two IQ domains 
(Warshaw 2004). Whether posttranslational mod-
ification such as phosphorylation regulates 
MYO15A activity as observed for smooth mus-
cle myosin II (Sellers et al. 1981) is unknown. In 
addition, whether the tail regulates MYO15A 
activity awaits expression and purification of 
full-length MYO15a. Also, whether MYO15A 
dimerizes and how (no coiled-coil region associ-
ated with dimerization in other processive motors 
is present; Bird et al. 2014) to support processive 
movement on actin filaments has not been 
determined.

Myo15 is highly expressed in the ear and 
endocrine organs (Liang et al. 1999). On the hair 
cells of the cochlea and the vestibular organs, ste-
reocilia, actin-rich protrusions that derive from 
microvilli, are precisely arranged in V- or 
W-shaped arrays according to height and cross-
linked into bundles by extracellular filaments 
(Frolenkov et  al. 2004). In response to sound 
waves, the stereocilia deflect opening mechano-
electrical transduction (MET) channels that 
reside at the tips of the shorter stereocilia, thus 
initiating neurotransmission leading to hearing 
(Beurg et  al. 2009). MYO15A isoform 1 local-
izes mainly to the tips of the shorter row stereo-
cilia, and MYO15A isoform 2 localizes mainly to 
the tips of the taller stereocilia (Fang et  al. 
2015b). Mice engineered to express only 
MYO15A isoform 2 initially develop normal ste-
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reociliary bundles; however, soon the shorter ste-
reocilia, which house the active MET channels 
(Beurg et  al. 2009), degenerate decreasing in 
both length and diameter, and the mice are pro-
foundly deaf (Fang et al. 2015b). Thus, MYO15A 
isoform 1 is required for maintenance of stereo-
cilia morphology and mechanotransduction of 
the shorter stereocilia (Fang et al. 2015b).

A mutation in an evolutionarily conserved 
cysteine residue in the motor domain of MYO15 
is responsible for the shaker 2 (sh2) phenotype in 
mice, which is characterized by deafness and a 
vestibular defect that results in a head-tossing 
and circling phenotype (Probst et al. 1998; Wang 
et al. 1998). Shaker 2 mice have abnormally short 
stereocilia on the hair cells of the inner ear and do 
not develop the characteristic staircase arrange-
ment of mature hair bundles, evidence that 
MYO15A is required for the graded growth of 
stereocilia (Probst et al. 1998; Belyantseva et al. 
2003). Another spontaneous allele, shaker 2J 
(sh2J), in which the C-terminal FERM domain of 
MYO15A is missing, also causes congenital 
deafness and vestibular defects in mice (Anderson 
et al. 2000).

To drive stereocilia growth MYO15 interacts 
with two proteins, EPS8 (epidermal growth fac-
tor receptor kinase substrate 8) and the PDZ- 
containing protein whirlin, both of which localize 
to the tips of stereocilia with MYO15A 
(Belyantseva et  al. 2005; Manor et  al. 2011; 
Zampini et al. 2011). Indeed, MYO15A mediates 
their localization at the tips as both EPS8 and 
whirlin are absent from the stereocilia of shaker 2 
mice, and transfection of tagged MYO15 isoform 
2 into cultured hair cells from shaker 2 mice 
restores their normal localization and rescues ste-
reocilia growth (Belyantseva et al. 2005; Manor 
et al. 2011).

Hearing Loss The shaker 2 mouse is a model 
for human DFNB3, one of the more common 
forms of severe to profound autosomal recessive 
nonsyndromic deafness, which was first identi-
fied in the village of Bengkala in Bali, Indonesia, 
where 2% of the population had hearing loss 
(Friedman et  al. 1995). Subsequently, the locus 
was mapped to chromosome 17 (Liang et  al. 

1998) and then pathogenic variants were identi-
fied in MYO15A (Wang et al. 1998). Nearly 200 
different mutations in MYO15A in humans 
including missense, frameshift, nonsense, splice- 
site, and in frame insertions or deletions, have 
now been linked to DFNB3 (Rehman et al. 2016). 
In addition to hearing loss, some patients state 
that they feel “inebriated” in the absence of visual 
cues (Anderson et al. 2000; Friedman et al. 2000) 
suggesting vestibular dysfunction. Despite 
MYO15’s expression in other tissues, there is no 
evidence that mutations in MYO15A in humans 
are associated with syndromic deafness (Rehman 
et al. 2016), although it is possible that other phe-
notypes have been overlooked (Friedman and 
Riazuddin 2014).

12.11  Myosin XVI

Class XVI myosins were first identified in rat 
migrating neurons and astrocytes and originally 
designated as myr 8a (8th unconventional myosin 
from rat a; now MYO16A) and myr 8b (now 
MYO16B); MYO16B is the predominant form in 
the brain (Patel et al. 2001). Class XVI myosins 
contain a ~400 amino acid-long N-terminal 
extension (“ankyrin domain”) comprised of two 
protein phosphatase catalytic subunit (PP1c)-
binding sequence elements (the RxxQIKxY 
motif and the KVRF motif) and multiple (8) 
ankyrin/ankyrin-like repeats, followed by a motor 
domain with conserved ATP- and actin-binding 
sites, a single light chain-binding domain, and 
either a short positively-charged tail (MYO16A) 
or a longer (additional 590 amino acids) disor-
dered neutral polyproline-rich tail (MYO16B) 
(Patel et al. 2001; Kengyel et al. 2015).

MYO16A has a heavy chain of ~149  kDa. 
Like MYO16B there are no coiled-coil motifs in 
the tail suggesting that the molecule is mono-
meric (Cameron et  al. 2007). MYO16B, whose 
heavy chain is ~210.6 kDa, binds F-actin in an 
ATP-reversible fashion and immunoprecipitates 
with the protein catalytic subunits PP1α and 
PP1γ, suggesting that MYO16B may target pro-
tein phosphatase catalytic subunits to actin struc-
tures (Patel et al. 2001).
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MYO16B, the predominant form in the brain, 
localizes to both the cytoplasm and the nucleus 
in cultured neurons and frozen sections of the 
brain (Patel et  al. 2001; Cameron et  al. 2007). 
The C-terminal extension of MYO16B directs it 
to the nucleus, where it colocalizes to a com-
partment containing profilin and filamentous 
actin (Cameron et al. 2007). MYO16 evidently 
regulates cell cycle progression. Rat2 cells 
(embryonic fibroblasts) express the most 
MYO16 during entry and progression through 
S-phase, whereas MYO16 expression is down 
regulated at the onset of M-phase (Cameron 
et al. 2013). Overexpression of MYO16 results 
in an increase in the number of cells in the G1 
and S phases of the cell cycle (Cameron et al. 
2007), and cells expressing reduced amounts of 
MYO16 show aberrant cell shape and nuclear 
architecture, an increase in the fraction of cells 
at G1 or G2/M, and increased cell death (Cameron 
et al. 2013).

Schizophrenia There is evidence from studies 
of families from the European descent 
Afrikaner population from South Africa that 
variants in MYO16 contribute to the genetic 
liability of schizophrenia (Rodriguez-Murillo 
et al. 2014); moreover, expression analysis of 
brain samples from control and schizophrenic 
patients shows that the expression of MYO16 in 
the frontal cortex of patients with schizophre-
nia was significantly elevated (Rodriguez-
Murillo et al. 2014). Although confirmation of 
MYO16’s role in schizophrenia awaits further 
studies, there is evidence that MYO16 is a 
member of the NYAP (neuronal tyrosine-phos-
phorylated adaptor for the PI 3-kinase) family 
of phosphoproteins, which are expressed in 
developing neurons (Yokoyama et  al. 2011). 
When stimulated with contactin5, NYAPs are 
phosphorylated on tyrosine by Fyn, then inter-
act with PI3K p85 to activate PI3K, Akt, and 
Rac1. NYAPs also interact with the WAVE 
complex, which mediates remodeling of the 
actin cytoskeleton. Mice deficient in MYO16 
and the 2 other members of the NYAP family 
exhibit reduced brain size and total neuron 
length (Yokoyama et al. 2011).

Autism Initial studies implicate the association 
of MYO16 with neurocognitive developmental 
disorders. MYO16 has been identified as a bind-
ing partner of KIRREL3, a synaptic cell- adhesion 
molecule implicated in several neurodevelop-
mental conditions including intellectual disabil-
ity and autism spectrum disorder (Liu et  al. 
2015a). Some partial colocalization of MYO16 
and KIRREL3 was observed in the perinuclear 
region of cultured neuronal cells presumably cor-
responding to the Golgi complex and in punctae 
along the length of neurite processes identified as 
synaptic/secretory vesicles. The studies suggest 
that MYO16 may be a critical factor in the actin 
cytoskeleton associated with synaptic vesicles. A 
small number of patients with neurodevelopmen-
tal disorders have been found with deletions 
encompassing the MYO16 gene. The availability 
of a Myo16-null mouse would help to address 
important questions regarding the role of 
MYO16 in the brain.

12.12  Myosin XVIII

Vertebrates including humans have two genes 
coding for myosin 18, MYO18A and MYO18B 
(Nishioka et al. 2002; Mori et al. 2003) (for recent 
reviews, see Chap. 19 (Taft and Latham 2020) and 
(Buschman and Field 2018)). Whereas Myo18A 
is expressed in most tissues (Furusawa et  al. 
2000), Myo18B expression is tissue specific with 
the highest amount expressed in cardiac and skel-
etal muscle (Salamon et al. 2003).

Myo18A is expressed in mice as three alterna-
tively spliced isoforms, MYO18Aα (MysPDZ), 
MYO18Aβ (Mori et  al. 2003), and MYO18Aδ 
(Horsthemke et al. 2019). MYO18Aα is expressed 
in most tissues, where it reportedly localizes at 
the endoplasmic reticulum and Golgi apparatus, 
MYO18Aβ is expressed in most hematopoietic 
cells such as bone marrow, spleen, and thymus 
(Furusawa et  al. 2000; Mori et  al. 2003), and 
MYO18Aδ is expressed in ventricular myocytes 
of the heart as well as skeletal muscle (Horsthemke 
et al. 2019).

Although both MYO18Aα and  β isoforms 
have a motor domain, a single canonical IQ 
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motif, a less well conserved IQ motif, and a long 
coiled-coil tail, MYO18Aα (230kDA) also has a 
unique N-terminal domain consisting of a lysine- 
and glutamine (KE)-rich sequence followed by a 
PDZ domain, which mediates protein-protein 
interactions (Furusawa et  al. 2000; Mori et  al. 
2003), whereas MYO18Aβ (190 kDa) has a short 
sequence before the motor domain but lacks the 
KE and PDZ domains (Furusawa et  al. 2000; 
Mori et  al. 2003). Rather than forming large 
bipolar filaments like myosin II, expressed full- 
length murine Myo18Aβ dimerizes forming ~65- 
nm long bipolar filaments with two heads at each 
end (Billington et  al. 2015). MYO18Aγ has an 
alternative proline-rich N-terminus and a long 
serine-rich C-terminus (Horsthemke et al. 2019). 
Interestingly, purified MYO18Aβ co-assembles 
with MYH9 (NMIIA) in vitro and Myo18Aβ- 
MYH9 copolymers exist in cells suggesting the 
possibility that MYO18β regulates the assembly 
of MYH9 (Billington et al. 2015). There are con-
flicting reports regarding whether MYO18A 
binds actin in an ATP-reversible fashion (Mori 
et al. 2003; Isogawa et al. 2005; Guzik-Lendrum 
et al. 2013; Taft et al. 2013); however what does 
appear plausible is that class XVIII myosins are 
unlikely to  operate as motors that translocate 
along actin filaments (Guzik-Lendrum et  al. 
2013).

MYO18Aα has also been reported to bind 
GOLPH3 through its PDZ module (Dippold et al. 
2009; Taft et  al. 2013), and MYO18Aα knock-
down causes Golgi ribbons to compact into tight 
aggregates and Golgi-to-plasma membrane traf-
ficking to decrease implicating MYO18Aα in 
Golgi morphology and trafficking (Dippold et al. 
2009; Taft et al. 2013). However, another group 
subsequently reported that MYO18Aα is inactive 
even in the presence of GOLPH3; moreover, they 
found no evidence that MYO18Aα localizes to 
the Golgi or of Golgi defects in cells depleted of 
MYO18Aα (Bruun et  al. 2017), evidence that 
more work must be done to reach a consensus 
regarding MYO18A at the Golgi.

In mouse heart, MYO18Aγ localizes to A 
bands and loss of function leads to disorganiza-
tion of sarcomeres and embryonic lethality 
(Horsthemke et  al. 2019).  MYO18A is impli-

cated in the assembly of lamellar actomyosin 
bundles in cooperation with the myotonic dystro-
phy kinase-related Rac/Cdc42-binding kinase 
(MRCK) and leucine-rich adaptor protein 1 
(LURAP1; LRAP35a) (Tan et  al. 2008). 
MYO18Aα also interacts via its C-terminal glob-
ular domains with the p21-activated kinase  2/
PAK-interacting exchange factor-β/G-protein- 
coupled receptor kinase interactor 1 (PAK2/
βPIX/GIT1) complex, and reduced expression of 
MYO18Aα in human epidermoid carcinoma 
A431 cells results in accumulation of the com-
plex in focal adhesions and reduced cell migra-
tion (Hsu et al. 2010). Furthermore, disruption of 
the MYO18A-βPIX interaction impairs cell 
motility and also decreases Rac1 activity, evi-
dence that the MYO18A-βPIX interaction is crit-
ical to adhesion and migration in epithelial cells 
(Hsu et al. 2014).

MYO18B (285 kDa) has a head, neck, and tail 
domain preceded by an N-terminal sequence that 
is unlike the N-terminal sequence in MYO18A 
(Nishioka et  al. 2002). MYO18B is expressed 
primarily in cardiac and skeletal muscle cells 
where it localizes via its N-terminal extension to 
the Z-bands in skeletal muscle, and its deletion 
leads to embryonic lethality in mice due to 
defects in the myofibrils of cardiac myocytes 
(Ajima et al. 2008).

Cancer The expression level of several myosins 
including MYO18A is higher in the human pros-
tate cancer cell line PC-3 vs. the less metastatic 
prostate cancer cell line LNCaP, and MYO18A 
depletion alters the actin cytoskeleton, reduces 
directional persistence in 2D migration assays 
indicating that the cells are less able to polarize, 
and decreases cell migration in 3D invasion 
assays, evidence that MYO18A supports tumor 
cell metastasis (Makowska et al. 2015).

Constitutive activation of protein tyrosine 
kinases including PDGFRB and FGFR1 is asso-
ciated with the pathogenesis of chronic myelo-
proliferative neoplasm (MPN). In hematological 
malignancies MYO18A has been found as fusions 
with FGFRI leading to the 8p11 myeloprolifera-
tive syndrome (EMS) (Walz et  al. 2005), 

12 Myosins and Disease



286

PDGFRB leading to eosinophilia-associated 
MPN (MPN-eo) (Walz et al. 2009), MLL leading 
to acute myeloid leukemia (AML) (Ussowicz 
et al. 2012), and PDGFRB leading to MPN with-
out eosinophilia (Sheng et al. 2017).

MYO18B is frequently mutated, deleted, and 
methylated in ~50% human lung cancers (non- 
small cell lung carcinomas and small cell lung 
carcinomas) (Nishioka et al. 2002). Modification 
of the MYO18B gene is also observed in a consid-
erable fraction of ovarian (Yanaihara et al. 2004) 
and colorectal (Nakano et al. 2005) cancer. These 
data suggest that MYO18B acts as a tumor sup-
pressor in cancer development. Additional evi-
dence for this comes from in vitro studies. 
Expression of Flag-tagged MYO18B in the non- 
small cell lung carcinoma cell line H322, which 
has undetectable levels of endogenous MYO18B, 
suppresses anchorage-independent growth 
(Nishioka et  al. 2002). The mechanism may 
involve HOMER2, a protein that interacts with 
the C-terminus of MYO18B, co-localizes with 
MYO18B at membrane protrusions and stress 
fibers, and enhances the ability of MYO18B to 
suppress anchorage-independent growth of 
human lung cancer cells (Ajima et al. 2007).

Myopathies Mutations in MYO18B have been 
associated with human myopathies. Malfatti and 
colleagues reported that a premature stop muta-
tion in MYO18B (c.6496G > T; p.Glu2166∗) in a 
Portuguese baby girl was associated with severe 
nemaline myopathy (NM), a rare and severe mus-
cle disease characterized by the presence of 
nemaline bodies in muscle fibers (Malfatti et al. 
2015). The child had dysmorphic features includ-
ing enlargement of the skull, low-set ears, clino-
dactyly of the fourth and fifth fingers of the 
hands, and tendon contractures as well as cardio-
myopathy, which is not typically associated with 
NM.  A MYO18B missense mutation, 
c.6905C > A, which results in a premature stop 
codon, was also linked in two apparently unre-
lated patients to a novel syndrome of the bone 
disorder Klippel-Feil anomaly, myopathy, and 
distinctive dysmorphic facial features (Alazami 
et al. 2015). The studies are consistent with stud-
ies in zebrafish showing that loss of myo18b 

results in the complete lack of sarcomeric struc-
ture due to failure of thick and thin filaments to 
organize (Berger et al. 2017).

Viral Infection Although the mechanism is not 
yet known, there is evidence that MYO18A may 
mediate viral infections in humans. MYO18A 
associates with GOLPH3 at the Golgi and deple-
tion of GOLPH3 or MYO18A in human fibro-
blasts reduces the release of hepatitis C virus 
(Bishe et al. 2012). Similarly, following infection 
of human fibroblasts with human cytomegalovi-
rus (HCMV), MYO18A reportedly translocates 
from the plasma membrane to punctate structures 
adjacent to the Golgi region in the cytoplasm, 
where viral assembly occurs (Jean Beltran et al. 
2016). Reduced expression of MYO18 signifi-
cantly reduces virus production, evidence that 
MYO18A is necessary for efficient replication of 
HCMV.

12.13  Myosin XIX

Class XIX myosins are plus-end directed motors 
that have a 109-kDa heavy chain comprised of a 
motor domain, three IQ domains that bind the 
regulatory light chain (RLC) of smooth muscle/
non-muscle myosin II, and a short tail (Quintero 
et al. 2009; Adikes et al. 2013; Lu et al. 2014). A 
fragment consisting of the MYO19 motor domain 
and 1 or 3 IQ domains expressed in baculovirus 
and purified from insect cells exhibits an actin- 
activated ATPase activity and high affinity for 
F-actin in the presence of ATP (Adikes et  al. 
2013). Kinetic studies including those showing a 
slow rate of ADP isomerization and ADP release 
indicate that MYO19 has a relatively high duty 
ratio and is likely to associate with other MYO19 
molecules to support motility (Usaj and Henn 
2017).

Class XIX myosins are expressed in multiple 
tissues where they interact directly with mito-
chondria through a ~150 amino acid MYO19- 
specific mitochondria outer membrane 
association (MyMOMA) domain in the tail and 
regulate mitochondria dynamics (Quintero et al. 
2009). Two basic residues in this region, Arg882 
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and Lys883, are essential for mitochondrial local-
ization, and their substitution with alanine leads 
to Myo19 localization at the endoplasmic reticu-
lum (Hawthorne et al. 2016). Overexpression of 
MYO19 in A549 cells causes an 80% increase in 
average mitochondrial velocity, whereas expres-
sion of the MYO19 tail, predicted to act as a 
dominant negative, decreases mitochondrial runs 
in CAD cell neurites by 40% (Quintero et  al. 
2009). Reduced expression of MYO19 leads to 
an increase in the number of Hela cells that fail to 
divide and the abnormal asymmetrical distribu-
tion of mitochondria to the poles in dividing cells 
demonstrating that MYO19 is required for the 
regulated segregation of mitochondria during 
anaphase (Rohn et al. 2014).

During the response to glucose starvation, 
MYO19 localizes in U2OS cells with mitochon-
dria in a motor-dependent manner to the tips of 
starvation-induced filopodia, and moves retro-
gradely during filopodia retraction (Shneyer et al. 
2017). Reactive oxygen specifies (ROS) produce 
the same phenotype (Shneyer et  al. 2017). 
MYO19 depletion reduces the number and length 
of filopodia, evidence that MYO19 plays a role in 
the formation of filopodia induced by starvation 
(Shneyer et  al. 2016). Evidently, MYO19 pro-
motes the localization of mitochondria to the tips 
of growing filopodia where they are needed to 
produce the ATP required for rapid actin assem-
bly (Shneyer et al. 2016).

Cancer MYO19 is one of the least well-studied 
myosins, and little is known regarding its role in 
human health; however, initial reports implicate 
MYO19  in cancer. In two families MYO19 was 
identified as a candidate gene on chromosome 
17q for familial glioma, a rare but fatal cancer 
(Jalali et  al. 2015). In another study, MYO19 
fused SKA2 (spindle and kinetochore-associated 
complex subunit 2) (SKA2-MYO19) is one of 27 
fusion genes identified by paired-end RNA 
sequencing in breast cancer samples (Edgren 
et al. 2011).

Other As perturbations in mitochondrial dynam-
ics are linked to neurodegenerative diseases 
including Parkinson’s disease, Alzheimer’s dis-

ease, and Huntington’s disease (Chen and Chan 
2009; Federico et  al. 2012), it is possible that 
future studies will show that mutations in MYO19 
are associated with neurological disorders.
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Myosins and Hearing

Thomas B. Friedman, Inna A. Belyantseva, 
and Gregory I. Frolenkov

Abstract

Hearing loss is both genetically and clinically 
heterogeneous, and pathogenic variants of 
over a hundred different genes are associated 
with this common neurosensory disorder. A 
relatively large number of these “deafness 
genes” encode myosin super family members. 
The evidence that pathogenic variants of 
human MYO3A, MYO6, MYO7A, MYO15A, 
MYH14 and MYH9 are associated with deaf-
ness ranges from moderate to definitive. 
Additional evidence for the involvement of 
these six myosins for normal hearing also 
comes from animal models, usually mouse or 
zebra fish, where mutations of these genes 
cause hearing loss and from biochemical, 
physiological and cell biological studies of 
their roles in the inner ear.  This chapter 
focuses on these six genes for which evidence 
of a causative role in deafness is substantial.

Keywords
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Retinitis pigmentosa · Harmonin · Shaker 2 
mouse · Whirler mouse  · Helio gene-gun

13.1  Introduction

Hearing loss is one of the most common neuro-
sensory disorders. Pathogenic variants of 142 
human genes have been reported to be associated 
with deafness (DiStefano et  al. 2019). Nine of 
these “deafness genes” encode myosin family 
members reported to be necessary for normal 
hearing (Table 13.1). Rare variants of additional 
“deafness genes” likely remain to be discovered, 
as there are hundreds of syndromes that include 
deafness as one feature for which the underlying 
biological causes have not been reported. The 
requirement of such a large number of genes for 
hearing isn’t surprising, given the structural and 
physiological complexity of the inner ear 
(Frolenkov et  al. 2004; Griffith and Friedman 
2016; Velez-Ortega and Frolenkov 2019).

Despite annotations as of January 2020 in the 
UCSC Genome Browser indicating an involve-
ment with human deafness, the hypothesis that 
heterozygous variants of MYO1A are a primary 
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cause of neurosensory hearing loss has been 
refuted (Eisenberger et  al. 2014; Patton et  al. 
2017). Additionally, causal relationships for vari-
ants of MYO1C and MYO1F in human deafness 
are also disputed (DiStefano et  al. 2019). It 
remains possible that variants of MYO1A, 
MYO1C and MYO1F may have reduced pene-
trance for deafness, could be genetic modifiers of 
a major “deafness gene” or may increase risk of 
hearing loss due to loud noise or ototoxic agents 
(Patton et al. 2017). However, in light of the con-
cerns about the current evidence supporting 
MYO1A, MYO1C and MYO1F in human deaf-
ness, the focus of this chapter is limited to six 
different bona fide “deafness genes” encoding 
myosins, where the evidence ranges from moder-

ate to definitive that variants of MYO3A, MYO6, 
MYO7A, MYO15A, MYH14 and MYH9 are patho-
genic (DiStefano et  al. 2019). Additional evi-
dence for the crucial involvement of these six 
different myosins for hearing comes from animal 
models, usually mouse or zebra fish, that reca-
pitulate the human hearing loss phenotype or 
from protein partners of these myosins, such as 
whirlin, ESPN, EPS8, GPSM2 and Gai3, that are 
also required for normal hearing (Mauriac et al. 
2017).

13.2  Mechanisms of Sound 
Transduction

Hair cells in the inner ear detect sound, gravity 
and head movement. A conversion of sound stim-
uli into electrical signals that are further transmit-
ted to the brain occurs in stereocilia, which 
protrude from the apical surface of hair cells in 
the inner ear (Fig.  13.1). During development, 
stereocilia are derived from microvilli that 
become long, thick, and mechanically rigid struc-
tures because of crosslinking of actin filaments 
by espins, fascin and plastin/fimbrin (Drummond 
et  al. 2015; Frolenkov et  al. 2004; Narayanan 
et al. 2015; Tilney et al. 1992; Velez-Ortega and 
Frolenkov 2019; Zhang et al. 2012). In all mam-
malian species that have been studied, including 
mouse and human, hair cells must last a lifetime 
for normal hearing. Unlike some birds and fish, 
there is little or no neurogenesis in the postnatal 
mammalian inner ear and hair cells are not 
replaced when they die.

Stereocilia are organized in an evolutionarily 
conserved staircase-like architecture in rows of 
increasing height. Each stereocilium in a bundle 
is anchored to its hair cell by a rootlet structure 
embedded in the cuticular plate (Fig.  13.1) 
(Kitajiri et  al. 2010; Katsuno et  al. 2019). The 
number of stereocilia in a bundle and their dimen-
sions are variable for each inner ear sensory 
organ. The elongation of stereocilia to a predeter-
mined length and width and the dynamic mainte-
nance processes for this complex cellular 
architecture depend on the position of stereocilia 
within a bundle and the location of a hair cell 

Table 13.1 Human myosins reported necessary for hear-
ing and the strength of genetic evidence

Myosin 
genea Inheritance Hearing loss

Strength of 
evidenceb

MYO1A AD Moderate to 
profound

Refuted

MYO1C AD Moderate Disputed
MYO1F AD Moderate Disputed
MYO3A AR Profound Strong
MYO6 AD Profound Definitive
MYO6 AR Profound Not 

available
MYO7A AR Profound, Usher 

syndrome type 1
Definitive

MYO7A AD Post-lingual,  
moderate,  
progressive 
nonsyndromic  
hearing loss

Definitive

MYO7A AR Profound, 
nonsyndromic  
deafness

Not 
available

MYO15A AR Profound Definitive
MYH14 AD Profound Moderate
MYH9 AD Profound Definitive

Mode of inheritance, AR autosomal recessive hearing 
loss, AD autosomal dominant hearing loss
aFor mouse models, see the Jackson Laboratory Mouse 
Genome Informatics at http://www.informatics.jax.org
bDefinitions and assignment of evidence strength reported 
in (DiStefano et al. 2019); refuted, original claim demon-
strated to be proven wrong or where “significance evi-
dence outweigh[ed] evidence supporting the claim.”; 
disputed, insufficient or conflicting evidence; moderate, 
evidence is “promising”; strong or definitive classification 
required replication in two or more studies
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within a specific inner ear sensory organ 
(reviewed in (Velez-Ortega and Frolenkov 2019; 
Wagner and Shin 2019)). Many of the myosin 
superfamily members contribute to stereocilia 
development, maintenance or both (Fig.  13.1B. 
Yet, a multitude of studies point to the alternative 
isoforms of MYO15  in consort with its protein 
partners as the maestros of stereocilia elongation 
and maintenance.

13.3  MYO3A

To date, 22 recessive variants (mutations) have 
been reported for the human MYO3A gene that 
are associated with nonsyndromic progressive 
hearing loss. The initial report was of three dif-
ferent variants of MYO3A segregating with vari-
able age-dependent hearing loss in a single large 
consanguineous Israeli family that defined the 

13-cM DFNB30 locus on chromosome 10p 
(Walsh et al. 2002). MYO3A has 33 exons and 
encodes a protein of 1660 residues (largest iso-
form), although there are smaller alternative 
splice isoforms of MYO3A. Additionally, two het-
erozygous missense variant in the motor domain 
of MYO3A were reported to be co-segregating as 
a dominant trait with post-lingual progressive 
deafness in three affecteds of a single family 
(Grati et  al. 2016). The mechanism by which a 
missense mutation in the motor domain of 
MYO3A would cause a progressive hearing loss 
inherited as a dominant trait is not known, 
although the authors provide some interesting 
speculation about the function of MYO3A at the 
tips of stereocilia near the mechanotransduction 
channel in partnership with protocadherin-CD2 
(Grati et al. 2016; Dantas et al. 2018). Moreover, 
Grati et  al. (2016) identified an interaction of 
MYO3A with the cytosolic tail of protocadherin 

Fig. 13.1 Mammalian auditory hair cell stereocilia and 
reported localization of deafness-related myosins. (a) An 
inner hair cell from a postnatal day 6 mouse at the middle 
of the apical turn of the cochlea. Maximum intensity pro-
jection of a stack of backscattered scanning electron 
microscopy images obtained in 20  nm serial sectioning 
using a focused ion beam (FIB-SEM). The total thickness 

of the stack was 200 nm and, therefore, only one stereocil-
ium from each row within a hair bundle is present. Relevant 
structures are indicated by arrows. (b) Schematic localiza-
tion of the myosins of interest in the stereocilia bundle. 
(Note that MYO15A and MYO3A overlap at the tips of 
stereocilia. For simplicity, differences in localization of the 
different MYO15 and MYO7A isoforms are not shown.)

13 Myosins and Hearing
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15-CD2 (Ahmed et  al. 2006; Pepermans et  al. 
2014), indicating a possible involvement of 
MYO3A in the positioning and/or maintenace of 
the mechanotransduction channel complex at ste-
reocilia tips of mature hair cells. Additionally, in 
mouse, MYO3A and MYO3B play reducndant 
roles in hair bundle morphogenesis by limiting 
elongation of stereocilia (Lelli et al. 2016). 

Previous to 2002, MYO3A was known to be 
expressed in the retina and pancreas (Dose and 
Burnside 2000). In vertebrate photoreceptors, 
MYO3A is involved in the development and con-
servation of calyceal processes (Lin-Jones et al. 
2004) as well as in arrestin translocation into 
microvilli (Lee and Montell 2004). In the inner 
ear, MYO3A mRNA is expressed in inner and 
outer hair cells (Walsh et al. 2002). MYO3A pro-
tein was immunolocalized at the surface of ste-
reocilia near the tips with some uncertainties as 
to whether it is present at the very tip of the tallest 
stereocilia row (Ebrahim et  al. 2016; Schneider 
et al. 2006). MYO3A partners with the ankyrin 
repeat-containing alternative splice isoform 1 of 
espin, which is transported by MYO3A 
along F-actin to the tips of stereocilia where it is 
involved in stereocilia length regulation (Salles 
et al. 2009). Pathogenic variants of espin are also 
associated with recessively inherited deafness 
DFNB36 in human (Naz et al. 2004) and in the 
jerker mouse (Sekerkova et al. 2011). The authors 
reported that stereocilia of the jerker mouse are 
30–60% thinner probably due to 50–85% fewer 
actin filaments. Stereocilia of the jerker mouse 
were also shorter indicating that espin is required 
for the differential elongation, crosslinking and 
subsequent maintenance of the F-actin core 
(Sekerkova et al. 2011).

13.4  MYO6

The orthologs of human and mouse MYO6 genes 
have been identified in organisms as diverse as 
Drosophila melanogaster and Caenorhabditis 
elegans (Avraham et al. 1997). A null mutation of 
mouse Myo6 was found to be the cause of con-
genital deafness of the Snell’s waltzer (Myo6SV) 
mouse. Western blot analysis of proteins in the 

homozygous Myo6SV deaf mouse showed no 
detectable myosin 6 protein, and in the inner ear 
rapid progressive loss of hair cells was reported 
(Avraham et al. 1995). In human, DFNB37 and 
DFNA22 hearing loss are associated with a total 
of 73 rare pathogenic variants of MYO6 (as of 
2019) segregating either as a recessive trait or a 
dominant trait, respectively (Ahmed et al. 2003b; 
Melchionda et al. 2001).

For many years it was assumed that all myo-
sins moved toward the plus end of F-actin. 
However, MYO6 moves on F-actin in the oppo-
site direction towards the ‘minus’ end of F-actin. 
The reversal of direction was attributed to 53 
unique amino acid residues inserted into the con-
verter domain of MYO6. When this unique 
sequence was or was not inserted into the MYO5 
lever arm and attached to the MYO6 motor 
domain, this chimeric myosin became either a 
minus-end or plus-end directed motor, respec-
tively (Park et al. 2007; Wells et al. 1999).

Immunofluorescence localization of MYO6 
revealed signals predominantly in hair cells that 
were enriched at the apical cell surface near the 
taper of stereocilia (Avraham et al. 1995, 1997; 
Hasson 2003; Hasson and Mooseker 1994). In 
the absence of functional MYO6, adjacent ste-
reocilia fuse with one another suggesting that 
MYO6 may anchor the plasma membrane to the 
actin-rich cytoskeleton structure at the base of the 
stereocilia bundle that is known as the cuticular 
plate (Fig.  13.1), thereby preventing closely 
apposed stereocilia membranes from coalescing. 
When mouse green fluorescent protein tagged 
(GFP)-MYO6 was gene-gun transfected into hair 
cells, GFP-MYO6 was localized to the cuticular 
plate and at the base of stereocilia, but was not 
detected in the stereocilia core even when over- 
expressed (Belyantseva et al. 2005).

13.5  MYO7A

MYO7A is a big gene on chromosome 11q13.5 
that has 48 exons encoding a full-length protein 
of 2215 residues. There are a variety of alterna-
tively spliced MYO7A transcripts encoding 
shorter isoforms. The Human Gene Mutation 
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Database (professional version; HGMD (http://
www.hgmd.cf.ac.uk/ac/index.php) entry for the 
MYO7A gene lists 559 pathogenic mutations. A 
few rare variants cause either nonsyndromic 
deafness inherited as a dominant trait (DFNA11; 
OMIM 601317) characterized by a progressive 
loss of hearing or recessively inherited deafness 
that is often congenital and profound (DFNB2; 
OMIM 600060). The majority of mutations of 
MYO7A reported to date cause deafness, vestibu-
lar dysfunction and progressive loss of vision due 
to retinitis pigmentosa, which is referred to as 
Usher syndrome, USH1B (Liu et al. 1997a; Weil 
et  al. 1995, 1997). There are presently seven 
additional genes for which pathogenic variants 
are associated with Usher syndrome, but the only 
member of the myosin superfamily involved with 
Usher syndrome is MYO7A.

Protein truncating variants and splice site 
mutations of MYO7A are often associated with 
Usher syndrome while some variants that retain 
residual MYO7A function, due to, for example, 
an amino acid substitutions or a leaky splice site 
mutation, are associated with normal vision but 
deafness (Ahmed et al. 2002, 2003a; Astuto et al. 
2002; Bork et al. 2001). Experimental data sup-
porting this idea that residual function of MYO7A 
is sufficient for retinal function are hard to 
acquire as there are no simple or quick functional 
assays for MYO7A.  One measure of residual 
function was based on the in vivo localization of 
endogenous MYO7A to stereocilia, which is 
recapitulated by GFP-tagged MYO7A gene 
gunned into hair cells in vitro. A few missense 
variants of MYO7A located in the tail domain of 
a GFP-tagged MYO7A were compared to wild- 
type, which is a test of the ability of mutant 
MYO7A to move on actin filaments of hair cell 
stereocilia (Belyantseva et  al. 2005; Riazuddin 
et al. 2008).

In the retina, wild-type MYO7A is reported to 
be localized in the connecting cilium of photore-
ceptor cells and is proposed to have a role in the 
transport of opsin (Liu et  al. 1997a, b). In the 
mammalian inner ear, MYO7A was first local-
ized along the length of stereocilia (Hasson et al. 
1997). However, subsequent studies (Grati and 
Kachar 2011) used a different antibody, perhaps 

more specific or a lower affinity, or specific to an 
alternative splice isoform of MYO7A, and 
reported that MYO7A concentrates at the upper 
end of the tip links, the extracellular filaments 
that “pull” the mechanotransduction channels 
open during sound-induced deflections of the ste-
reocilia bundle. Therefore, MYO7A may modu-
late mechano-electrical transduction (MET) in 
the hair cells. Indeed, there are several reports 
demonstrating that mutations and/or deletions in 
MYO7A and its molecular partners, for example, 
harmonin, affect the tension within the MET 
machinery (Corns et al. 2018; Grillet et al. 2009; 
Kros et  al. 2002). In addition to the tip link 
region, MYO7A was reported to be localized 
near the base of stereocilia (Senften et al. 2006). 
At this location, MYO7A seems to be an essen-
tial component of the complex that forms ankle 
links (Michalski et al. 2007), the links between 
stereocilia at the base of the hair bundle. These 
links assemble early in postnatal development 
and disappear by the time of the onset of hearing 
in rodents (Goodyear et al. 2005). Yet, they play a 
crucial role in hair bundle structure through 
largely unknown mechanisms. One possibility is 
that the ankle links hold the hair bundle together 
while stereocilia rootlets are being formed during 
the first two postnatal weeks (Kitajiri et  al. 
2010).  Finally, in wild-type auditory hair cells, 
MYO7A was proposed to be present at the tips of 
mature stereocilia of the shorter row, but absent 
from the tips of developing stereocilia of the 
shorter row (Prosser et al. 2008). At this location, 
MYO7A may interact with twinfillin-2 and limit 
the growth of stereocilia, thereby contributing to 
the characteristic staircase shape of hair cell bun-
dles (Rzadzinska et al. 2009).

13.6  MYO15

The deaf shaker 2 mouse moves in tight circles 
indicative of a vestibular disorder (Snell and Law 
1939) and was mapped to mouse chromosome 
11qB2 suggesting that mutations in the same 
gene cause the shaker 2 phenotype and DFNB3 
human deafness that was genetically mapped to 
chromosome 17p11.2 (Friedman et  al. 1995; 
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Winata et  al. 1995). Subsequently, the DFNB3 
and shaker 2 genes were identified and found to 
encode a hitherto novel myosin, MYO15, the 
largest mammalian myosin heavy chain (Probst 
et al. 1998; Wakabayashi et al. 1998; Wang et al. 
1998). A recessive variant of mouse Myo15 
causes deafness and vestibular dysfunction (the 
shaker 2 phenotype). This was directly demon-
strated by showing that a bacterial artificial chro-
mosome (BAC) containing the wild-type mouse 
Myo15 gene results in wild-type hearing when 
introduced into a homozygous shaker 2 oocyte 
and the mouse was allowed to develop. All prog-
eny of such females are expected to be deaf and 
circle, but a normal hearing mouse was produced 
as a result of the rescue by a wild-type Myo15 
gene encoded in the BAC (Probst et al. 1998).

Expression data indicate that Myo15 mRNA 
and protein are present in a limited subset of neu-
rosensory cells in the inner ear. Surprisingly, 
MYO15A is also expressed in several neuroendo-
crine cells and endocrine tumors of the gut and 
pancreas (Lloyd et  al. 2001). This observation 
raised the possibility that deafness DFNB3 may 
not be nonsyndromic, but rather one feature of a 
syndrome. This question remains unanswered for 
lack of detailed clinical data from deaf individu-
als with biallelic recessive variants of MYO15A.

In the mouse inner ear, MYO15 protein is 
localized at the tips of stereocilia (Belyantseva 
et al. 2003). Many, but not all, of the deafness- 
causing mutations of mouse Myo15 result in hair 
cells with abnormally short stereocilia bundles 
that lack the characteristic mature staircase archi-
tecture required for normal hearing and subse-
quently die (Anderson et  al. 2000; Belyantseva 
et  al. 2003; Probst et  al. 1998). Some of the 
details of how MYO15 precisely regulates elon-
gation of stereocilia have been reported and 
depend on an understanding of the alternative 
splice isoforms of the gene encoding 
MYO15 (Belyantseva et al. 2005).

The human MYO15A gene and the mouse 
Myo15 gene are comprised of 67 exons and 
encode three major alternative splice isoforms 
(Rehman et al. 2016). The longest mouse Myo15 
isoform consists of a long N-terminal extension 
that precedes the motor domain and is predicted 

to be intrinsically unstructured (Uversky 2002). 
When the giant exon 2 encoding the N-terminal 
extension with proline-rich protein sequence is 
included, MYO15 has 3493 residues (395 kilo-
dalton). Myo15 isoform 2 does not include the 
giant exon 2 sequence and encodes 2306 residues 
(260 kilodaltons). A recently discovered addi-
tional exon of mouse Myo15 located downstream 
of the giant exon 2 encodes 50 unique residues 
and is evolutionarily conserved, but has no pre-
dicted domains or motifs and is the first exon of a 
novel isoform 3 (Rehman et  al. 2016). During 
development, MYO15 isoform 2 is necessary for 
programmed differential elongation of the stereo-
cilia (Belyantseva et al. 2003), while isoform 1, 
which is predominantly expressed after birth, is 
necessary for maintenance of the shorter row 
mechanosensitive stereocilia (Fang et al. 2015). 
The function of isoform 3 of MYO15 is not yet 
known (Rehman et  al. 2016). Transcripts of 
human and mouse MYO15A/Myo15 genes have 
additional alternative exon splicing that generates 
further diversity, but their functional significance 
is also unknown. For example, alternatively 
spliced micro exon 8 encodes two amino acids 
that are inserted into the motor domain corre-
sponding to loop 1 of non-muscle and smooth 
muscle myosin II. In vitro, these surface loops, 
when present, increase the actin-activated 
MgATPase activity and motility (Murphy and 
Spudich 1999; Spudich 1994).

There is an unprocessed, expressed pseudo-
gene named MYO15B (formerly MYO15BP) 
with some sequence similarity to 
MYO15A.  MYO15B is an evolutionary relic 
expressed in brain, colon, small intestine, mam-
mary gland, stomach, kidney, spleen, lymph 
node, uterus, thymus and rectum (Boger et  al. 
2001). Variants of the MYO15B pseudogene 
should not be confused with deafness-causing 
variants of MYO15A. There are now hundreds of 
recessive pathogenic mutations of human 
MYO15A associated with profound, congenital 
deafness and some variants in exon 2 are associ-
ated with moderate to severe progressive deaf-
ness (Rehman et  al. 2016), a phenotype 
recapitulated in a mutant Myo15 mouse model 
devoid of isoform 1 but expressing isoform 2 
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(Fang et al. 2015). Pathogenic variants of human 
MYO15 are distributed across the entire gene. 
Engineered mouse models are required to deter-
mine how these particular mutations, including 
the missense mutations of the tail domain, alter 
localization of MYO15 at stereocilia tips, perturb 
the process of stereocilia elongation or interfere 
with long-term maintenance of stereocilia (Fang 
et al. 2015).

Confocal microscopy images revealed that 
MYO15 is localized at stereocilia tips just under 
the plasma membrane (Belyantseva et al. 2003), 
overlapping with the barbed ends of the actin fila-
ments, the sites of active actin polymerization 
(Belyantseva et al. 2003, 2005; Rzadzinska et al. 
2004; Schneider et al. 2002; Tilney et al. 1981). 
MYO15 is not required for the emergence, initial 
elongation or increase in thickness of nascent ste-
reocilia, but is required for the graded elongation 
of stereocilia to form the mature staircase archi-
tecture of the bundle (Belyantseva et  al. 2005). 
Excessive amount of MYO15, when over- 
expressed as GFP- MYO15, does not cause over- 
elongation of the wild-type mouse stereocilia 
bundles indicating that elongation and thickening 
of stereocilia during development is a tightly reg-
ulated process (Belyantseva et al. 2003). Although 
MYO15 is not endogenously expressed in COS-7 
cells, GFP-MYO15 localizes to the filopodia tips 
in these cells (Belyantseva et al. 2003), but unlike 
MYO10 (Bohil et  al. 2006), wild-type MYO15 
has little or no ability to enhance the formation of 
filopodia. The concentration after photobleach-
ing of MYO15 at the filopodia tips of COS7 cells 
and simultaneous movement of MYO15 and 
whirlin speckles along the filopodia in live COS7 
cells suggest that MYO15 moves toward the plus 
end of F-actin and is able to transport protein 
partners to the tips of both filopodia and stereo-
cilia (Belyantseva et al. 2003, 2005).

The kinetics of MYO15 make it especially 
suited to deliver proteins to the tips of actin-based 
cellular protrusions such as filopodia or hair-cell 
stereocilia and to be a barbed-end directed myo-
sin (Bird et al. 2014), and as expected from other 
observations (Belyantseva et  al. 2005) has high 
duty-ratio kinetics and thus spends most of its 
time bound to actin, although the affinity for 

actin is low by comparison to MYO5A and 
MYO6 (Bird et  al. 2014). The weak affinity of 
MYO15 for actin was speculated to be an adapta-
tion for motility with cargo only where the actin 
concentration is high, such as the core of hair cell 
stereocilia (Bird et al. 2014).

Downstream of the motor domain are two 
consensus IQ domains (IQXXXRGXXXR). 
Using an UNC-45 and HSP90AA1 chaperone- 
assisted purification protocol, soluble and func-
tional mouse MYO15 motor domain protein was 
obtained. Unexpectedly, the first two IQ domains 
were found to bind regulatory (RLC, MYL12B) 
light chain and essential light chain (ELC) that 
are normally partners of class II myosins (Bird 
et al. 2014). MYO15 also has a third IQ domain 
that is highly divergent from the sequence of the 
canonical IQ. A light chain that binds the third IQ 
has not been identified, but it is known not to bind 
calmodulin, RLC or ELC (Bird et al. 2014).

The large tail domain of MYO15 has two pairs 
of MyTh4/FERM domains, a SH3 domain and a 
C-terminal PDZ-ligand (Hung and Sheng 2002; 
Liang et al. 1999). The PDZ domain-containing 
whirlin protein binds the PDZ-ligand of MYO15 
(Belyantseva et  al. 2005). The binding partners 
and functions of the SH3, FERM and MyTh4 
domains in the tail of MYO15 are not known, but 
may regulate motor function (Bird et al. 2014).

MYO15 and whirlin, a scaffolding protein, are 
partners of a complex at stereocilia tips necessary 
for elongation of stereocilia and staircase forma-
tion (Belyantseva et al. 2005). Variants of human 
WHRN, encoding whirlin, are associated with 
Usher syndrome type 2 (Ebermann et al. 2007) or 
nonsyndromic deafness DFNB31 and deafness 
and circling in the whirler mouse. Deaf adult 
homozygous whirler mice also have abnormally 
short and thick stereocilia similar to the shaker 2 
mouse (Mburu et al. 2003; Mogensen et al. 2007). 
The tips of short stereocilia of homozygous 
whirler mice have no whirlin, and the short ste-
reocilia of the shaker 2 mice have no whirlin or 
MYO15 at stereocilia tips. However, MYO15 is 
present at the tips of the short stereocilia of 
whirler mice and thus whirlin is not necessary for 
MYO15 targeting to the tips of stereocilia, and 
MYO15 alone (without whirlin) is not sufficient 
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for stereocilia elongation (Belyantseva et  al. 
2005). Interestingly, Helios gene gun-transfected 
GFP-MYO15 (wild-type) into stunted shaker 2 
cochlear and vestibular stereocilia recruits endog-
enous whirlin to stereocilia tips (Belyantseva 
et al. 2005), which re-initiates the developmen-
tally programmed elongation of stereocilia and 
rescues the staircase architecture of the stereo-
cilia bundles (Belyantseva et al. 2005).

These data support the conclusion that 
MYO15 transports whirlin to stereocilia tips 
(Belyantseva et  al. 2003). The short stereocilia 
phenotype, vestibular dysfunction and deafness 
of homozygous whirler mice can be partially cor-
rected with gene therapy using a variety of adeno- 
associated viral vectors encoding whirlin cDNA 
injected into the inner ear of neonatal pups (Chien 
et al. 2016; Isgrig et al. 2017, 2019) suggesting 
the possibility that one day gene therapy may 
restore some hearing in individuals with DFNB31 
and DFNB3 deafness as well as other inherited 
forms of hearing loss.

At least in cochlear outer hair cells, MYO15 is 
not required for mechanotransduction or adapta-
tion. Young postnatal shaker 2 outer hair cells 
have “wild-type” mechano-electrical transduc-
tion current in the absence of functional MYO15 
(Stepanyan et al. 2006; Stepanyan and Frolenkov 
2009). Thus, hair cell morphogenesis and the for-
mation of the mechanotransduction complex at 
the tips of stereocilia occur independently of 
MYO15-directed stereocilia elongation. 
However, MET currents in cochlear inner hair 
cells of the same shaker 2 mice do not have adap-
tation (Stepanyan and Frolenkov 2009) and, 
therefore, we cannot rule out a possibility that 
different types of hair cells may have some dif-
ferences in the molecular composition of their 
MET machineries. MYO15 may be involved in 
transporting these differentially expressed MET 
component to the tips of stereocilia.

13.7  MYH14 and MYH9

The phenotype of autosomal dominant nonsyn-
dromic deafness (DFNA) is usually bilateral and 
progressive. Genetic linkage analyses identified 

the DFNA4A locus on chromosome 19q 
(Donaudy et al. 2004) and the DFNA17 locus on 
chromosome 22q (Lalwani et  al. 2000), which 
were mapped in a few large multigeneration fam-
ilies. The underlying genes in which dominant 
pathogenic variants were associated with 
DFNA4A and DFNA17 progressive hearing loss 
are MYH14 (myosin heavy chain 14) and MYH9, 
respectively, and the variants were not identified 
in hundreds of healthy control individuals 
(Dantas et al. 2014; Hildebrand et al. 2006). In 
addition to nonsyndromic deafness DFNA17 
associated with heterozygous variants of MYH9, 
numerous heterozygous variants of MYH9 have 
been reported to be associated with Fechtner syn-
drome, May-Hegglin syndrome and Sebastian 
syndrome, three syndromes characterized by 
various degrees of sensorineural deafness, cata-
racts and nephritis (Balduini et  al. 2011; Heath 
et al. 2001; Kunishima et al. 2001). In a genotype- 
phenotype study of numerous variants of MYH9, 
pathogenic variants in the motor domain were 
associated with severe thrombocytopenia, nephri-
tis and deafness (Pecci et al. 2008). In mouse, a 
homozygous deletion of Myh9 is embryonic 
lethal (Matsushita et al. 2004; Parker et al. 2006). 
Heterozygotes are viable and had a hearing loss 
in one study (Matsushita et al. 2004), but had nor-
mal hearing in another study (Parker et al. 2006).

A dominant variant of MYH14 was also associ-
ated with progressive muscle atrophy of the lower 
limbs and progressive sensorineural hearing loss 
(Choi et al. 2011). Since variants of both MYH14 
and MYH9 have been associated with syndromic 
forms of deafness, it seems plausible that subtle 
forms of these other clinical features may have 
been overlooked when families were ascertained 
and initially presumed to have dominantly- 
inherited nonsyndromic deafness DFNA4A and 
DFNA17. Alternatively, it seems more likely that 
there is a highly variable range of clinical features 
due to different dominant variants of MYH9. The 
functions of MYH14 and MYH9 in the auditory 
system remain to be elucidated, although this 
class of non-muscle heavy chains have been 
actively studied by biophysicists and known to 
power cell migration, cytokinesis and morphoge-
netic processes (Melli et al. 2018).
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13.8  Summary

Variants MYO3A, MYO6, MYO7A, MYO15A, 
MYH14 and MYH9 are associated with human 
hearing loss. Mutant mouse and zebra fish mod-
els of some of these six different myosins reca-
pitulate the human deafness phenotype, providing 
a window into inner ear pathogenesis but also 
their wild-type functions. In the future, rare vari-
ants of other myosin superfamily members may 
eventually be demonstrated to have critical roles 
in sound transduction. For example, MYO10 and 
MYO18 are both expressed in the inner ear 
according to RNAseq data available on the gEAR 
Portal (https://umgear.org/). However, variants of 
these two myosin genes have not been reported to 
be associated with hearing loss in human or ani-
mal models.

The cellular structures that hair cells depend 
upon for mechanotransduction of sound require 
several different myosins to build and then main-
tain them. For those motor domains of “deafness 
myosins” that have been purified, each has unique 
motor domain kinetics, and each one has a unique 
intracellular localization, data consistent with 
distinctly different functions for each myosin in 
the auditory system. If ototoxic agents, inner ear 
infections and damaging levels of sound can be 
avoided, a wild-type peripheral auditory epithe-
lium has an extraordinary ability to endure for a 
person’s lifetime, in part because of the diverse 
functions of several myosins.
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Abstract

The phylum of Apicomplexa groups obligate 
intracellular parasites that exhibit unique 
classes of unconventional myosin motors. 
These parasites also encode a limited reper-
toire of actins, actin-like proteins, actin- 
binding proteins and nucleators of filamentous 
actin (F-actin) that display atypical properties. 
In the last decade, significant progress has 
been made to visualize F-actin and to unravel 
the functional contribution of actomyosin sys-
tems in the biology of Toxoplasma and 
Plasmodium, the most genetically-tractable 
members of the phylum. In addition to assign-
ing specific roles to each myosin, recent bio-
chemical and structural studies have begun to 
uncover mechanistic insights into myosin 
function at the atomic level. In several 

instances, the myosin light chains associated 
with the myosin heavy chains have been iden-
tified, helping to understand the composition 
of the motor complexes and their mode of 
regulation. Moreover, the considerable 
advance in proteomic methodologies and 
especially in assignment of posttranslational 
modifications is offering a new dimension to 
our understanding of the regulation of actin 
dynamics and myosin function. Remarkably, 
the actomyosin system contributes to three 
major processes in Toxoplasma gondii: (i) 
organelle trafficking, positioning and inheri-
tance, (ii) basal pole constriction and intravac-
uolar cell-cell communication and (iii) 
motility, invasion, and egress from infected 
cells. In this chapter, we summarize how the 
actomyosin system harnesses these key events 
to ensure successful completion of the parasite 
life cycle.
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14.1  Introduction

14.1.1  The Phylum of Apicomplexa

The phylum Apicomplexa is composed of obli-
gate intracellular parasites and comprises several 
pathogens of medical and veterinary significance 
such as Plasmodium, responsible for malaria, 
Toxoplasma, the agent of opportunistic toxoplas-
mosis, or Cryptosporidium, responsible for the 
diarrheal cryptosporidiosis. Apicomplexans are 
single-celled eukaryotes of the infrakingdom 
Alveolate, which also includes ciliates and dino-
flagellate algae (Gould et  al. 2008). Although 
these protists are very diverse in their shape and 
lifestyle, they are unified by a common structural 
feature: the presence of a pellicle composed of 
the external plasma membrane (PM) under which 
lies membranous sacs termed alveoli or inner 
membrane complex (IMC) (Fig.  14.1a). On the 
cytoplasmic face of the IMC, a meshwork of 
intermediate filament-like proteins connects the 
pellicle to the cortical microtubules that consti-
tute the cytoskeleton of the parasite (Harding and 
Meissner 2014). Most Apicomplexans possess a 
non-photosynthetic relic plastid named the “api-
coplast” that originates from secondary endo-
symbiosis of a red alga (van Dooren and Striepen 
2013) (Fig.  14.1a). This organelle fulfils meta-
bolic functions that are critical for parasite sur-
vival. Apicomplexans are further characterized 
by the presence of an apical complex composed 
of cytoskeletal elements, the apical polar rings, 
and two sets of secretory organelles, the micro-
nemes and rhoptries, which play a critical role in 
gliding motility and during the invasion process 
and egress from infected cells (Hu et  al. 2006; 
Frénal et al. 2017a). In the subclass of Coccidia, 
which comprises, among others, Toxoplasma 
gondii, Eimeria, and Cryptosporidium species, 
the conoid and the pre-conoidal ring are addi-
tional cytoskeletal elements of the apical com-
plex (Fig.  14.1a). The conoid is an organelle 
found at the apex of these parasites and com-
posed of α-tubulin-rich spiraling fibers named 
conoid fibers (Hu et  al. 2002). The conoid is 
retracted in intracellular parasites and protrudes 
beyond the IMC in extracellular parasites upon 

an increase in intracellular calcium, although its 
function remains unknown (Monteiro et  al. 
2001).

In this chapter, we will focus on the two most 
studied and tractable parasites of the phylum, 
Toxoplasma and Plasmodium. Studies on T. gon-
dii are mainly carried out on the fast-replicative 
stage, the tachyzoite, whose lytic cycle is depicted 
in Fig. 14.1b. Studies on human malaria parasite 
P. falciparum predominantly focus on erythro-
cytic stages, whereas P. berghei, a rodent model 
of malaria offers the possibility to investigate the 
full life cycle of the parasite taking place between 
the murine intermediate host and the Anopheles 
mosquito vector, the definitive host (Fig. 14.1c).

14.1.2  Parasite Lifestyle

The apicomplexan motile stages, also called 
zoites, exhibit a unique form of substrate- 
dependent locomotion. In contrast to other proto-
zoans, they do not rely on specific attributes such 
as flagella or amoeboid movement. Instead, they 
use gliding motility powered by an actomyosin 
system, termed glideosome, to actively penetrate 
into their host cell (invasion), exit from the 
infected cell (egress), and cross biological barri-
ers. This molecular machine is located within the 
pellicle in the space between the plasma mem-
brane and the IMC (Frénal et  al. 2017a). 
Following an increase in intracellular calcium, 
exocytosis of microneme content occurs at the 
apical pole of the parasite leading to the insertion 
of micronemal adhesins into the parasite plasma 
membrane. During motility, these adhesins can 
bind to host receptors at the surface of target cells 
and the rearward translocation of these adhesin- 
receptor complexes by the glideosome propels 
the parasite forward. During invasion, apical 
microneme secretion induces the reorientation of 
the parasite, placing the apex of the parasite in 
juxtaposition with the host cell plasma mem-
brane (Fig.  14.1b). Subsequently, rhoptry dis-
charge occurs, releasing rhoptry neck (RONs) 
and rhoptry bulb proteins (ROPs) into the host 
cells. A complex of RONs (RON2/4/5) inserted 
within the host cell plasma membrane and inter-
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acting with the microneme protein AMA1 (apical 
membrane antigen 1) at the parasite plasma 
membrane forms the moving junction that sup-
ports the motility-driven progression of the para-
site into the target cell (Harvey et al. 2014; Bichet 
et al. 2014). At the same time, the parasite induces 

the formation of a non-fusogenic parasitophorous 
vacuole membrane (PVM), which is derived 
from the invagination of the host-cell plasma 
membrane (Mordue et al. 1999). Once intracel-
lular, tachyzoites secrete effectors from the secre-
tory organelles named dense granules that ensure 

Fig. 14.1 Example of zoites in Toxoplasma gondii and 
Plasmodium species and their life cycle. (a) Schematic 
representation of Toxoplasma gondii tachyzoite (left 
panel), a member of the coccidian sub-group of 
Apicomplexa and Plasmodium merozoite, belonging to the 
haemosporida sub-group (right panel). The main differ-
ence resides in the presence of the conoid, a structure com-
posed of tubulin, located at the apex of the Coccidians. The 
zoites harbor three types of secretory organelles, the 
micronemes, rhoptries, and dense granules and a non- 
photosynthetic plastic-like organelle, the apicoplast. 
Mitochondrion and endoplasmic reticulum are not repre-
sented but are present in these zoites. (b) Lytic cycle of 
Toxoplasma gondii. The fast replicative tachyzoite is capa-
ble of entering virtually any nucleated cell. Within the host 
cell, the parasite divides by endodyogeny within a parasi-
tophorous vacuole and after several rounds of replication, 
will eventually egress from the infected cell, lysing it, and 
glide to invade a neighboring cell. N nucleus, PV parasi-
tophorous vacuole, MJ moving junction. (c). Life cycle of 

Plasmodium falciparum taking place between the defini-
tive host, the Anopheles mosquito, and the intermediate 
host, the human. Infection of the human starts through the 
bite of an infected female mosquito, which injects sporo-
zoites into the dermis. The sporozoites migrate to the liver 
and invade hepatocytes where they divide and produce 
thousands of merozoites that are released into the blood-
stream. There, the merozoites infect erythrocytes (RBC, 
red blood cells). The parasites undergo repeated asexual 
cycles within the RBC, where they progress from rings to 
trophozoites and schizonts and are eventually released as 
merozoites. Some parasites will develop into gametocytes, 
the sexual forms that circulate in the bloodstream, prior to 
being taken up by the mosquito. The sexual cycle takes 
place within its midgut, leading to the formation of motile 
but non-invasive ookinetes, which migrate through the 
midgut and develop into oocysts in the epithelium. 
Maturation of the oocyst produce sporozoites that migrate 
to the salivary glands where they are ready to infect subse-
quent hosts through the mosquito bite

14 The Actomyosin Systems in Apicomplexa
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their safe replication by participating in the mod-
ification of the parasitophorous vacuole (PV), 
recruitment of host endoplasmic reticulum and 
mitochondria, and subversion of host cellular 
functions (Mercier and Cesbron-Delauw 2015; 
Hakimi et al. 2017).

Within the PV, T. gondii tachyzoites divide 
synchronously by endodyogeny, a process during 
which two daughter cells develop within the 
mother cell and consume it (Francia and Striepen 
2014) (Fig. 14.2a). During this replication, some 
organelles are made de novo such as the IMC, 
micronemes, and rhoptries, whereas others, 
including the mitochondrion and the apicoplast, 
are inherited (Nishi et al. 2008). For the segrega-
tion of the apicoplast, the positioning of the cen-
trosome is crucial since the ends of the apicoplast 
have been shown to be tightly associated to the 
centrosomes during its elongation and incorpora-
tion into the daughter cells (Striepen et al. 2000). 

At each round of division, the basal pole of the 
parasites constricts and the parasites remain asso-
ciated through the residual body and adopt an 
organization in rosettes. After several rounds of 
replication, the tachyzoites actively egress from 
the infected cell using the gliding motility and 
lyse the PVM and host-cell PM through the 
action of at least one perforin (PLP1) secreted by 
the micronemes (Kafsack et al. 2009).

In contrast to Toxoplasma, Plasmodium under-
goes schizogony in the erythrocytic stage, a pro-
cess wherein the components of the daughter 
cells (such as mitochondrion, apicoplast, nucleus, 
and secretory organelles) are produced in the 
same cytoplasm before being encapsulated 
simultaneously within the forming daughter cells 
(Fig.  14.2b). Cytokinesis then occurs and pro-
duces individual invasive merozoites released in 
the bloodstream that are able to infect new eryth-
rocytes (Francia and Striepen 2014).

Fig. 14.2 Endodyogeny of Toxoplasma gondii tachyzo-
ite and schizogony of Plasmodium. (a) Scheme of 
tachyzoites dividing by endodyogeny during which two 
daughter cells grow inside the mother cell. The scheme 
highlights particularly the division of the apicoplast that is 
associated to centrosomes during its inheritance into the 
daughter cell. The apicoplast is first elongated, then forms 
a U-shape before being incorporated in the two develop-
ing progenies. Cn conoid, Rh rhoptries, Mn micronemes, 
Ap apicoplast, Go Golgi apparatus, Ct centrosome, Nu 

nucleus, IMC inner membrane complex, BC basal com-
plex, DC daughter cells, PV parasitophorous vacuole, RB 
residual body. (b) Scheme of the schizogony process, the 
mode of division of Plasmodium species, taking place in 
the erythrocytes. During this process, the nucleus divides 
several times and the other organelles are also dividing 
and/or synthesized de novo. All the organelles are then 
packaged into the IMC at the same time before the seg-
mentation of the individual merozoites. PM plasma mem-
brane, PV parasitophorous vacuole, FV food vacuole
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Use of drugs, such as the actin- depolymerizing 
agent cytochalasin D, revealed that actin does not 
play a crucial cytoskeletal role during apicom-
plexan division (Jacot et  al. 2013; Frénal et  al. 
2017b). In contrast, actin polymerization and the 
connected myosin functions are critical for sev-
eral steps of the parasite lytic cycle. In the fol-
lowing sections, we will review the role of the 
actomyosin system for organelle positioning and 
inheritance, basal complex constriction and 
intravacuolar cell-cell connection, and gliding 
motility.

14.2  Myosin Heavy Chain 
and Actin Features 
in Apicomplexa

14.2.1  Overview of the Evolution 
and Classification 
of Protozoan Myosin Motors

Myosin motors, one of the largest protein fami-
lies in eukaryotes, are involved in a multitude of 
cellular functions. Several comprehensive phylo-
genetic analyses of myosin heavy chains, pro-
gressively updated with newly sequenced 
genomes, have led to the classification and recon-
struction of the evolutionary history of these pro-
teins (Richards and Cavalier-Smith 2005; Foth 
et  al. 2006; Odronitz and Kollmar 2007; Sebé- 
Pedrós et al. 2014). Foth et al. established the first 
phylogenetic analysis including myosin 
sequences from numerous protozoa, such as 
seven members of Apicomplexa, the ciliate 
Tetrahymena thermophila as well as five mem-
bers of the Kinetoplastida phylum (Leishmania 
and Trypanosoma species), and those from meta-
zoans, fungi, and plants (Foth et  al. 2006) 
(Table 14.1). This analysis led to the discovery of 
six novel classes of unconventional myosins, 
three of them restricted to the alveolates (classes 
XXII, XXIII, XXIV), one of which is found only 
in trypanosomatids (class XXI). Interestingly, 
characterization of this broader repertoire of 
myosin heavy chains identified protein domains, 

such as FYVE, WW, UBA, ATS1-like and WD40, 
within the tails that were not previously associ-
ated with myosins. In addition, apicomplexan 
myosins, previously restricted to class XIV, were 
placed into several classes encompassing myo-
sins from other systematic lineages (classes VI, 
XXII, XXIII, XXIV), while the class XIV was 
found to no longer accommodate only apicom-
plexan myosins but also myosins of T. 
thermophila.

Subsequent phylogenetic analyses have 
extended and modified the myosin classification 
described above. Odronitz et al. used 2269 myo-
sin motor domains from 328 organisms to build a 
new eukaryotic tree of life (Odronitz and Kollmar 
2007). This resulted in the definition of 35 myo-
sin classes and some re-classifications. Of rele-
vance concerning the protists, a new class XIII 
was attributed to myosins specific to the kineto-
plastida and exhibiting SH3-like, coiled-coil, and 
UBA domains, and finally, five new classes were 
composed solely of apicomplexan myosins.

A more recent study used an expanded taxon 
sampling in which all major eukaryotic super-
groups were represented to define 31 myosin 
classes (Sebé-Pedrós et al. 2014). With regard to 
the protozoan myosins, some interesting aspects 
of this study need to be mentioned. Some alveo-
late sequences that were previously grouped 
within myosin class VI (Foth et al. 2006) are now 
accommodated within myosin class 
XXIII.  Eighteen myosins from the alveolate T. 
thermophila and Paramecium tetraurelia are 
grouped again within the alveolate-specific myo-
sin class XIV (Sebé-Pedrós et  al. 2014), and 
interestingly, several of them contain the protein 
domain combination MyTH4/FERM. They con-
stitute the only example of bikonts harboring 
these domains. Recently, the classification from 
Foth et al. has been updated to include sequences 
of two recently sequenced Alveolates, the related 
photosynthetic chromerids, Chromera velia and 
Vitrella brassicaformis (Mueller et  al. 2017) 
(Table  14.1). We have chosen to use this latest 
phylogeny to describe the apicomplexan myosin 
heavy chains in the following sections.
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14.2.2  Repertoire of Myosin Heavy 
Chains in Apicomplexa

Among the apicomplexans, T. gondii has the 
largest repertoire of myosin heavy chains with 11 
isoforms, while P. falciparum genome encodes 
six, two of them, PfMyoB and PfMyoE, being 
specific to the malaria parasites (Table 14.1). All 
apicomplexan myosin heavy chains are uncon-
ventional and two of them are conserved across 
the phylum, namely the class XIV MyoA and the 
class XXVII MyoF, with the latter having also 
orthologs in the chromerids (Mueller et al. 2017). 
All the myosin heavy chains have been localized 
in T. gondii tachyzoites (Fig. 14.3) and P. berghei 
blood stages and their essentiality evaluated by 
the generation of knockout, when possible (Wall 
et al. 2019; Herm-Götz et al. 2006; Andenmatten 
et al. 2013; Frénal et al. 2014, 2017b), or knock- 
down (Meissner et al. 2002; Siden-Kiamos et al. 
2011; Jacot et al. 2013; Graindorge et al. 2016) 

cell lines. Out of the 11 myosin heavy chains 
expressed by the tachyzoite, only two, TgMyoF 
and TgMyoH, have been completely refractory to 
deletion and thus are considered indispensable 
for parasite survival. The other nine motors have 
been individually deleted with no or very mild 
impact on tachyzoite fitness, except for 
TgMyoA.  Interestingly, although the class 
VI-like TgMyoJ and the class XXIV TgMyoI are 
dispensable for tachyzoite growth in vitro, their 
deletion uncovered their respective function in 
basal complex constriction and in intravacuolar 
parasite connection allowing diffusion of soluble 
molecules and synchronized division (Frénal 
et  al. 2017b). Deletion of the highly conserved 
TgMyoA showed a strong defect on the parasite 
lytic cycle being critical for gliding motility 
(Andenmatten et  al. 2013). However, it was 
impossible to delete TgMyoA in a background 
lacking TgMyoC indicating that these two motors 
fulfil overlapping functions (Egarter et al. 2014). 

Table 14.1 Overview of the repertoire of myosin heavy chains in Apicomplexa

The myosin classification is based on the review from Mueller et al. (2017). The GeneID corresponds to the accession 
numbers of EuPathDB. The number of IQ motifs has been predicted by SMART (Letunic and Bork 2018). The refer-
ences for the localization and cellular functions are cited in the text. The fitness scores are from the CRISPR-Cas9 
genome wide screen performed on T. gondii (Sidik et al. 2016) and the PlasmoGEM database established for the eryth-
rocytic stages of Plasmodium berghei in mice (Bushell et al. 2017). Conservation within the Apicomplexa phylum was 
performed by a BLAST search. The genes written in purple are specific to Plasmodium species
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In Plasmodium species that lack an ortholog of 
TgMyoC, MyoA is likely essential for all motile 
stages of the life cycle as is the case for the P. 
berghei ookinete (Siden-Kiamos et  al. 2011). 
Moreover, in P. berghei, out of the five other 
myosin heavy chains, PbMyoF and PbMyoK are 
likely essential for the blood stages since their 
deletion was unsuccessful (Wall et  al. 2019). 
However, PbMyoB, PbMyoE, and PbMyoJ were 
shown to be dispensable for these asexual stages 
while the class XIV PbMyoE appeared critical 
for motility of the mosquito salivary gland sporo-
zoites (Wall et al. 2019).

For Toxoplasma, the experimental results of 
the individual deletions (Frénal et al. 2017b) are 

in accordance with the recently-published 
genome-wide loss-of-function screen performed 
on T. gondii using the CRISPR/Cas9 technology 
(Sidik et  al. 2016), except for the class VI-like 
TgMyoK, which presents a fitness defect not 
detected in the phenotyping of the knockout 
strain (Frénal et al. 2017b) (Table 14.1). Likewise, 
the fitness data collected for P. berghei are in 
agreement for PbMyoA and PbMyoB, but a dis-
crepancy exists for PbMyoK, which appears dis-
pensable in the large in vivo genetic screen 
performed in the mouse model (Bushell et  al. 
2017) (Table 14.1). The individual role of each 
myosin heavy chain will be discussed in detail 
below.

Fig. 14.3 Localization of the Toxoplasma gondii myo-
sins. Scheme of a parasitophorous vacuole containing 
two tachyzoites connected by the residual body showing 
the localization of the 11 myosins expressed by this par-
asite. The dense granule, mitochondria and endoplasmic 

reticulum are not represented but are present in these 
zoites. The bold and underlined myosins are the ones 
found essential for the survival of the tachyzoite. The 
asterisks indicate the myosins conserved across the 
Apicomplexa
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14.2.3  Unusual Features 
of Apicomplexan Actin

Actin, one of the most abundant and conserved 
proteins in eukaryotic cells, exists in a mono-
meric globular state (G-actin) and a polymerized 
filamentous state (F-actin). It plays fundamental 
roles in many cellular processes such as muscle 
contraction, cell division, and cell motility 
(Dominguez and Holmes 2011; Pollard 2016).

The apicomplexans possess a single gene cod-
ing for actin (ACT1), except for the Plasmodium 
species, which also encode a second isoform 
(ACT2) mainly expressed in the gametocytes and 
mosquito stages (Deligianni et  al. 2011) 
(Table  14.2). PfACT2 plays a critical role in 
gametogenesis and its deletion cannot be com-
plemented by PfACT1 (Deligianni et  al. 2011; 
Vahokoski et al. 2014). Actin filaments cannot be 
readily observed in the parasites. It appears to be 
mainly globular (Dobrowolski et  al. 1997; 
Schmitz et al. 2005), and the generated filaments 
tend to be short and unstable (Schmitz et al. 2005; 
Sahoo et  al. 2005). The inherent instability of 
apicomplexan F-actin resides both in its amino 
acid sequence, which is distant from other 
eukaryotic actins (Schüler et al. 2005a; Skillman 
et  al. 2011; Pospich et  al. 2017; Douglas et  al. 
2018), and in its regulation by a limited and 
divergent set of actin-binding proteins (ABPs) 
compared to most eukaryotic cells (Baum et al. 
2006; Schüler and Matuschewski 2006) 
(Table 14.2). Yet, actin filaments are essential for 
parasite growth (Skillman et al. 2011) and espe-
cially for motility (Egarter et  al. 2014; Drewry 
and Sibley 2015), suggesting a tight spatial and 
temporal regulation of the polymerization pro-
cess within the parasites.

Actin dynamics have been carefully examined 
in vitro with recombinant TgACT1 and PfACT1 
purified from the baculovirus insect cell expres-
sion system. TgACT1 polymerization was 
reported to follow an unconventional isodesmic 
model in which each monomer has the same 
assembly/disassembly rate in the polymer. 
Consequently, the polymerization rate is slow 
without a lag phase or critical concentration, and 
increases proportionally to the number of actin 

molecules (Skillman et  al. 2013). In contrast, 
PfACT1 polymerization is reported to follow a 
classical nucleation-elongation model in which a 
slow nucleation step precedes a more rapid 
polymerization phase after reaching a critical con-
centration (Kumpula et  al. 2017). Although the 
critical concentration and the polymerization rate 
of PfACT1 are similar to the canonical actin, 
structural and biochemical studies demonstrated 
that its depolymerization is faster, likely due to 
the inherent instability of the filaments (Vahokoski 
et al. 2014; Pospich et al. 2017). Indeed, despite a 
conserved location of the monomer interface, 
substitution of several residues in PfACT1 com-
pared to rabbit actin weaken the interaction within 
the filament (Pospich et al. 2017; Kumpula et al. 
2019). Interestingly, point mutations generated in 
both Toxoplasma and Plasmodium to stabilize 
F-actin revealed that filament instability is in fact 
essential for the survival of these parasites 
(Skillman et al. 2011; Douglas et al. 2018).

14.2.4  A Large Pool of Globular Actin

Actin turnover is fine-tuned by actin-binding pro-
teins (ABPs). Searches across the sequenced 
genomes revealed that the apicomplexans have a 
limited repertoire of actin regulators, ten times 
smaller than most eukaryotes (Gordon and Sibley 
2005; Schüler and Matuschewski 2006). These 
ABPs include a monomer-binding profilin (PRF), 
a F-actin-binding coronin (COR), filament- 
severing actin-depolymerizing factors (ADFs), 
and F-actin-capping proteins (CPs) (Table 14.2). 
The apicomplexans lack one of the main regula-
tors of actin dynamics, the actin-related protein-
 2/3 (ARP2/3) complex, which mediates 
nucleation and branching of actin filaments, and 
possess instead two formins (FRM1 and FRM2). 
A third formin (FRM3) is found in the parasites 
of the coccidian sub-group of Apicomplexa.

As discussed above, the vast majority of actin 
is not incorporated into filaments but rather main-
tained in its globular form. Unexpectedly, ADF 
and PRF have been identified as the main con-
tributors of the maintenance of this actin pool. 
Indeed, in contrast to most eukaryotic ADF, api-
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complexan ADF (or ADF1  in Plasmodia) does 
not contain the typical F-actin-binding site and 
therefore prevents actin polymerization by 
sequestering G-actin (Schüler et al. 2005b; Mehta 
and Sibley 2010; Singh et al. 2011; Yadav et al. 
2011; Baroni et  al. 2018). Likewise, PRF 
appeared to sequester actin monomers and pre-
vent their incorporation into filaments (Skillman 
et al. 2012), while in other eukaryotes, the pres-
ence of PRF usually enhances the polymerization 
rate of the formin nucleators by increasing the 

local concentration of ATP-actin in the vicinity of 
the growing filaments (Pollard 2016). Despite 
divergence in the amino acids sequences, the api-
complexan PRF shares an overall common struc-
ture with mammalian PRFs with the exception of 
an additional region composed of an acidic loop 
and a β-hairpin (Kursula et al. 2008; Kucera et al. 
2010). This flexible region is a key determinant 
for interaction with actin but also serves as a rec-
ognition pattern in TgPRF to elicit the Toll-like 
receptor 11 (TLR11) innate immune response 

LocalizationGene name
MW

(kDa)Gene ID

ACT1

ACT2

ALP1

ALP2a

ARP1

COR

CPa

PRF

ADF1

ADF2

FRM1

Actin

Actin-
like

Actin-
related

Coronin

Capping 
protein

Profilin

Cofilin/ 
ADF

Formins

ALP2b

ALP3

ALP5a

ALP5b

ALP8

ALP9a

ALP9b

ARP6

ARP4a

ARP4b

CPb

FRM2

FRM3

TGME49_209030
PBANKA_1459300

PBANKA_1030100

TGME49_216970
PBANKA_1464100

TGME49_208390
PBANKA_1233900

TGME49_219290
PBANKA_1232400

TGME49_248630
PBANKA_0209300

TGME49_253040
PBANKA_1020600

TGME49_258050

TGME49_257710
PBANKA_0616800

TGME49_219280
PBANKA_0936900

TGME49_248890
PBANKA_0943300

PBANKA_1104800

TGME49_221410
PBANKA_0212300

PBANKA_0811800

PBANKA_1007500

TGME49_294850

TGME49_234670

TGME49_269240

TGME49_293690
PBANKA_0833000

TGME49_220400
PBANKA_1137500

PBANKA_1103100

TGME49_206430
PBANKA_1245300

TGME49_206580
PBANKA_1434600

TGME49_213370

FS
(Tg)

42

43

18

13

14

68

547

492

299

47

36

42

77

60

67

46

61

65

52

68

48

49

72

58

E

D

S

n.d.

E

n.d.

n.d.

n.d.

E

D

n.d.

E

D

S

S

D

n.d.

n.d.

n.d.

−4.50

−4.58

−4.23

0.71

−3.24

−1.12

−2.79

0.09

−1.30

−1.82

−4.16

−4.44

−5.04

−2.53

−4.54

−1.50

0.59

−2.59

−0.37

Ess
(Pb)Class

Seq Sim.
(Pb)

Seq Sim.
(Tg) PDB entry

84% 82% 4CBU

NA 76% 4CBX

16% 18% 2JKF

27% 21% 3Q2B

25% 2XFA

24% 21% 2AQ5

15% 19% 2B0R

29% 25%

53% 63%

34% 36%

27%

20% 40%

39% 49%

27% 20%

23% 36%

25%

24%

NA

NA

NA

NA

NA

NA

NA

NA

NA

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

4CBW

2KJG
3NEC

2XF1
2L72

Cytoplasm

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

Filament
forming

F-actin 
binding

F-actin 
capping

G-actin 
sequestering

F-actin
nucleators

E: Essential
S: slow

D: dispensable
n.d.: no data

Oryctolagus cuniculus (rabbit)
TgACT1

Similarity with (BLAST-pairwise)

Cytoplasm

cytoplasm (gametocyte)

NA

Cytoplasm

NA

NA

Cytoplasm

Cytoplasm

Apical pole

Cytoplasm, juxtanuclear region

Residual body

CAPCylase-associated
protein

TGME49_310030
PBANKA_0208000 NA NA

NA

1.17 n.d.225 NA

Table 14.2 Actin, actin-related and actin-binding proteins in Toxoplasma gondii and Plasmodium berghei

The GeneID corresponds to the accession numbers of EuPathDB. The references for the localization are cited in the 
text. The fitness scores are from the CRISPR-Cas9 genome wide screen performed on T. gondii (Sidik et al. 2016) and 
the PlasmoGEM database established for the erythrocytic stages of Plasmodium berghei in mice (Bushell et al. 2017). 
The sequence similarity (Seq. Sim.) is denoted as a percentage relative to the counterpart in the rabbit Oryctolagus 
cuniculus (grey) or TgACT1 (blue). The solved structures of the proteins can be accessed via the RCSB Protein Data 
Bank (PDB). The genes in purple are specific to Plasmodium species
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(Kucera et al. 2010; Moreau et al. 2017; Kadirvel 
and Anishetty 2018).

Another protein that has the capacity to bind 
G-actin and to regulate F-actin disassembly is the 
cyclase-associated protein or CAP (Table 14.2). 
In Apicomplexa, this protein harbors only a 
CARP domain able to interact and sequester 
G-actin and to promote the nucleotide exchange 
from ADP to ATP (Hliscs et al. 2010; Makkonen 
et al. 2013). CAP thus contributes to the abundant 
pool of G-actin, is important for the growth of 
tachyzoites, and appeared dispensable for the 
erythrocytic stages of malaria parasites but essen-
tial for oocyst development in the mosquito mid-
gut (Hliscs et al. 2010; Hunt et al. 2019).

In the absence of ARP2/3 complex, the 
formins are the sole identified nucleators of 
F-actin in Apicomplexa. Formins are very large 
multidomain proteins (>300  kDa) that interact 
with the barbed end of an actin filament, wherein 
actin nucleation activity is achieved by the for-
min homology 2 (FH2) domain (Pollard 2016). It 
was indeed confirmed, in both Toxoplasma and 
Plasmodium, that all the formins expressed were 
able to bind ACT1 and were potent nucleators of 
filamentous actin through their FH2 domain 
(Baum et  al. 2008; Daher et  al. 2010, 2012; 
Skillman et al. 2012). In both parasites, formins 
have been localized in subcellular locations 
where actomyosin systems participate for critical 
functions: PfFRM1 and TgFRM1 at the apical 
pole for motility, TgFRM2  in the cytoplasm at 
the apical juxtanuclear region involved in organ-
elle positioning and inheritance, and TgFRM3 in 
the residual body implicated in cell-cell commu-
nication (Baum et  al. 2008; Jacot et  al. 2016; 
Stortz et al. 2018; Tosetti et al. 2019).

Growth of actin filaments is regulated by their 
polymerization but also by F-actin-binding pro-
teins such as CPs, a family of proteins that binds 
the barbed end of F-actin and prevents the 
exchange with new subunits (Cooper and Sept 
2008) and COR, a protein known to stabilize and 
bundle newly-formed filaments (de Hostos 1999). 
CPs have been investigated in P. berghei, and 
although their sequences differ from the mamma-
lian counterparts, their folding and biochemical 

properties are preserved. Remarkably, the length 
of rabbit actin filaments was significantly 
decreased by the addition of the heterodimer 
PbCPα/β (Ganter et al. 2009). In vivo, PbCPα/β 
disruption has a strong impact on the malaria life 
cycle blocking the transmission of the parasites 
to a new host as described below (Ganter et al. 
2009). In contrast, COR was shown to bind 
F-actin and increase its polymerization and cross-
linking in Apicomplexa (Salamun et  al. 2014; 
Olshina et al. 2015).

Overall, the intrinsic features of apicomplexan 
actin and ABPs contribute to the maintenance of 
a heterogeneous mixture of sequestered free 
G-actin and short filaments in these parasites. A 
fine-tuned coordination and regulation between 
the actin polymerization process and the action 
of ABPs is therefore needed to achieve specific 
and vital functions. The process is tightly regu-
lated in time and space during parasite division 
but also during motility when actin filaments are 
crucial for the survival of the obligate intracellu-
lar parasites. All the ABPs have a critical role in 
the parasites’ life cycle and their specific contri-
bution to the regulation of the different actomyo-
sin systems will be discussed below.

14.3  Actomyosin Systems 
in Apicomplexa

14.3.1  Actin Polymerization Occurs 
at Specific Locations

After decades of great limitation in visualiza-
tion of actin filaments, unexpectedly, antibodies 
raised against Plasmodium ACT1 that preferen-
tially recognized F-actin allowed for the obser-
vation of actin concentrated near the nucleus, at 
the periphery of motile parasites (ookinetes, 
sporozoites and merozoites), and at the moving 
junction during merozoite invasion (Siden-
Kiamos et al. 2012; Angrisano et al. 2012). In 
gametocytes, the sexual stages of the malaria 
parasite, super-resolution and immuno-electron 
microscopy revealed the presence of an actin 
cytoskeleton underneath the IMC, along the 

K. Frénal et al.



341

microtubules with accumulation at the two poles 
of the parasite (Hliscs et al. 2015). Gametocytes 
express both ACT1 and ACT2, so it remains to 
be determined which one constitutes the 
observed actin cytoskeleton. More recently, 
actin chromobodies designed to visualize 
eukaryotic F-actin have been expressed in T. 
gondii and P. falciparum and revealed that 
polymerized actin is located in distinct subcel-
lular compartments and at specific time points 
of the lytic cycle. In P. falciparum, they con-
firmed all the previous observations (Stortz 
et al. 2018). In T. gondii intracellular tachyzo-
ites, F-actin was found at the apical perinuclear 
region, close to the apicoplast. In addition, an 
extensive F-actin network was stained in the 
residual body, which connects the basal pole of 
intravacuolar tachyzoites and organizes them 
into a rosette within the parasitophorous vacu-
ole (Periz et  al. 2017; Tosetti et  al. 2019) 
(Fig.  14.2a, c). Remarkably, in extracellular 
tachyzoites, a ring of F-actin appears to be pro-
duced apically and to translocate to the rear of 
the parasite, co- localizing with the moving 
junction. Consequently, an accumulation of 
F-actin is observed as a dot at the basal pole of 
the parasites immediately after activation of 
motility (Tosetti et al. 2019).

Conditional knockout of TgACT1 and 
PfACT1 has recently been generated in T. gon-
dii tachyzoites and P. falciparum erythrocytic 
stages, respectively (Andenmatten et al. 2013; 
Egarter et  al. 2014; Drewry and Sibley 2015; 
Periz et  al. 2017). As expected, absence of 
actin in both parasites is lethal, but the estab-
lishment of a dimerizable Cre-recombinase 
strategy that efficiently excises the loxP sites 
flanking the actin gene allowed scrutinizing all 
aspects of the parasite life cycle and dissecting 
the cellular functions for which actin is 
required. The localization of F-actin in both T. 
gondii and P. falciparum are in accordance 
with the location of the formins expressed by 
these parasites. The composition and role of 
the corresponding actomyosin systems are dis-
cussed below.

14.3.2  Contribution of Actomyosin 
Systems to Cell Division 
Processes

14.3.2.1  Intravacuolar Connection 
and Cell-Cell Communication

While in vitro cultures of T. gondii are asynchro-
nous, the division of tachyzoites within a given 
parasitophorous vacuole is highly synchronized. 
The class XXIV TgMyoI, a fairly large myosin 
(approximately 200 kDa) with two predicted IQ 
motifs in its neck and no domain identified in its 
tail, was shown to be responsible for this phe-
nomenon. TgMyoI localizes to the residual body 
and seems to be associated with the F-actin net-
work, and importantly, TgFRM3 is present at the 
same location (Frénal et  al. 2017b; Periz et  al. 
2017; Das et  al. 2017; Tosetti et  al. 2019). 
Knockout of TgMyoI or TgFRM3 had no impact 
on the fitness of the tachyzoites. Yet, the parasites 
appeared disorganized within the PV, failed to 
organize in rosettes, and divided in an asynchro-
nous manner (Frénal et  al. 2017b; Tosetti et  al. 
2019). The same phenotype was also observed in 
actin-depleted tachyzoites (TgACT1-cKO) (Periz 
et al. 2017). It was therefore hypothesized that an 
actomyosin system could be involved in the for-
mation and/or maintenance of a basal connection 
between the parasites within the vacuole. 
Fluorescence recovery after photobleaching 
(FRAP) experiments performed on wild-type, 
TgMyoI-KO, TgFRM3-KO and TgACT1-cKO 
parasites demonstrated that soluble proteins from 
the cytoplasm but also from the nucleus were 
able to diffuse between the parasites of the same 
vacuole only when TgMyoI, TgFRM3 or 
TgACT1 were expressed (Frénal et  al. 2017b; 
Periz et al. 2017; Tosetti et al. 2019).

These experiments identified the presence of 
an actomyosin system in the residual body, com-
posed of TgMyoI that likely moves along actin 
filaments assembled by TgFRM3. This complex 
is involved in the formation and maintenance of a 
cytoplasmic connection between intravacuolar 
parasites allowing the diffusion of soluble pro-
teins and metabolites to ensure a tightly synchro-
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nized division. Electron microscopy and 3D 
reconstruction revealed the presence of a tubular 
mitochondrion within the connection, passing 
through the basal complex and shared between 
intracellular parasites (Frénal et al. 2017b). This 
observation raises the possibility that diffusion or 
exchanges could occur between parasites through 
the mitochondrion as well. In addition, it has 
been shown that vesicles are also exchanged 
between the parasites along the actin filaments 
(Periz et  al. 2017). It remains to be determined 
whether this transport is TgMyoI-dependent. 
Considering the extensive filamentous network 
present in the residual body, it is likely that ABPs 
influence the dynamics and structure of the net-
work. Deletion of TgCAP, which modulates actin 
turnover through its G-actin sequestering activ-
ity, has a strong impact on the structure of the 
intravacuolar cell-cell connection and the 
arrangement in rosette of the parasites (Hunt 
et al. 2019). In this mutant, although the parasites 
are still connected and able to divide synchro-
nously, the connections are really long, tubular, 
and not organized around a residual body. The 
endoplasmic reticulum was also observed within 
the connections suggesting a possible exchange 
of material through this organelle, just like the 
mitochondrion. However, diffusion of reporter 
protein was observed only between parasites in 
close proximity. These results open the question 
on the nature of the material that ensures syn-
chronicity within the PV.

Of relevance, MyoI and FRM3 are only pres-
ent in the genome of a few coccidians that divide 
by endodyogeny ensuring the communication 
that naturally exists in the other apicomplexans 
that divide by schizogony in the cytoplasm of the 
same cell (Tables 14.1 and Fig.  14.2c, d). 
Interestingly, this connection is not maintained in 
the bradyzoite stage, a latent and encysted form 
of T. gondii that grows slowly and asynchro-
nously (Frénal et al. 2017b).

14.3.2.2  Basal Pole Constriction 
and Cytokinesis

At the end of cell division, the basal pole of the 
daughter cells constricts. In T. gondii, the class 
VI-like TgMyoJ has been associated with this 

process (Frénal et  al. 2017b). MyoJ is a large 
myosin (approximately 270  kDa), but no IQ 
motif or other domains have been identified 
(Table  14.1). The protein is found in most api-
complexans and the chromerids (Foth et al. 2006; 
Mueller et al. 2017). It localizes at a ring-shaped 
structure at the basal end of the IMC in the devel-
oping daughter cells (Frénal et al. 2017b). At the 
end of division, this structure will constrict and 
form the posterior cup of the mature parasite (Hu 
2008) (Fig. 14.2c). TgMyoJ colocalizes with the 
CaM-like protein centrin 2 (TgCEN2) at the pos-
terior cup. In the absence of TgMyoJ, tachyzoites 
display an enlarged posterior pole and a loss of 
TgCEN2 staining. However, no problem in cyto-
kinesis was observed in these parasites, which 
only exhibit a modest fitness defect in in vitro 
culture but in contrast a clear loss of virulence in 
the mouse model of infection (Frénal et  al. 
2017b). Conversely, depletion of TgCEN2 
impacts the basal pole constriction although 
TgMyoJ remains associated with the enlarged 
basal cup. These results indicate that TgMyoJ 
and TgCEN2 play a role in the constriction of the 
tachyzoite basal pole, but it is not clear yet if they 
are directly associated with one another (Frénal 
et  al. 2017b). One possibility is that TgCEN2 
could act as a light chain for TgMyoJ.

Intriguingly, although loss of basal pole con-
striction has been observed in TgACT1-depleted 
tachyzoites demonstrating that it is an actin- 
dependent process (Periz et al. 2017), none of the 
three formins expressed by the parasites seems to 
be involved in this process (Tosetti et al. 2019). 
This suggests that either an unknown nucleator 
acts at the basal cup or that some F-actin can be 
formed in the absence of polymerizing factors 
possibly following the isodesmic model identi-
fied in vitro with recombinant TgACT1 (Skillman 
et al. 2013). This hypothesis is yet to be tested.

In T. gondii, depletion of TgACT1 (or 
TgMyoJ) does not affect the cytokinesis process 
that occurs naturally, releasing individual para-
sites during egress. In contrast, in P. falciparum, 
PfACT1 depletion leads to a cytokinesis defect 
with conjoined merozoites that egress from the 
infected erythrocytes (Das et al. 2017). The same 
phenotype was also observed in PfFRM2 depleted 
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parasites, indicating that PfACT1 and PfFRM2 
participate in cytokinesis of malaria schizonts 
(Das et al. 2017; Stortz et al. 2018). A defect in 
proper parasite segmentation has also been 
reported with the depletion of the newly identi-
fied basal complex protein PfCINCH (coordina-
tor of nascent cell detachment). Interestingly, 
co-immunoprecipitation experiments performed 
on P. falciparum schizonts with PfCINCH identi-
fied several new proteins of the basal complex 
and pulled-down PfMyoJ suggesting that in 
malaria parasites, a basal actomyosin system is 
responsible for constriction of the schizont basal 
pole, but also cytokinesis prior egress (Rudlaff 
et  al. 2019). As in T. gondii, PbMyoJ was suc-
cessfully deleted in P. berghei without noticeable 
impact on its life cycle (Wall et  al. 2019). Its 
endogenous tagging allowed its detection only in 
mature oocysts when sporozoites are formed. 
PbMyoJ localizes at the junction between the 
sporozoites and the residual bodies, consistent 
with a basal localization but remains associated 
with the oocyst body upon egress of the sporozo-
ites (Wall et  al. 2019). So far, it remains enig-
matic how these different components contribute 
to the segregation of the schizonts, but these stud-
ies pave the way to a better understanding of the 
contractile ring, and the constriction and cytoki-
nesis processes in Apicomplexa.

14.3.3  Contribution of Actomyosin 
to Organelle Positioning 
and Inheritance

Besides MyoA, the second myosin strictly con-
served across the Apicomplexa is the class XXII 
MyoF, which interestingly also has orthologs in 
the chromerids C. velia and V. brassicaformis 
(Foth et al. 2006; Mueller et al. 2017). The func-
tion of MyoF has been characterized in T. gondii 
tachyzoites. TgMyoF possesses six predicted IQ 
motifs and a tail domain with seven WD40 and a 
coiled-coil domain suggesting that the protein 
might function as a dimer. Homology was found 
between TgMyoF and class V myosins that func-
tion as cargo transporters, moving organelles 
within the organism (Hammer and Sellers 2012; 

Heaslip et al. 2016). No myosin light chain has 
been found associated with TgMyoF so far 
(Table 14.3). TgMyoF localizes in the cytoplasm 
of the parasites, particularly concentrated in the 
juxtanuclear region and in the vicinity of the 
dividing apicoplast (Jacot et al. 2013), where the 
actin nucleator TgFRM2 is also located (Tosetti 
et al. 2019). Taking advantage of the possibility 
that TgMyoF could form a dimer, its function 
was tackled by disrupting this dimer via overex-
pression of the tail of TgMyoF, with the aim to 
generate a non-functional heterodimer having a 
dominant-negative effect. TgMyoF was thus 
found to be essential for the survival of the 
tachyzoites and a severe defect in apicoplast 
inheritance was detected as well as a loss of the 
close positioning of the centrosomes on one side 
of the nucleus (Jacot et al. 2013). The same phe-
notype was also observed with the inducible 
knockout and knockdown of TgMyoF subse-
quently generated (Jacot et  al. 2013; Heaslip 
et al. 2016). Concordantly, a defect in apicoplast 
inheritance was observed in TgACT1-depleted 
parasites as well as in the TgFRM2-KO strain 
(Periz et al. 2017; Tosetti et al. 2019). The same 
phenotype is also observed in the intra- 
erythrocytic stages of P. falciparum depleted in 
PfACT1 or in PfFRM2 confirming the conserva-
tion of the machinery in Apicomplexa (Das et al. 
2017; Stortz et al. 2018). In addition, PbMyoF is 
also likely essential in P. berghei since the 
attempts to delete the gene have been unsuccess-
ful so far (Wall et al. 2019).

The primary function of MyoF is likely to 
maintain the positioning of the centrosomes dur-
ing cell division. As a consequence of their mis- 
positioning in TgMyoF mutants, the daughter 
cells grow in opposite directions within the 
mother parasite instead of growing side-by-side, 
and the recruitment and association of the apico-
plast by the centrosomes are lost (Striepen et al. 
2000; Jacot et al. 2013). Some rhoptry organelles 
also fail to be encapsulated in the progenies and 
enlarged residual bodies containing apicoplasts 
and rhoptries were observed. However, enough 
rhoptries are still accurately targeted to the apical 
pole and no defect in invasion was recorded in 
TgMyoF mutants (Jacot et  al. 2013). TgMyoF 
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was also identified as the motor responsible for 
the directed movement of the dense granules, in 
agreement with the fact that this movement is an 
actin-dependent process (Heaslip et  al. 2016). 
TgCAP has been shown to regulate the trafficking 
of the dense granules, given that the deletion of 
this ABP causes the organelles to move further 
distances and at higher speeds (Hunt et al. 2019). 
These findings support the fact that TgMyoF 
might function as class V myosin motors trans-
porting organelles inside cells (Hammer and 
Sellers 2012). TgMyoF has been also found asso-
ciated with the acylated protein ARO (armadillo- 
repeat only) anchored at the surface of the 
rhoptries and whose depletion leads to the disper-
sion of mature rhoptry organelles in the cyto-
plasm, preventing the invasion process to occur 
(Mueller et al. 2013). Yet, apical rhoptry position-
ing does not appear to be an actin-dependent pro-
cess since these organelles are not impacted in the 

absence of TgACT1 (Egarter et al. 2014; Drewry 
and Sibley 2015). TgMyoF might play a role in 
tethering the newly-made rhoptries to the apical 
part of the developing daughter cells, where they 
are actually found to accumulate, in addition to 
the vicinity of the apicoplast (Jacot et al. 2013). 
Such a tethering function of myosin class Va has 
been observed for melanosomes in mouse mela-
nocytes for their long-distance transport on micro-
tubules (Hammer and Sellers 2012). We might 
hypothesize that rhoptries made de novo are first 
tethered by TgMyoF and then transported longer 
distances by microtubule-binding motor(s), 
explaining why some rhoptries are found lost in 
the residual body while most of them are still 
accurately transported and anchored to the apical 
pole (Lentini et al. 2019). Alternatively, the rhop-
tries observed in the residual body might be the 
ones of the mother that were not properly recycled 
during the cell division process.

Table 14.3 Myosin light chains in Toxoplasma gondii

The GeneID corresponds to the accession numbers of EuPathDB. The fitness scores are from the CRISPR-Cas9 genome 
wide screen performed on T. gondii (Sidik et al. 2016). The references for the localization are cited in the text
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Interestingly, TgMyoF is also found in chrom-
erids, which possess a photosynthetic plastid. It 
is likely that the function of TgMyoF in position-
ing of the centrosomes and inheritance of the 
plastid is conserved in these organisms.

14.3.4  Vital Contribution 
of the Actomyosin System 
to Motility

MyoA has been identified in T. gondii as the 
motor responsible for the motility of the tachyzo-
ite, powering the movement within the glideo-
some complex (Meissner et al. 2002). Conditional 
depletion of this motor clearly demonstrated its 
critical role for invasion of and egress from the 
host cell as well as virulence in mice. In P. ber-
ghei, a promoter-swap strategy has been used to 
down-regulate PbMyoA in the motile ookinete 
stage (Siden-Kiamos et  al. 2011). This demon-
strated the essential role of the protein for motil-
ity since no sign of productive gliding locomotion 
was recorded. As a consequence, the formation of 
oocysts was completely abolished and no sporo-
zoite were found to be transmitted from the mos-
quito to a new host.

MyoA belongs to the class XIV myosins and 
is conserved across the phylum Apicomplexa 
(Table  14.1). It is one of the smallest myosins 
(93  kDa), exhibiting a short neck domain with 
degenerated IQ motifs and no tail (Heintzelman 
and Schwartzman 1997; Herm-Götz et al. 2002). 
Moreover, MyoA lacks two key conserved resi-
dues in the motor domain, one in the actin- 
binding surface loop and one in the pivot-point 
for the motion of the lever arm.

TgMyoA was the first apicomplexan motor 
that has been directly purified from the parasites 
for biochemical and biophysical characterization 
(Herm-Götz et  al. 2002). TgMyoA is a mono-
meric and plus-end-directed motor and despite its 
unusual features, it exhibits the kinetic properties 
and velocity of a fast myosin such as the conven-
tional skeletal muscle myosins designed to gen-
erate movement rather than force. TgMyoA is 
non-processive and likely functions in the con-
text of large motor arrays. MyoA localizes to the 

periphery of the tachyzoites and all motile stages 
of Plasmodium, in tight association with the 
membrane, a localization dependent on a dibasic 
motif (two arginines) conserved across the phy-
lum (Hettmann et  al. 2000; Green et  al. 2017). 
One myosin light chain (MLC) and one essential 
light chain (ELC) have been associated with 
TgMyoA and PfMyoA (Nebl et  al. 2011; 
Williams et  al. 2015; Bookwalter et  al. 2017; 
Green et al. 2017) (Table 14.3). TgMLC1, named 
MyoA-tail interacting protein (MTIP) in 
Plasmodia, is conserved throughout the phylum 
and is unusual, presenting a long N-terminal 
extension of 70 residues preceding the CaM-like 
domain composed of degenerated EF-hands 
(Herm-Götz et  al. 2002; Bergman et  al. 2003). 
The solved structures of the CaM-like domain of 
TgMLC1 and PfMTIP bound to the neck of 
MyoA revealed a conserved clamping conforma-
tion of the EF-hands around the posterior region 
of the neck and a buried electrostatic surface 
between the two proteins as found for other myo-
sin heavy/light chain interaction previously 
determined (Bosch et  al. 2007; Powell et  al. 
2017). However, this binding is not influenced by 
the presence of calcium (Green et  al. 2006; 
Bookwalter et al. 2014). In addition, dissection of 
TgMLC1 mutants in T. gondii identified the 
N-terminal extension as responsible for the local-
ization of TgMyoA at the IMC, thus substituting 
for the role of the myosin heavy chain tail that 
TgMyoA lacks (Frénal et al. 2010). Upstream of 
the MLC1/MTIP binding site, one essential light 
chain has been identified first in T. gondii and 
very recently in Plasmodium species (Nebl et al. 
2011; Bookwalter et al. 2017; Green et al. 2017). 
Surprisingly, the sequence identity between 
TgELC and PfELC is low (approximately 20%) 
and prevented the identification of PfELC based 
on homology search (Bookwalter et  al. 2017; 
Green et al. 2017). In fact, in T. gondii, two ELCs, 
named TgELC1 and TgELC2, compete for the 
same binding site on the neck of TgMyoA, but 
TgELC1 is likely and predominantly bound since 
it was the only one identified by mass spectrom-
etry following co-immunoprecipitation of the 
glideosome (Nebl et  al. 2011; Williams et  al. 
2015). TgELC1 and TgELC2 are individually 
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dispensable but cannot be deleted at the same 
time. Indeed, their contribution to the glideosome 
complex is essential since their disruption totally 
destabilizes TgMyoA (Williams et al. 2015). The 
same is true for the myosin light chain. When 
TgMLC1 is depleted in tachyzoites or when 
PbMTIP is depleted in P. berghei ookinetes, 
TgMyoA and PbMyoA are also fully depleted 
(Sebastian et  al. 2012; Egarter et  al. 2014). 
Therefore, the myosin light chain MTIP/MLC1 
is essential in both species.

Until recently, it had not been possible to pro-
duce soluble and functional apicomplexan myo-
sins from heterologous expression systems, 
which hampered structural assessment of the 
unusual features of MyoA and its bound light 
chains. Remarkably, in 2014, Bookwalter et  al. 
identified the ortholog of the striated muscle 
myosin-specific co-chaperone of the UCS protein 
family, Unc45b, in the T. gondii genome 
(Bookwalter et al. 2014). They succeeded in pro-
ducing soluble and functional TgMyoA/TgMLC1 
and TgMyoA/TgMLC1/TgELC1 complexes by 
co-expressing these proteins in the presence of 
the co-chaperone TgUNC.  This not only led to 
the determination of the kinetics of the motor in 
the presence of its light chains in both T. gondii 
(Bookwalter et  al. 2014) and P. falciparum 
(Bookwalter et  al. 2017) but also to structural 
insight of TgMyoA bound to its light chains 
(Powell et  al. 2017, 2018). In both parasites, it 
was elegantly demonstrated with the in vitro 
motility assay that the binding of ELC in addition 
to MLC/MTIP doubles the speed of the actin 
movement (Bookwalter et al. 2014, 2017). ELC 
binds upstream of MLC to the neck domain of 
MyoA but also to the converter of the head 
domain (Powell et al. 2017). With the two bound 
light chains, the length and stability of the lever 
arm is increased and optimized for force trans-
duction. Interestingly, binding of ELC and MLC 
is cooperative and requires first binding of MLC 
to MyoA (Bookwalter et al. 2017; Powell et al. 
2017). This could be due to the fact that TgMyoA 
needs TgMLC1 for its localization in vivo (Frénal 
et al. 2010), a possible pre-requisite for the bind-
ing of TgELC1.

The crystal structure of TgMyoA solved in 
complex with the CaM-like domain of TgMLC1 
was an important step forward. It revealed that 
mutations of the key residues implicated in bind-
ing to actin and in the function of the motor 
domain are a clear adaptation to the divergent 
TgACT1 and create new interactions that main-
tain and possibly enhance the transduction of the 
force from the active site to the lever arm (Powell 
et al. 2018). These results unravel the mystery of 
MyoA being a bona fide fast motor despite its 
unusual features.

It remains to be determined how the function of 
the motor is regulated. Calcium seems to regulate 
the assembly of the motor complex since the coop-
erative binding of the light chains to MyoA is fur-
ther increased in the presence of calcium (Powell 
et  al. 2017). Phosphorylation of TgMyoA and 
PfMyoA appear to modulate rather than activate 
the motor since phospho-mimetic mutants 
enhanced the affinity for actin filaments and the 
speed of their displacement in vitro (Bookwalter 
et al. 2017; Powell et al. 2018). In vivo, some phos-
phorylation sites on TgMyoA seem to be important 
for the activation of the motility while no site on 
TgMLC1 was found to be critical to modulate glid-
ing (Jacot et al. 2014; Gaji et al. 2015).

Unexpectedly, the gene coding for TgMyoA 
has been successfully deleted in T. gondii 
tachyzoites (Andenmatten et al. 2013). Parasites 
could be maintained in culture although their 
lytic cycle was severely impacted with a strong 
defect in motility, invasion, and egress. The isola-
tion of this mutant raised the question of how 
some motility can still be achieved without 
TgMyoA. The identification of a second glideo-
some complex similar to the initial one but 
located at the basal ring of the parasite, which 
includes the class XIV TgMyoC instead of 
TgMyoA, raised the possibility of a functional 
complementation between the complexes, espe-
cially because TgMyoC shares the two light 
chains TgMLC1 and TgELC1 with TgMyoA 
(Frénal et  al. 2014). Indeed, in the absence of 
TgMyoA, a relocalization of TgMyoC along the 
pellicle was observed, highlighting the plasticity 
and adaptation of the parasite to ensure comple-
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tion of the vital step of host cell invasion (Frénal 
et al. 2014, 2017b). Accordingly, parasite clones 
with a simultaneous deletion of MyoA and 
MyoB/C could not be isolated (Egarter et  al. 
2014). In contrast to MyoA, MyoC is not con-
served across the Apicomplexa, especially in 
Plasmodium species (Table 14.1). In these para-
sites, MyoA is therefore likely essential for 
motility as in P. berghei ookinete wherein down- 
regulation of PbMyoA completely abrogated 
gliding and blocked the life-cycle progression of 
the parasite into the mosquito vector (Siden- 
Kiamos et al. 2011).

A third motor from the class XIV, TgMyoH, 
has been found to be crucially involved in motil-
ity of the tachyzoites (Graindorge et  al. 2016). 
TgMyoH is located in the conoid, at the apex of 
the parasites, and its conditional depletion led to 
a severe defect in motility, invasion, and egress 
from the infected cells. Invasion experiments 
demonstrated that, in contrast to wild-type para-
sites that completed invasion, TgMyoH-depleted 
parasites were attached to the surface of the host 
cell by their tip, forming a moving junction that 
cannot be translocated along the parasite body. In 
the same experiment, TgMyoA-depleted para-
sites were engaged in the penetration into the 
host cell, but most of them stopped at the level 
where the IMC starts. These results indicate that 
a relay of myosins is involved in the translocation 
of the adhesins along the parasites with TgMyoH 
initiating the process at the apex until the edge of 
the IMC, then TgMyoA along the pellicle and 
finally TgMyoC at the basal ring (Fig.  14.3). 
Noteworthy in this context, in the absence of 
TgMyoC, TgMyoA is additionally found at the 
basal ring (Frénal et al. 2014). The precise role of 
TgMyoC is therefore unknown, but it might be 
involved in the parasite twisting motion observed 
at the very end of the invasion process that 
enables sealing of the PV (Pavlou et al. 2018).

TgMyoH belongs to class XIV and orthologs 
are found in other coccidians such as Eimeria and 
Cryptosporidium that harbor a conoid but also in 
piroplasma such as Theileria and Babesia that do 
not (Table 14.1) (Mueller et al. 2017). However, 
no direct ortholog has been identified in 
Plasmodium species. Its sequence predicts a neck 

region with eight IQ motifs and a tail harboring 
three α-tubulin suppressor 1 (ATS1) or RCC1 
(Regulator of chromosome condensation 1) 
domains. These domains target TgMyoH to the 
apex of the parasite, linking directly or not 
TgMyoH to the conoid fibers (Graindorge et al. 
2016). Six CaM-containing domain proteins have 
been found associated with TgMyoH (Graindorge 
et  al. 2016; Long et  al. 2017). Four of them, 
TgMLC5, TgCaM1, TgCaM2, and TgCaM3, are 
only associated with TgMyoH, since their apical 
localization is disrupted when TgMyoH is down- 
regulated, but no difference in the localization of 
the two others, TgMLC1 and TgMLC7, was 
observed. In addition to TgMLC1, only TgCaM3 
appears essential for tachyzoite survival (Long 
et al. 2017) (Table 14.3). The function of this pro-
tein is not dependent on the presence of calcium, 
suggesting a structural role of TgCaM3  in the 
neck domain of TgMyoH, in contrast to TgCaM1 
and TgCaM2, which might have a regulatory role 
since their function is calcium-dependent (Long 
et al. 2017).

While no direct ortholog of TgMyoH has been 
found in Plasmodium species, PbMyoB, which 
was characterized in P. berghei, might be a func-
tional homolog (Yusuf et al. 2015). PbMyoB, like 
TgMyoH, belongs to myosin class XIVc, but it is 
significantly smaller since it exhibits a shorter 
neck with one predicted IQ motif and no tail 
(Foth et al. 2006). PbMyoB has been localized at 
the extreme apical pole, likely at the apical polar 
rings, of all the motile forms of the parasite (mer-
ozoite, ookinete and sporozoite). Its associated 
light chain, PbMLC-B, is quite atypical being 
very long (652 aa) and possessing two coiled-coil 
domains, similar to TgMLC3, which is also 
found at the apex of the tachyzoite (Graindorge 
et al. 2016). Functional studies would be needed 
to determine the role of this complex in 
Plasmodium, although PbMyoB appeared dis-
pensable both in the high throughput knockout 
screen of P. berghei genes (Bushell et al. 2017) as 
well as a specific reverse genetics approach (Wall 
et al. 2019). In contrast, PbMyoE is found at the 
basal pole of the motile ookinete and sporozoite 
(Table 14.1), and its deletion severely impacts the 
motility of the sporozoite (Wall et al. 2019).
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In line with the role of myosin motors, 
TgACT1 and PfACT1 have been shown to be 
essential for gliding motility. T. gondii tachyzo-
ites are severely impaired in their motility, inva-
sion capacity and exit from the infected cell 
(Egarter et al. 2014; Drewry and Sibley 2015). In 
contrast, although invasion of the erythrocyte by 
P. falciparum merozoites is completely abolished 
in the absence of actin, egress is not (Das et al. 
2017). For both parasites, egress involves the 
rupture the parasitophorous vacuole membrane 
and the host cell plasma membrane, which is 
assisted by the release of perforins from the 
micronemes (Kafsack et  al. 2009; Garg et  al. 
2013). While the tachyzoite needs to impose an 
additional mechanical pressure on the mem-
branes applied by its motility to exit the cell 
(Meissner et al. 2002; Plattner et al. 2008; Frénal 
et al. 2010; Mehta and Sibley 2011; Graindorge 
et al. 2016; Jacot et al. 2016), the schizonts acti-
vate parasite and host proteases that destabilize 
the cytoskeleton of the red blood cell, and it is not 
clear that motility is required (Millholland et al. 
2011). The actin depletion performed in 
Plasmodium indicates that motility is absolutely 
required during invasion for the moving junction 
to progress backward along the parasite but not 
for egress, for which the destabilization of the 
erythrocyte cytoskeleton and then the curling of 
the red blood cell membrane might be sufficient 
to eject the merozoites into the bloodstream (Das 
et al. 2017).

14.4  ABPs Regulate the Function 
of the Actomyosin Systems

ABPs that influence actin turnover have obvious 
impacts on the function of the actomyosin sys-
tems. The two main actin monomer-sequestering 
proteins, ADF and PRF, have been shown to have 
a strong impact on motility, invasion, and egress 
of T. gondii and P. berghei (Plattner et al. 2008; 
Mehta and Sibley 2011; Moreau et al. 2017). In 
addition, depletion of TgADF and TgPRF also 
revealed a defect in the inheritance of the plastid- 
like apicoplast in daughter cells (Jacot et  al. 

2013). Contrastingly, the G-actin-sequestering 
protein TgCAP, which is also critical for gliding 
motility, invasion, and egress of T. gondii, as well 
as for dense-granule trafficking and parasite con-
nection, has no influence on apicoplast inheri-
tance (Hunt et  al. 2019). These observations 
reflect the different spatial requirements for actin 
turnover within the parasite. In Plasmodium, 
PbCAP has an essential role only in the oocyst 
stage within the mosquito (Hliscs et al. 2010). In 
the absence of PbCAP, maturation of the oocysts 
is compromised and no sporozoites are formed, 
preventing transmission of parasites from the 
mosquito to a new host.

The growth of actin filaments is regulated by 
capping proteins. The heterodimer PbCPα/β has 
the ability to decrease the length of rabbit actin 
filaments in vitro (Ganter et  al. 2009). In vivo, 
disruption of PbCPβ had no impact on the eryth-
rocytic cycle of the parasite, but in the Anopheles 
mosquito vector, the sporozoites displayed a 
strong defect in motility preventing them from 
colonizing the salivary glands and therefore 
blocking transmission of the parasites to a new 
host (Ganter et al. 2009). Unexpectedly, PbCPα 
appears to be essential alone in the erythrocytic 
cycle likely working as a homodimer, but its pre-
cise role has not been assessed yet (Ganter et al. 
2015). One hypothesis for the split role of these 
dimers is the environment-dependent function 
with PbCPα/β working at ambient temperature in 
the mosquito while the PbCPα homodimer could 
be adapted to the warm-blooded host.

Actin polymerization is also regulated by 
coronin (COR). Both TgCOR and PfCOR are 
able to bind F-actin and increase its polymeriza-
tion and bundling in vitro (Salamun et al. 2014; 
Olshina et al. 2015). Deletion of TgCOR revealed 
that this protein is not essential in tachyzoites 
with only a modest effect on the invasion and 
egress steps of the lytic cycle (Salamun et  al. 
2014). Yet, interestingly, TgCOR is cytosolic but 
strikingly relocalizes to the posterior pole in 
motile parasites, independently of actin dynam-
ics but concomitantly to microneme secretion 
(Salamun et al. 2014). This suggests that TgCOR 
could play a role in endocytosis and membrane 
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recycling linked to the microneme exocytosis to 
eliminate excessive accumulation of membranes 
at the posterior pole and preserve the pellicle 
integrity. A relocalization from the periphery to 
the rear of the parasite has also been observed in 
the sporozoite of P. berghei during motility, but 
this time in an actin-dependent manner occurring 
downstream of the calcium-signaling cascade 
leading to microneme secretion (Bane et  al. 
2016). Sporozoites lacking PbCOR are impaired 
in motility and in their ability to colonize the sali-
vary glands of the Anopheles mosquito (Bane 
et al. 2016). Recently, PfCOR has also been asso-
ciated with artemisinin resistance. Indeed, long- 
term in vitro culture of P. falciparum cell lines 
under dihydroartemisinin selection allowed the 
isolation of mutants presenting several point 
mutations in the beta-propeller region of PfCOR 
(Demas et al. 2018). After PfKelch13, PfCOR is 
the second gene demonstrated to confer reduced 
artemisinin susceptibility and the conservation of 
the beta-propeller motif in the two proteins sug-
gests a common mechanism of resistance and the 
possible emergence of PfCOR mutants in nature.

14.5  Conclusion

Over the last decade, a big step forward has been 
made in elucidating the role of myosin heavy 
chains, visualizing actin filaments, and character-
izing regulatory ABPs in Toxoplasma and 
Plasmodium. This led to the identification of 
actomyosin systems serving three major pro-
cesses in these parasites; (i) organelle trafficking, 
positioning and inheritance, (ii) basal pole con-
striction and intravacuolar cell-cell connection 
and (iii) motility, invasion, and egress. Until 
recently, it was really challenging to purify solu-
ble and functional apicomplexan myosin heavy 
chains from heterologous systems. The identifi-
cation of the T. gondii homolog of a myosin- 
specific co-chaperone of the UCS (UNC-45/
CRO1/She4p) family changed this and has been a 
key factor in producing TgMyoA and its light 
chains from the baculovirus/Sf9 insect cell 
expression system (Bookwalter et al. 2014). This 

allowed in-depth biochemical and structural 
characterization of TgMyoA/TgMLC1 and 
TgMyoA/TgMLC1/TgELC1 complexes uncov-
ering mechanistic and regulatory aspects of these 
interactions (Bookwalter et al. 2014; Powell et al. 
2017, 2018). Functional study of the chaperone 
TgUNC in T. gondii tachyzoites demonstrated 
that it is indeed a bona fide myosin chaperone in 
the parasite (Frénal et al. 2017b). All 11 myosin 
heavy chains expressed were destabilized upon 
depletion of TgUNC, and the phenotype of its 
down-regulation is a combination of the pheno-
types of each myosin heavy chain described 
previously.

The repertoire of myosin heavy chains has 
been localized in both Toxoplasma and 
Plasmodium, and all the essential motors have 
been functionally characterized in T. gondii (Wall 
et  al. 2019; Jacot et  al. 2013; Graindorge et  al. 
2016; Frénal et  al. 2017b). It remains now to 
assess the function of the myosin heavy chains in 
Plasmodium and to identify the components of 
the different actomyosin systems, especially the 
proteins of the basal complex that could be 
involved in the constriction and cytokinesis of the 
parasites, a process shared by all the parasites of 
the phylum. To understand the function and regu-
lation of the myosin heavy chains, it also remains 
to identify the associated myosin light chains 
(MLCs). Several of them have been localized in 
T. gondii (Polonais et al. 2011) (Table 14.3) but 
not yet demonstrated as being associated with a 
motor. The limited repertoire of classical MLCs 
suggests that some other EF-hand-containing 
proteins could act as myosin light chains. Three 
calmodulins (TgCAM1–3) have been identified 
as light chains for TgMyoH (Long et al. 2017), 
and it might be worth exploring the possibility 
that some centrins could also play this role, espe-
cially TgCEN2, which shares the same function 
as TgMyoJ in the basal complex constriction.

A better understanding of the dynamics of the 
actomyosin system has been provided by the bio-
chemical and functional characterization of ABPs 
that unraveled unusual features of these proteins 
compared to other eukaryotes. The genome of 
Toxoplasma and Plasmodium further encodes a 
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large repertoire of actin-like and actin-related 
proteins that has not yet been explored, with sev-
eral of them being likely critical for the survival 
of the parasites as suggested by the genome wide 
screens (Table  14.2). Characterization of these 
proteins should provide new insights on the con-
tribution of actomyosin systems to the diverse 
cellular functions of the parasite.

References

Andenmatten N, Egarter S, Jackson AJ et  al (2013) 
Conditional genome engineering in Toxoplasma 
gondii uncovers alternative invasion mechanisms. 
Nat Methods 10:125–127. https://doi.org/10.1038/
nmeth.2301

Angrisano F, Riglar DT, Sturm A et  al (2012) Spatial 
localisation of actin filaments across developmental 
stages of the malaria parasite. PLoS One 7:e32188. 
https://doi.org/10.1371/journal.pone.0032188

Bane KS, Lepper S, Kehrer J et  al (2016) The actin 
filament- binding protein coronin regulates motility in 
Plasmodium Sporozoites. PLoS Pathog 12:e1005710. 
https://doi.org/10.1371/journal.ppat.1005710

Baroni L, Pereira LM, Maciver SK, Yatsuda AP 
(2018) Functional characterisation of the actin- 
depolymerising factor from the apicomplexan 
Neospora caninum (NcADF). Mol Biochem 
Parasitol 224:26–36. https://doi.org/10.1016/j.
molbiopara.2018.07.008

Baum J, Papenfuss AT, Baum B et al (2006) Regulation of 
apicomplexan actin-based motility. Nat Rev Microbiol 
4:621–628. https://doi.org/10.1038/nrmicro1465

Baum J, Tonkin CJ, Paul AS et al (2008) A malaria para-
site formin regulates actin polymerization and local-
izes to the parasite-erythrocyte moving junction during 
invasion. Cell Host Microbe 3:188–198. https://doi.
org/10.1016/j.chom.2008.02.006

Bergman LW, Kaiser K, Fujioka H et al (2003) Myosin A 
tail domain interacting protein (MTIP) localizes to the 
inner membrane complex of Plasmodium sporozoites. 
J Cell Sci 116:39–49

Bichet M, Joly C, Henni AH et al (2014) The toxoplasma- 
host cell junction is anchored to the cell cortex to sus-
tain parasite invasive force. BMC Biol 12:773. https://
doi.org/10.1186/s12915-014-0108-y

Bookwalter CS, Kelsen A, Leung JM et  al (2014) A 
Toxoplasma gondii class XIV myosin, expressed in 
Sf9 cells with a parasite co-chaperone, requires two 
light chains for fast motility. J Biol Chem 289:30832–
30841. https://doi.org/10.1074/jbc.M114.572453

Bookwalter CS, Tay CL, McCrorie R et  al (2017) 
Reconstitution of the core of the malaria parasite glideo-
some with recombinant Plasmodium class XIV myosin 
A and Plasmodium actin. J Biol Chem 292:19290–
19303. https://doi.org/10.1074/jbc.M117.813972

Bosch J, Turley S, Roach CM et  al (2007) The closed 
MTIP-myosin A-tail complex from the malaria para-
site invasion machinery. J Mol Biol 372:77–88. https://
doi.org/10.1016/j.jmb.2007.06.016

Bushell E, Gomes AR, Sanderson T et  al (2017) 
Functional profiling of a plasmodium genome reveals 
an abundance of essential genes. Cell 170:260–272.e8. 
https://doi.org/10.1016/j.cell.2017.06.030

Cooper JA, Sept D (2008) New insights into mecha-
nism and regulation of actin capping protein. Int Rev 
Cell Mol Biol 267:183–206. https://doi.org/10.1016/
S1937-6448(08)00604-7

Daher W, Plattner F, Carlier M-F, Soldati-Favre D (2010) 
Concerted action of two formins in gliding motility 
and host cell invasion by Toxoplasma gondii. PLoS 
Pathog 6:e1001132. https://doi.org/10.1371/journal.
ppat.1001132

Daher W, Klages N, Carlier M-F, Soldati-Favre D (2012) 
Molecular characterization of Toxoplasma gondii 
formin 3, an actin nucleator dispensable for tachyzo-
ite growth and motility. Eukaryot Cell 11:343–352. 
https://doi.org/10.1128/EC.05192-11

Das S, Lemgruber L, Tay CL et  al (2017) Multiple 
essential functions of Plasmodium falciparum 
actin-1 during malaria blood-stage develop-
ment. BMC Biol 15:70. https://doi.org/10.1186/
s12915-017-0406-2

de Hostos EL (1999) The coronin family of actin- 
associated proteins. Trends Cell Biol 9:345–350

Deligianni E, Morgan RN, Bertuccini L et al (2011) Critical 
role for a stage-specific actin in male exflagellation of 
the malaria parasite. Cell Microbiol 13:1714–1730. 
https://doi.org/10.1111/j.1462-5822.2011.01652.x

Demas AR, Sharma AI, Wong W et al (2018) Mutations 
in Plasmodium falciparum actin-binding protein coro-
nin confer reduced artemisinin susceptibility. Proc 
Natl Acad Sci U S A 115:12799–12804. https://doi.
org/10.1073/pnas.1812317115

Dobrowolski JM, Niesman IR, Sibley LD (1997) Actin in 
the parasite Toxoplasma gondii is encoded by a single 
copy gene, ACT1 and exists primarily in a globular 
form. Cell Motil Cytoskeleton 37:253–262. https://doi.
org/10.1002/(SICI)1097-0169(1997)37:3<253::AID-
CM7>3.0.CO;2-7

Dominguez R, Holmes KC (2011) Actin structure and 
function. Annu Rev Biophys 40:169–186. https://doi.
org/10.1146/annurev-biophys-042910-155359

Douglas RG, Nandekar P, Aktories J-E et al (2018) Inter- 
subunit interactions drive divergent dynamics in 
mammalian and Plasmodium actin filaments. PLoS 
Biol 16:e2005345. https://doi.org/10.1371/journal.
pbio.2005345

Drewry LL, Sibley LD (2015) Toxoplasma actin is 
required for efficient host cell invasion. MBio 
6:e00557. https://doi.org/10.1128/mBio.00557-15

Egarter S, Andenmatten N, Jackson AJ et al (2014) The 
toxoplasma Acto-MyoA motor complex is important 
but not essential for gliding motility and host cell inva-
sion. PLoS One 9:e91819. https://doi.org/10.1371/
journal.pone.0091819

K. Frénal et al.

https://doi.org/10.1038/nmeth.2301
https://doi.org/10.1038/nmeth.2301
https://doi.org/10.1371/journal.pone.0032188
https://doi.org/10.1371/journal.ppat.1005710
https://doi.org/10.1016/j.molbiopara.2018.07.008
https://doi.org/10.1016/j.molbiopara.2018.07.008
https://doi.org/10.1038/nrmicro1465
https://doi.org/10.1016/j.chom.2008.02.006
https://doi.org/10.1016/j.chom.2008.02.006
https://doi.org/10.1186/s12915-014-0108-y
https://doi.org/10.1186/s12915-014-0108-y
https://doi.org/10.1074/jbc.M114.572453
https://doi.org/10.1074/jbc.M117.813972
https://doi.org/10.1016/j.jmb.2007.06.016
https://doi.org/10.1016/j.jmb.2007.06.016
https://doi.org/10.1016/j.cell.2017.06.030
https://doi.org/10.1016/S1937-6448(08)00604-7
https://doi.org/10.1016/S1937-6448(08)00604-7
https://doi.org/10.1371/journal.ppat.1001132
https://doi.org/10.1371/journal.ppat.1001132
https://doi.org/10.1128/EC.05192-11
https://doi.org/10.1186/s12915-017-0406-2
https://doi.org/10.1186/s12915-017-0406-2
https://doi.org/10.1111/j.1462-5822.2011.01652.x
https://doi.org/10.1073/pnas.1812317115
https://doi.org/10.1073/pnas.1812317115
https://doi.org/10.1002/(SICI)1097-0169(1997)37:3<253::AID-CM7>3.0.CO;2-7
https://doi.org/10.1002/(SICI)1097-0169(1997)37:3<253::AID-CM7>3.0.CO;2-7
https://doi.org/10.1002/(SICI)1097-0169(1997)37:3<253::AID-CM7>3.0.CO;2-7
https://doi.org/10.1146/annurev-biophys-042910-155359
https://doi.org/10.1146/annurev-biophys-042910-155359
https://doi.org/10.1371/journal.pbio.2005345
https://doi.org/10.1371/journal.pbio.2005345
https://doi.org/10.1128/mBio.00557-15
https://doi.org/10.1371/journal.pone.0091819
https://doi.org/10.1371/journal.pone.0091819


351

Foth BJ, Goedecke MC, Soldati D (2006) New insights 
into myosin evolution and classification. Proc Natl 
Acad Sci 103:3681–3686. https://doi.org/10.1073/
pnas.0506307103

Francia ME, Striepen B (2014) Cell division in apicom-
plexan parasites. Nat Rev Microbiol 12:125–136. 
https://doi.org/10.1038/nrmicro3184

Frénal K, Polonais V, Marq J-B et  al (2010) Functional 
dissection of the apicomplexan glideosome molecular 
architecture. Cell Host Microbe 8:343–357. https://
doi.org/10.1016/j.chom.2010.09.002

Frénal K, Marq J-B, Jacot D et al (2014) Plasticity between 
MyoC- and MyoA-glideosomes: an example of func-
tional compensation in Toxoplasma gondii invasion. 
PLoS Pathog 10:e1004504. https://doi.org/10.1371/
journal.ppat.1004504

Frénal K, Dubremetz J-F, Lebrun M, Soldati-Favre D 
(2017a) Gliding motility powers invasion and egress 
in Apicomplexa. Nat Rev Microbiol 15:645–660. 
https://doi.org/10.1038/nrmicro.2017.86

Frénal K, Jacot D, Hammoudi P-M et al (2017b) Myosin- 
dependent cell-cell communication controls syn-
chronicity of division in acute and chronic stages of 
Toxoplasma gondii. Nat Commun 8:15710. https://
doi.org/10.1038/ncomms15710

Gaji RY, Johnson DE, Treeck M et  al (2015) 
Phosphorylation of a myosin motor by TgCDPK3 
facilitates rapid initiation of motility during 
Toxoplasma gondii egress. PLoS Pathog 11:e1005268. 
https://doi.org/10.1371/journal.ppat.1005268

Ganter M, Schüler H, Matuschewski K (2009) Vital 
role for the Plasmodium actin capping protein 
(CP) beta-subunit in motility of malaria sporo-
zoites. Mol Microbiol 74:1356–1367. https://doi.
org/10.1111/j.1365-2958.2009.06828.x

Ganter M, Rizopoulos Z, Schüler H, Matuschewski K 
(2015) Pivotal and distinct role for Plasmodium actin 
capping protein alpha during blood infection of the 
malaria parasite. Mol Microbiol 96:84–94. https://doi.
org/10.1111/mmi.12922

Garg S, Agarwal S, Kumar S et  al (2013) Calcium- 
dependent permeabilization of erythrocytes by a 
perforin-like protein during egress of malaria para-
sites. Nat Commun 4:1736. https://doi.org/10.1038/
ncomms2725

Gordon JL, Sibley LD (2005) Comparative genome anal-
ysis reveals a conserved family of actin-like proteins 
in apicomplexan parasites. BMC Genomics 6:179. 
https://doi.org/10.1186/1471-2164-6-179

Gould SB, Tham W-H, Cowman AF et al (2008) Alveolins, 
a new family of cortical proteins that define the protist 
infrakingdom Alveolata. Mol Biol Evol 25:1219–
1230. https://doi.org/10.1093/molbev/msn070

Graindorge A, Frénal K, Jacot D et  al (2016) The 
conoid associated motor MyoH is indispensable for 
Toxoplasma gondii entry and exit from host cells. 
PLoS Pathog 12:e1005388. https://doi.org/10.1371/
journal.ppat.1005388

Green JL, Martin SR, Fielden J et al (2006) The MTIP- 
myosin A complex in blood stage malaria parasites. 

J Mol Biol 355:933–941. https://doi.org/10.1016/j.
jmb.2005.11.027

Green JL, Wall RJ, Vahokoski J et al (2017) Compositional 
and expression analyses of the glideosome during the 
Plasmodium life cycle reveal an additional myosin 
light chain required for maximum motility. J Biol 
Chem 292:17857–17875. https://doi.org/10.1074/jbc.
M117.802769

Hakimi M-A, Olias P, Sibley LD (2017) Toxoplasma 
effectors targeting host signaling and transcrip-
tion. Clin Microbiol Rev 30:615–645. https://doi.
org/10.1128/CMR.00005-17

Hammer JA, Sellers JR (2012) Walking to work: roles for 
class V myosins as cargo transporters. Nat Rev Mol 
Cell Biol 13:13–26. https://doi.org/10.1038/nrm3248

Harding CR, Meissner M (2014) The inner membrane 
complex through development of Toxoplasma gondii 
and Plasmodium. Cell Microbiol 16:632–641. https://
doi.org/10.1111/cmi.12285

Harvey KL, Yap A, Gilson PR et al (2014) Insights and 
controversies into the role of the key apicomplexan 
invasion ligand, apical membrane antigen 1. Int 
J Parasitol 44:853–857. https://doi.org/10.1016/j.
ijpara.2014.08.001

Heaslip AT, Nelson SR, Warshaw DM (2016) Dense 
granule trafficking in Toxoplasma gondii requires a 
unique class 27 myosin and actin filaments. Mol Biol 
Cell 27:2080–2089. https://doi.org/10.1091/mbc.
E15-12-0824

Heintzelman MB, Schwartzman JD (1997) A novel class 
of unconventional myosins from Toxoplasma gondii. 
J Mol Biol 271:139–146. https://doi.org/10.1006/
jmbi.1997.1167

Herm-Götz A, Weiss S, Stratmann R et  al (2002) 
Toxoplasma gondii myosin A and its light chain: 
a fast, single-headed, plus-end-directed motor. 
EMBO J 21:2149–2158. https://doi.org/10.1093/
emboj/21.9.2149

Herm-Götz A, Delbac F, Weiss S et al (2006) Functional 
and biophysical analyses of the class XIV Toxoplasma 
gondii myosin D.  J Muscle Res Cell Motil 27:139–
151. https://doi.org/10.1007/s10974-005-9046-1

Hettmann C, Herm A, Geiter A et  al (2000) A dibasic 
motif in the tail of a class XIV apicomplexan myo-
sin is an essential determinant of plasma membrane 
localization. Mol Biol Cell 11:1385–1400. https://doi.
org/10.1091/mbc.11.4.1385

Hliscs M, Sattler JM, Tempel W et al (2010) Structure and 
function of a G-actin sequestering protein with a vital 
role in malaria oocyst development inside the mos-
quito vector. J Biol Chem 285:11572–11583. https://
doi.org/10.1074/jbc.M109.054916

Hliscs M, Millet C, Dixon MW et al (2015) Organization 
and function of an actin cytoskeleton in Plasmodium 
falciparum gametocytes. Cell Microbiol 17:207–225. 
https://doi.org/10.1111/cmi.12359

Hu K (2008) Organizational changes of the daughter basal 
complex during the parasite replication of Toxoplasma 
gondii. PLoS Pathog 4:e10. https://doi.org/10.1371/
journal.ppat.0040010

14 The Actomyosin Systems in Apicomplexa

https://doi.org/10.1073/pnas.0506307103
https://doi.org/10.1073/pnas.0506307103
https://doi.org/10.1038/nrmicro3184
https://doi.org/10.1016/j.chom.2010.09.002
https://doi.org/10.1016/j.chom.2010.09.002
https://doi.org/10.1371/journal.ppat.1004504
https://doi.org/10.1371/journal.ppat.1004504
https://doi.org/10.1038/nrmicro.2017.86
https://doi.org/10.1038/ncomms15710
https://doi.org/10.1038/ncomms15710
https://doi.org/10.1371/journal.ppat.1005268
https://doi.org/10.1111/j.1365-2958.2009.06828.x
https://doi.org/10.1111/j.1365-2958.2009.06828.x
https://doi.org/10.1111/mmi.12922
https://doi.org/10.1111/mmi.12922
https://doi.org/10.1038/ncomms2725
https://doi.org/10.1038/ncomms2725
https://doi.org/10.1186/1471-2164-6-179
https://doi.org/10.1093/molbev/msn070
https://doi.org/10.1371/journal.ppat.1005388
https://doi.org/10.1371/journal.ppat.1005388
https://doi.org/10.1016/j.jmb.2005.11.027
https://doi.org/10.1016/j.jmb.2005.11.027
https://doi.org/10.1074/jbc.M117.802769
https://doi.org/10.1074/jbc.M117.802769
https://doi.org/10.1128/CMR.00005-17
https://doi.org/10.1128/CMR.00005-17
https://doi.org/10.1038/nrm3248
https://doi.org/10.1111/cmi.12285
https://doi.org/10.1111/cmi.12285
https://doi.org/10.1016/j.ijpara.2014.08.001
https://doi.org/10.1016/j.ijpara.2014.08.001
https://doi.org/10.1091/mbc.E15-12-0824
https://doi.org/10.1091/mbc.E15-12-0824
https://doi.org/10.1006/jmbi.1997.1167
https://doi.org/10.1006/jmbi.1997.1167
https://doi.org/10.1093/emboj/21.9.2149
https://doi.org/10.1093/emboj/21.9.2149
https://doi.org/10.1007/s10974-005-9046-1
https://doi.org/10.1091/mbc.11.4.1385
https://doi.org/10.1091/mbc.11.4.1385
https://doi.org/10.1074/jbc.M109.054916
https://doi.org/10.1074/jbc.M109.054916
https://doi.org/10.1111/cmi.12359
https://doi.org/10.1371/journal.ppat.0040010
https://doi.org/10.1371/journal.ppat.0040010


352

Hu K, Roos DS, Murray JM (2002) A novel polymer 
of tubulin forms the conoid of Toxoplasma gondii. J 
Cell Biol 156:1039–1050. https://doi.org/10.1083/
jcb.200112086

Hu K, Johnson J, Florens L et al (2006) Cytoskeletal com-
ponents of an invasion machine – the apical complex 
of Toxoplasma gondii. PLoS Pathog 2:e13. https://doi.
org/10.1371/journal.ppat.0020013

Hunt A, Russell MRG, Wagener J et  al (2019, October 
2) Differential requirements for cyclase-associated 
protein (CAP) in actin-dependent processes of 
Toxoplasma gondii. Elife 8:pii: e50598. https://doi.
org/10.7554/eLife.50598.001

Jacot D, Daher W, Soldati-Favre D (2013) Toxoplasma 
gondii myosin F, an essential motor for centro-
somes positioning and apicoplast inheritance. 
EMBO J 32:1702–1716. https://doi.org/10.1038/
emboj.2013.113

Jacot D, Frénal K, Marq J-B et al (2014) Assessment of 
phosphorylation in Toxoplasma glideosome assembly 
and function. Cell Microbiol 16:1518–1532. https://
doi.org/10.1111/cmi.12307

Jacot D, Tosetti N, Pires I et al (2016) An Apicomplexan 
actin-binding protein serves as a connector and lipid 
sensor to coordinate motility and invasion. Cell 
Host Microbe 20:731–743. https://doi.org/10.1016/j.
chom.2016.10.020

Kadirvel P, Anishetty S (2018) Potential role of salt- 
bridges in the hinge-like movement of apicomplexa 
specific β-hairpin of Plasmodium and Toxoplasma pro-
filins: a molecular dynamics simulation study. J Cell 
Biochem 119:3683–3696. https://doi.org/10.1002/
jcb.26579

Kafsack BFC, Pena JDO, Coppens I et al (2009) Rapid 
membrane disruption by a perforin-like protein facili-
tates parasite exit from host cells. Science 323:530–
533. https://doi.org/10.1126/science.1165740

Kucera K, Koblansky AA, Saunders LP et  al (2010) 
Structure-based analysis of Toxoplasma gondii pro-
filin: a parasite-specific motif is required for recogni-
tion by toll-like receptor 11. J Mol Biol 403:616–629. 
https://doi.org/10.1016/j.jmb.2010.09.022

Kumpula E-P, Pires I, Lasiwa D et  al (2017) 
Apicomplexan actin polymerization depends on 
nucleation. Sci Rep 7:12137. https://doi.org/10.1038/
s41598-017-11330-w

Kumpula E-P, Lopez AJ, Tajedin L et  al (2019) 
Atomic view into Plasmodium actin polymeriza-
tion, ATP hydrolysis, and fragmentation. PLoS 
Biol 17:e3000315. https://doi.org/10.1371/journal.
pbio.3000315

Kursula I, Kursula P, Ganter M et al (2008) Structural basis 
for parasite-specific functions of the divergent profilin 
of Plasmodium falciparum. Structure 16:1638–1648. 
https://doi.org/10.1016/j.str.2008.09.008

Lentini G, Dubois DJ, Maco B et al (2019) The roles of 
CEN2 and DLC8a in apical secretory organelles dis-
charge of Toxoplasma gondii. Traffic 20:583–600. 
https://doi.org/10.1111/tra.12673

Letunic I, Bork P (2018) 20 years of the SMART pro-
tein domain annotation resource. Nucleic Acids Res 
46(D1)D493–D496. https://doi.org/10.1093/nar/
gkx922

Long S, Brown KM, Drewry LL et al (2017) Calmodulin- 
like proteins localized to the conoid regulate motil-
ity and cell invasion by Toxoplasma gondii. PLoS 
Pathog 13:e1006379. https://doi.org/10.1371/journal.
ppat.1006379

Makkonen M, Bertling E, Chebotareva NA et  al (2013) 
Mammalian and malaria parasite cyclase- associated 
proteins catalyze nucleotide exchange on G-actin 
through a conserved mechanism. J Biol Chem 288:984–
994. https://doi.org/10.1074/jbc.M112.435719

Mehta S, Sibley LD (2010) Toxoplasma gondii actin depo-
lymerizing factor acts primarily to sequester G-actin. 
J Biol Chem 285:6835–6847. https://doi.org/10.1074/
jbc.M109.068155

Mehta S, Sibley LD (2011) Actin depolymerizing fac-
tor controls actin turnover and gliding motility in 
Toxoplasma gondii. Mol Biol Cell 22:1290–1299. 
https://doi.org/10.1091/mbc.E10-12-0939

Meissner M, Schlüter D, Soldati D (2002) Role of 
Toxoplasma gondii myosin A in powering parasite 
gliding and host cell invasion. Science 298:837–840. 
https://doi.org/10.1126/science.1074553

Mercier C, Cesbron-Delauw M-F (2015) Toxoplasma 
secretory granules: one population or more? Trends 
Parasitol 31:60–71. https://doi.org/10.1016/j.
pt.2014.12.002

Millholland MG, Chandramohanadas R, Pizzarro A et al 
(2011) The malaria parasite progressively dismantles 
the host erythrocyte cytoskeleton for efficient egress. 
Mol Cell Proteomics 10:M111.010678. https://doi.
org/10.1074/mcp.M111.010678

Monteiro VG, de Melo EJ, Attias M, de Souza W (2001) 
Morphological changes during conoid extrusion in 
Toxoplasma gondii tachyzoites treated with calcium 
ionophore. J Struct Biol 136:181–189. https://doi.
org/10.1006/jsbi.2002.4444

Mordue DG, Håkansson S, Niesman I, Sibley LD (1999) 
Toxoplasma gondii resides in a vacuole that avoids 
fusion with host cell endocytic and exocytic vesicular 
trafficking pathways. Exp Parasitol 92:87–99

Moreau CA, Bhargav SP, Kumar H et al (2017) A unique 
profilin-actin interface is important for malaria 
 parasite motility. PLoS Pathog 13:e1006412. https://
doi.org/10.1371/journal.ppat.1006412

Mueller C, Klages N, Jacot D et al (2013) The Toxoplasma 
protein ARO mediates the apical positioning of rhoptry 
organelles, a prerequisite for host cell invasion. Cell 
Host Microbe 13:289–301. https://doi.org/10.1016/j.
chom.2013.02.001

Mueller C, Graindorge A, Soldati-Favre D (2017) 
Functions of myosin motors tailored for parasit-
ism. Curr Opin Microbiol 40:113–122. https://doi.
org/10.1016/j.mib.2017.11.003

Nebl T, Prieto JH, Kapp E et  al (2011) Quantitative 
in  vivo analyses reveal calcium-dependent phos-

K. Frénal et al.

https://doi.org/10.1083/jcb.200112086
https://doi.org/10.1083/jcb.200112086
https://doi.org/10.1371/journal.ppat.0020013
https://doi.org/10.1371/journal.ppat.0020013
https://doi.org/10.7554/eLife.50598.001
https://doi.org/10.7554/eLife.50598.001
https://doi.org/10.1038/emboj.2013.113
https://doi.org/10.1038/emboj.2013.113
https://doi.org/10.1111/cmi.12307
https://doi.org/10.1111/cmi.12307
https://doi.org/10.1016/j.chom.2016.10.020
https://doi.org/10.1016/j.chom.2016.10.020
https://doi.org/10.1002/jcb.26579
https://doi.org/10.1002/jcb.26579
https://doi.org/10.1126/science.1165740
https://doi.org/10.1016/j.jmb.2010.09.022
https://doi.org/10.1038/s41598-017-11330-w
https://doi.org/10.1038/s41598-017-11330-w
https://doi.org/10.1371/journal.pbio.3000315
https://doi.org/10.1371/journal.pbio.3000315
https://doi.org/10.1016/j.str.2008.09.008
https://doi.org/10.1111/tra.12673
https://doi.org/10.1093/nar/gkx922
https://doi.org/10.1093/nar/gkx922
https://doi.org/10.1371/journal.ppat.1006379
https://doi.org/10.1371/journal.ppat.1006379
https://doi.org/10.1074/jbc.M112.435719
https://doi.org/10.1074/jbc.M109.068155
https://doi.org/10.1074/jbc.M109.068155
https://doi.org/10.1091/mbc.E10-12-0939
https://doi.org/10.1126/science.1074553
https://doi.org/10.1016/j.pt.2014.12.002
https://doi.org/10.1016/j.pt.2014.12.002
https://doi.org/10.1074/mcp.M111.010678
https://doi.org/10.1074/mcp.M111.010678
https://doi.org/10.1006/jsbi.2002.4444
https://doi.org/10.1006/jsbi.2002.4444
https://doi.org/10.1371/journal.ppat.1006412
https://doi.org/10.1371/journal.ppat.1006412
https://doi.org/10.1016/j.chom.2013.02.001
https://doi.org/10.1016/j.chom.2013.02.001
https://doi.org/10.1016/j.mib.2017.11.003
https://doi.org/10.1016/j.mib.2017.11.003


353

phorylation sites and identifies a novel component 
of the toxoplasma invasion motor complex. PLoS 
Pathog 7:e1002222. https://doi.org/10.1371/journal.
ppat.1002222

Nishi M, Hu K, Murray JM, Roos DS (2008) Organellar 
dynamics during the cell cycle of Toxoplasma gondii. 
J Cell Sci 121:1559–1568. https://doi.org/10.1242/
jcs.021089

Odronitz F, Kollmar M (2007) Drawing the tree of eukary-
otic life based on the analysis of 2,269 manually anno-
tated myosins from 328 species. Genome Biol 8:R196. 
https://doi.org/10.1186/gb-2007-8-9-r196

Olshina MA, Angrisano F, Marapana DS et  al (2015) 
Plasmodium falciparum coronin organizes arrays of 
parallel actin filaments potentially guiding directional 
motility in invasive malaria parasites. Malar J 14:280. 
https://doi.org/10.1186/s12936-015-0801-5

Pavlou G, Biesaga M, Touquet B et al (2018) Toxoplasma 
parasite twisting motion mechanically induces host 
cell membrane fission to complete invasion within a 
protective vacuole. Cell Host Microbe 24:81–96.e5. 
https://doi.org/10.1016/j.chom.2018.06.003

Periz J, Whitelaw J, Harding C et al (2017) Toxoplasma 
gondii F-actin forms an extensive filamentous network 
required for material exchange and parasite matura-
tion. Elife 6:pii: e24119. https://doi.org/10.7554/
eLife.24119

Plattner F, Yarovinsky F, Romero S et  al (2008) 
Toxoplasma profilin is essential for host cell invasion 
and TLR11-dependent induction of an interleukin-12 
response. Cell Host Microbe 3:77–87. https://doi.
org/10.1016/j.chom.2008.01.001

Pollard TD (2016) Actin and actin-binding proteins. Cold 
Spring Harb Perspect Biol 8. https://doi.org/10.1101/
cshperspect.a018226

Polonais V, Javier Foth B, Chinthalapudi K et  al 
(2011) Unusual anchor of a motor complex 
(MyoD-MLC2) to the plasma membrane of 
Toxoplasma gondii. Traffic 12:287–300. https://doi.
org/10.1111/j.1600-0854.2010.01148.x

Pospich S, Kumpula E-P, von der Ecken J et al (2017) Near- 
atomic structure of jasplakinolide-stabilized malaria 
parasite F-actin reveals the structural basis of filament 
instability. Proc Natl Acad Sci U S A 114:10636–
10641. https://doi.org/10.1073/pnas.1707506114

Powell CJ, Jenkins ML, Parker ML et al (2017) Dissecting 
the molecular assembly of the Toxoplasma gondii 
MyoA motility complex. J Biol Chem 292:19469–
19477. https://doi.org/10.1074/jbc.M117.809632

Powell CJ, Ramaswamy R, Kelsen A et  al (2018) 
Structural and mechanistic insights into the func-
tion of the unconventional class XIV myosin MyoA 
from Toxoplasma gondii. Proc Natl Acad Sci U S 
A 115:E10548–E10555. https://doi.org/10.1073/
pnas.1811167115

Richards TA, Cavalier-Smith T (2005) Myosin domain 
evolution and the primary divergence of eukaryotes. 
Nature 436:1113–1118. https://doi.org/10.1038/
nature03949

Rudlaff RM, Kraemer S, Streva VA, Dvorin JD (2019) An 
essential contractile ring protein controls cell division 
in Plasmodium falciparum. Nat Commun 10:2181. 
https://doi.org/10.1038/s41467-019-10214-z

Sahoo N, Beatty W, Heuser J et al (2005) Unusual kinetic 
and structural properties control rapid assembly and 
turnover of actin in the parasite Toxoplasma gondii. 
MBoC 17:895–906. https://doi.org/10.1091/mbc.
e05-06-0512

Salamun J, Kallio JP, Daher W et al (2014) Structure of 
Toxoplasma gondii coronin, an actin-binding pro-
tein that relocalizes to the posterior pole of invasive 
parasites and contributes to invasion and egress. 
FASEB J 28:4729–4747. https://doi.org/10.1096/
fj.14-252569

Schmitz S, Grainger M, Howell S et al (2005) Malaria para-
site actin filaments are very short. J Mol Biol 349:113–
125. https://doi.org/10.1016/j.jmb.2005.03.056

Schüler H, Matuschewski K (2006) Regulation of api-
complexan microfilament dynamics by a minimal set 
of actin-binding proteins. Traffic 7:1433–1439. https://
doi.org/10.1111/j.1600-0854.2006.00484.x

Schüler H, Mueller A-K, Matuschewski K (2005a) 
Unusual properties of Plasmodium falciparum actin: 
new insights into microfilament dynamics of apicom-
plexan parasites. FEBS Lett 579:655–660. https://doi.
org/10.1016/j.febslet.2004.12.037

Schüler H, Mueller A-K, Matuschewski K (2005b) A 
Plasmodium actin-depolymerizing factor that binds 
exclusively to actin monomers. MBoC 16:4013–4023. 
https://doi.org/10.1091/mbc.e05-02-0086

Sebastian S, Brochet M, Collins MO et  al (2012) A 
Plasmodium calcium-dependent protein kinase 
controls zygote development and transmission by 
translationally activating repressed mRNAs. Cell 
Host Microbe 12:9–19. https://doi.org/10.1016/j.
chom.2012.05.014

Sebé-Pedrós A, Grau-Bové X, Richards TA, Ruiz-Trillo 
I (2014) Evolution and classification of myosins, a 
paneukaryotic whole-genome approach. Genome Biol 
Evol 6:290–305. https://doi.org/10.1093/gbe/evu013

Siden-Kiamos I, Ganter M, Kunze A et  al (2011) 
Stage-specific depletion of myosin a supports 
an essential role in motility of malarial ookine-
tes. Cell Microbiol 13:1996–2006. https://doi.
org/10.1111/j.1462-5822.2011.01686.x

Siden-Kiamos I, Louis C, Matuschewski K (2012) 
Evidence for filamentous actin in ookinetes of a 
 malarial parasite. Mol Biochem Parasitol 181:186–189. 
https://doi.org/10.1016/j.molbiopara.2011.11.002

Sidik SM, Huet D, Ganesan SM et al (2016) A genome- 
wide CRISPR screen in Toxoplasma identifies essen-
tial Apicomplexan genes. Cell 166:1423–1435.e12. 
https://doi.org/10.1016/j.cell.2016.08.019

Singh BK, Sattler JM, Chatterjee M et al (2011) Crystal 
structures explain functional differences in the two 
actin depolymerization factors of the malaria para-
site. J Biol Chem 286:28256–28264. https://doi.
org/10.1074/jbc.M111.211730

14 The Actomyosin Systems in Apicomplexa

https://doi.org/10.1371/journal.ppat.1002222
https://doi.org/10.1371/journal.ppat.1002222
https://doi.org/10.1242/jcs.021089
https://doi.org/10.1242/jcs.021089
https://doi.org/10.1186/gb-2007-8-9-r196
https://doi.org/10.1186/s12936-015-0801-5
https://doi.org/10.1016/j.chom.2018.06.003
https://doi.org/10.7554/eLife.24119
https://doi.org/10.7554/eLife.24119
https://doi.org/10.1016/j.chom.2008.01.001
https://doi.org/10.1016/j.chom.2008.01.001
https://doi.org/10.1101/cshperspect.a018226
https://doi.org/10.1101/cshperspect.a018226
https://doi.org/10.1111/j.1600-0854.2010.01148.x
https://doi.org/10.1111/j.1600-0854.2010.01148.x
https://doi.org/10.1073/pnas.1707506114
https://doi.org/10.1074/jbc.M117.809632
https://doi.org/10.1073/pnas.1811167115
https://doi.org/10.1073/pnas.1811167115
https://doi.org/10.1038/nature03949
https://doi.org/10.1038/nature03949
https://doi.org/10.1038/s41467-019-10214-z
https://doi.org/10.1091/mbc.e05-06-0512
https://doi.org/10.1091/mbc.e05-06-0512
https://doi.org/10.1096/fj.14-252569
https://doi.org/10.1096/fj.14-252569
https://doi.org/10.1016/j.jmb.2005.03.056
https://doi.org/10.1111/j.1600-0854.2006.00484.x
https://doi.org/10.1111/j.1600-0854.2006.00484.x
https://doi.org/10.1016/j.febslet.2004.12.037
https://doi.org/10.1016/j.febslet.2004.12.037
https://doi.org/10.1091/mbc.e05-02-0086
https://doi.org/10.1016/j.chom.2012.05.014
https://doi.org/10.1016/j.chom.2012.05.014
https://doi.org/10.1093/gbe/evu013
https://doi.org/10.1111/j.1462-5822.2011.01686.x
https://doi.org/10.1111/j.1462-5822.2011.01686.x
https://doi.org/10.1016/j.molbiopara.2011.11.002
https://doi.org/10.1016/j.cell.2016.08.019
https://doi.org/10.1074/jbc.M111.211730
https://doi.org/10.1074/jbc.M111.211730


354

Skillman KM, Diraviyam K, Khan A et  al (2011) 
Evolutionarily divergent, unstable filamentous actin 
is essential for gliding motility in Apicomplexan 
parasites. PLoS Pathog 7:e1002280. https://doi.
org/10.1371/journal.ppat.1002280

Skillman KM, Daher W, Ma CI et al (2012) Toxoplasma 
gondii profilin acts primarily to sequester G-actin 
while formins efficiently nucleate actin filament for-
mation in Vitro. Biochemistry 51:2486–2495. https://
doi.org/10.1021/bi201704y

Skillman KM, Ma CI, Fremont DH et  al (2013) The 
unusual dynamics of parasite actin result from isodes-
mic polymerization. Nat Commun 4:2285. https://doi.
org/10.1038/ncomms3285

Stortz JF, Del Rosario M, Singer M et al (2018) Formin-2 
drives polymerisation of actin filaments enabling seg-
regation of apicoplasts and cytokinesis in Plasmodium 
falciparum. Elife. 2019 Jul 19;8. pii: e49030. https://
doi.org/10.7554/eLife.49030.005

Striepen B, Crawford MJ, Shaw MK et  al (2000) The 
plastid of Toxoplasma gondii is divided by association 
with the centrosomes. J Cell Biol 151:1423–1434. 
https://doi.org/10.1083/jcb.151.7.1423

Tosetti N, Dos Santos Pacheco N, Soldati-Favre D, Jacot 
D (2019) Three F-actin assembly centers regulate 
organelle inheritance, cell-cell communication and 
motility in Toxoplasma gondii. Elife 8:pii: e42669. 
https://doi.org/10.7554/eLife.42669

Vahokoski J, Bhargav SP, Desfosses A et  al (2014) 
Structural differences explain diverse functions of 
Plasmodium actins. PLoS Pathog 10:e1004091. 
https://doi.org/10.1371/journal.ppat.1004091

van Dooren GG, Striepen B (2013) The algal past 
and parasite present of the apicoplast. Annu Rev 
Microbiol 67:271–289. https://doi.org/10.1146/
annurev-micro-092412-155741

Wall RJ, Zeeshan M, Katris NJ et  al (2019) Systematic 
analysis of Plasmodium myosins reveals differen-
tial expression, localization and function in inva-
sive and proliferative parasite stages. Cell Microbiol 
21(10):e13082

Williams MJ, Alonso H, Enciso M et  al (2015) Two 
essential light chains regulate the MyoA lever 
arm to promote toxoplasma gliding motility. 
MBio 6:e00845–e00815. https://doi.org/10.1128/
mBio.00845-15

Yadav R, Pathak PP, Shukla VK et al (2011) Solution struc-
ture and dynamics of ADF from Toxoplasma gondii. 
J Struct Biol 176:97–111. https://doi.org/10.1016/j.
jsb.2011.07.011

Yusuf NA, Green JL, Wall RJ et  al (2015) The 
Plasmodium class XIV myosin, MyoB, has a distinct 
subcellular location in invasive and motile stages of 
the malaria parasite and an unusual light chain. J Biol 
Chem 290:12147–12164. https://doi.org/10.1074/jbc.
M115.637694

K. Frénal et al.

https://doi.org/10.1371/journal.ppat.1002280
https://doi.org/10.1371/journal.ppat.1002280
https://doi.org/10.1021/bi201704y
https://doi.org/10.1021/bi201704y
https://doi.org/10.1038/ncomms3285
https://doi.org/10.1038/ncomms3285
https://doi.org/10.7554/eLife.49030.005
https://doi.org/10.7554/eLife.49030.005
https://doi.org/10.1083/jcb.151.7.1423
https://doi.org/10.7554/eLife.42669
https://doi.org/10.1371/journal.ppat.1004091
https://doi.org/10.1146/annurev-micro-092412-155741
https://doi.org/10.1146/annurev-micro-092412-155741
https://doi.org/10.1128/mBio.00845-15
https://doi.org/10.1128/mBio.00845-15
https://doi.org/10.1016/j.jsb.2011.07.011
https://doi.org/10.1016/j.jsb.2011.07.011
https://doi.org/10.1074/jbc.M115.637694
https://doi.org/10.1074/jbc.M115.637694


355© Springer Nature Switzerland AG 2020 
L. M. Coluccio (ed.), Myosins, Advances in Experimental Medicine and Biology 1239, 
https://doi.org/10.1007/978-3-030-38062-5_15

Approaches to Identify 
and Characterise MYO6-Cargo 
Interactions

Thomas O’Loughlin, John Kendrick-Jones, 
and Folma Buss

Abstract

Given the prevalence and importance of the 
actin cytoskeleton and the host of associated 
myosin motors, it comes as no surprise to 
find that they are linked to a plethora of cel-
lular functions and pathologies. Although our 
understanding of the biophysical properties 
of myosin motors has been aided by the high 
levels of conservation in their motor domains 
and the extensive work on myosin in skeletal 
muscle contraction, our understanding of 
how the nonmuscle myosins participate in 
such a wide variety of cellular processes is 
less clear. It is now well established that the 
highly variable myosin tails are responsible 
for targeting these myosins to distinct cellu-
lar sites for specific functions, and although a 
number of adaptor proteins have been identi-
fied, our current understanding of the cellular 
processes involved is rather limited. 
Furthermore, as more adaptor proteins, car-
goes and complexes are identified, the impor-

tance of elucidating the regulatory 
mechanisms involved is essential. Ca2+, and 
now phosphorylation and ubiquitination, are 
emerging as important regulators of cargo 
binding, and it is likely that other post-trans-
lational modifications are also involved. In 
the case of myosin VI (MYO6), a number of 
immediate binding partners have been identi-
fied using traditional approaches such as 
yeast two-hybrid screens and affinity- based 
pull-downs. However, these methods have 
only been successful in identifying the cargo 
adaptors, but not the cargoes themselves, 
which may often comprise multi- protein 
complexes. Furthermore, motor-adaptor-
cargo interactions are dynamic by nature and 
often weak, transient and highly regulated 
and therefore difficult to capture using tradi-
tional affinity-based methods. In this chapter 
we will discuss the various approaches 
including functional proteomics that have 
been used to uncover and characterise novel 
MYO6-associated proteins and complexes 
and how this work contributes to a fuller 
understanding of the targeting and function(s) 
of this unique myosin motor.
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15.1  Motor-Cargo Interactions 
Determine Cellular 
Functions

In eukaryotes, diversification has given rise to a 
multitude of novel myosin classes, a total which 
currently stands at 31 (Foth et al. 2006; Goodson 
and Dawson 2006; Sebe-Pedros et  al. 2014). 
Humans express up to 40 different myosin genes 
belonging to 12 classes: I, II, III, V, VI, VII, IX, 
X, XV, XVI, XVIII and XIX, and any given cell 
is thought to express 10 or more separate myosin 
genes at any one given time (Bement et al. 1994; 
Foth et  al. 2006; Goodson and Dawson 2006). 
Following their discovery there has been rapid 
progress in characterising these so-called uncon-
ventional myosins, which are now known to be 
the drivers of intracellular motility and force gen-
eration and are responsible for vesicle trafficking, 
organelle distribution, cell morphology, plasma 
membrane dynamics, cell migration, and many 
other dynamic cellular processes.

In order to carry out this wide array of cellular 
processes, which require motility and force, spe-
cific myosins with the appropriate properties 
must be targeted with high precision within the 
relevant cell, and switched on and off in response 
to appropriate cues. To achieve this, cells have 
evolved to express a variety of different myosins 
with different kinetic and binding characteristics 
and also multiple mechanisms by which they can 
regulate and alter the properties of the relevant 
genes and their protein products: for example, 
tissue expression levels and splicing at the DNA/
mRNA level or autoinhibition and post- 
translational modifications at the protein level. 
These mechanisms allow the exquisite tuning of 
the myosin motor activity, its cargo binding and 
its localisation in order to produce the required 
cellular responses. Naturally, defects in these 
regulatory processes are linked to a plethora of 
pathologies ranging from cardiomyopathy to 
neurodegeneration and cancer.

Whilst the function of a myosin is inextricably 
linked to its motor properties and its highly con-
served N-terminal motor domain, it is the 
C-termini, or in some cases the N-terminal exten-
sions, which are thought to generate the bulk of 

the functional diversity amongst this protein fam-
ily. There is very little sequence conservation 
found in the tail regions among the different 
classes of myosins, although they often contain 
common protein-binding domains such as SH3 
or FERM domains. Indeed, these regions often 
mediate cargo binding and are thus required for 
targeting of the myosin to its appropriate cellular 
location, making them a critical determinant of 
myosin function. In this chapter we describe the 
approaches and methods employed to identify 
the proteins and complexes that associate with 
the cargo-binding domains of myosins, focusing 
on MYO6, and how these interactions with dif-
ferent cargo adaptor proteins determine the cel-
lular functions of this motor.

15.2  MYO6 – Motor Properties 
and Domain Organisation

Within the myosin superfamily, MYO6 is unique, 
as it moves in the direction opposite to all the 
other myosins, i.e., toward the minus end of actin 
filaments (Wells et  al. 1999). This specialised 
feature of MYO6 may explain the many proposed 
functions of this myosin in a wide array of pro-
cesses including endocytosis, secretion and 
maintenance of Golgi morphology, receptor traf-
ficking and signalling, autophagy and actin cyto-
skeletal organisation. These roles underlie a 
number of phenotypes observed in flies, in the 
MYO6-null Snell’s waltzer mouse or in humans 
harbouring mutations in the MYO6 gene. For 
example, the Snell’s waltzer mouse displays 
deafness, astrogliosis and proteinuria, and muta-
tions in the human gene are linked to deafness 
and hypertrophic cardiomyopathy (Avraham 
et al. 1995; Gotoh et al. 2010; Melchionda et al. 
2001; Osterweil et  al. 2005; Aabo et  al. 1995; 
Mohiddin et al. 2004). Furthermore, overexpres-
sion of MYO6 is a hallmark of a number of can-
cers including prostate cancer (Naora and Montell 
2005; Dunn et al. 2006).

MYO6 has a number of specialised structural 
and functional adaptations not found in the other 
classes of myosins (see Fig. 15.1). Crystal struc-
tures of the MYO6 motor domain and neck have 
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revealed the presence of two unique inserts 
(Menetrey et  al. 2005, 2007; Sweeney and 
Houdusse 2010). The first unique insert, insert-1, 
is close to the motor’s nucleotide-binding pocket. 
This insert forms an extra loop and appears to 
perturb nucleotide accessibility to the ATP- 
binding pocket and may explain why MYO6 has 
such a slow rate of ADP release and weak affinity 
for ATP (Menetrey et al. 2005; De La Cruz et al. 
2001; Pylypenko et al. 2011; Zimmermann et al. 
2015). This slow rate of ADP release means that 
MYO6 has a high duty ratio (spending ~80% of 
its ATPase cycle bound to actin), which may 
allow it to function as a slow processive motor 
under cellular conditions that promote dimeriza-
tion or multimerization. Insert-1 has also been 
proposed to respond to strain, a potential key fac-
tor in gating the heads of MYO6 for processive 
movement, blocking ATP binding to the leading 
head and preventing its dissociation from actin 
(Altman et  al. 2004; Sweeney et  al. 2007). It 

should be stressed that most of the kinetic studies 
on MYO6 outlined above have been carried out 
on truncated MYO6 molecules artificially forced 
to dimerise by the inclusion of either leucine zip-
pers or coiled-coil regions. Further experiments 
using native MYO6 in combination with different 
membranes or cargo adaptor proteins will reveal 
the kinetic properties of MYO6 under physiolog-
ical conditions.

The second unique insert, insert-2, is respon-
sible for the reverse reposition of the lever arm at 
the end of the power stroke. Insert-2, also called 
the ‘reverse gear’, comprises 53 amino acids and 
is found between the converter region in the 
motor domain and the lever arm. This insert binds 
a non-exchangeable ‘structural’ calmodulin and 
is responsible for repositioning the lever arm by 
~120° at the end of the power stroke to generate 
the reverse directionality of MYO6 (Bahloul 
et  al. 2004; Park et  al. 2007; Menetrey et  al. 
2007). A second calmodulin is bound to a short 

Fig. 15.1 MYO6 domain structure. Schematic diagram of 
MYO6 domain organisation and regulatory elements. 
MYO6 is composed of a motor domain (orange), a neck 
region (grey) and a cargo-binding tail domain (green). The 
motor contains two unique inserts: insert-1, which modu-
lates nucleotide binding, and insert-2, which confers MYO6 
with its reverse directionality. The neck region contains a 
single canonical IQ motif that binds to calmodulin and a 
three-helix bundle and single stable alpha-helix (SAH), 
which may act to extend the lever arm. The tail domain is 

composed of two protein interaction motifs, the RRL and 
WWY, a PIP2 lipid-binding motif and two ubiquitin- 
binding domains (MIU and MyUb). In addition, tissue-
specific splicing at two sites gives rise to a large and small 
insertion in the cargo-binding tail region, which regulates 
cargo binding and subcellular targeting. Phosphorylation at 
T405 in the motor domain modulates Pi release and phos-
phorylation sites in the tail (e.g., TINT or Y1114) might 
regulate cargo binding. Furthermore, within the tail there 
are two adaptor-binding domains, ABD1 and ABD2
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358

lever arm through a single canonical IQ motif. 
This calmodulin not only determines the rigidity 
of the lever arm, but may also operate as a cal-
cium sensory mechanism that controls motor 
domain-tail interactions and thereby coordinates 
motor activity with cargo binding. Upon Ca2+ 
binding a lobe of the second calmodulin is 
released from the lever arm and now binds to a 
site at the beginning of the tail domain. This 
destabilises the lever arm, which impairs MYO6 
movement, while simultaneously promotes a 
“primed” conformation in the tail that allows 
cargo binding. Cargo attachment restores the 
lever arm and thereby promotes MYO6 translo-
cation along the actin track (Batters et al. 2016).

The proximal MYO6 tail contains a three- 
helix bundle that can extend by unfolding and 
thus may function as a lever arm extension to 
allow for the large 36-nm steps observed for 
MYO6 dimers (Rock et  al. 2001; Mukherjea 
et al. 2009). This domain is followed by a region 
with alternating acidic and basic amino acids pre-
dicted by Lister et al. 2004 to be a single alpha- 
helical domain and has now been confirmed to be 
a single stabilised helical domain (SAH domain) 
(Lister et  al. 2004; Batchelor et  al. 2018). 
Although there have been numerous speculations 
that the SAH domain might function as a lever 
arm extension or might induce MYO6 to dimer-
ise (Rock et al. 2001; Yildiz et al. 2004; Sweeney 
et al. 2007), the precise function(s) of this MYO6 
domain remain(s) to be shown.

At the C-terminus of the MYO6 tail is the 
cargo-binding domain (CBD), which undergoes 
tissue-specific splicing at two sites giving rise to 
four different MYO6 variants. The presence of a 
large insert (LI) (12–32 amino acids), a small 
insert (SI) (9 amino acids), or no insert (NI) (or 
both) in the cargo-binding region regulates adap-
tor binding and subcellular targeting (Buss et al. 
2001; Dance et  al. 2004). The MYO6 isoform 
containing the large insert LI is expressed in tis-
sues such as kidney, liver and intestine, which 
contain polarized epithelial cells with apical 
microvilli. In these cell types the LI isoform of 
MYO6 is localized along the length and at the 
base of microvilli. MYO6 is important for main-
tenance of brush border structure and specifically 

has been shown to facilitate movement of recep-
tors down the microvillus and subsequent uptake 
via clathrin-mediated endocytosis (Biemesderfer 
et al. 2002; Hegan et al. 2012; Buss et al. 2001; 
Ameen and Apodaca 2007). The SI MYO6 iso-
form is found in testis and brain, where it has 
been shown to regulate exocytosis in neurosecre-
tory cells (Tomatis et al. 2013). In contrast, the 
no-insert NI splice variant is widely expressed in 
most cell types and tissues and mediates the 
function(s) of this myosin isoform in a wide vari-
ety of different cellular processes.

In addition to the tissue-specific expression of 
the four different MYO6 splice variants, the rela-
tive expression levels of MYO6 adaptor proteins 
are also crucial determinants that control motor–
cargo interactions, MYO6 cellular localisation 
and physiological function (Dance et al. 2004). A 
series of interactions between the unique MYO6 
CBD and multiple cargo adaptors have been 
identified, which include disabled-2 (DAB2), 
GAIP-interacting protein C-terminus (GIPC1), 
target of Myb 1 (TOM1), lemur tyrosine kinase 2 
(LMTK2), Synapse associated protein 97 
(SAP97), otoferlin, optineurin (OPTN), TAX1 
binding protein 1 (TAX1BP1) and nuclear dot 
protein 52 (NDP52), Phospholipase C (PLCδ3), 
kinase anchoring protein 9 (AKAP9) and RNA 
polymerase II (RNAPII) (Bunn et  al. 1999; 
Morris et  al. 2002a; Sahlender et  al. 2005; 
Chibalina et  al. 2007; Morriswood et  al. 2007; 
Tumbarello et al. 2012; Sakurai et al. 2011; Roux 
et al. 2009; Karolczak et al. 2015; Vreugde et al. 
2006) (summarised in Table 15.1).

Interestingly, so far adaptor protein binding 
has only been reported in the MYO6 CBD, which 
is composed of two subdomains containing two 
distinct protein-binding motifs, the adaptor- 
binding domains 1 and 2 (ABD1 and ABD2), 
which are located within the first and second sub-
domains, respectively (Fig. 15.1) (Spudich et al. 
2007). The ABD1 contains the RRL1116–1118 motif 
and the ABD2 the WWY1201–1203 motif. In addi-
tion, the tail also has a phosphatidylinositol 
4,5-bisphosphate (PIP2) binding motif1122–1131, 
which aids recruitment of the motor to mem-
branes along with its binding partners (Spudich 
et  al. 2007). Finally, recent work has identified 
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two distinct ubiquitin-binding sites in the tail; a 
Motif Interacting with Ubiquitin (MIU)990–1014 
and a MYO6 Ubiquitin-Binding Domain 
(MyUb)998–1025 (He et  al. 2016; Penengo et  al. 
2006). The MyUb site appears to be able to bind 
K11, K29 and K63-linked ubiquitin chains and to 
a lesser extent K48-linked chains, while MIU has 

a specific role in binding to K11 chains. There are 
now structural data on the cargo-binding tail 
domain (CBD) of MYO6 with and without these 
binding partners, which show that the MyUB 
domain overlaps with the ABD1 containing the 
RRL motif (Yu et al. 2009; He et al. 2016; Shang 
et  al. 2017). Thus, MYO6 may bind directly to 

Table 15.1 Known MYO6 adaptor proteins and their proposed function(s)

Binding 
partner(s) General properties

Interaction 
motif MYO6-partner function(s) Reference(s)

DAB2 Clathrin-associated 
sorting protein

WWY Endocytosis Morris and Cooper (2001); 
Morris et al. (2002a, b)

GIPC1 Membrane and receptor 
binding

RRL Receptor trafficking and 
signalling

Bunn et al. (1999); 
Aschenbrenner et al. (2003); 
Varsano et al. (2006)Present on RAB5 

endosomes
TOM1/L2 ESCRT-0-like WWY Cargo delivery from 

endocytic to autophagic 
pathway

Tumbarello et al. (2012)
Present on RAB5 
endosomes

LMTK2 Serine/Threonine kinase WWY Receptor recycling Chibalina et al. (2007)
Present on RAB5/11 and 
EEA1 endosomes

OPTN Selective autophagy 
receptor and regulator of 
secretion

RRL Polarised secretion and 
exocytic vesicle fusion 
at the plasma membrane

Sahlender et al. (2005); 
Chibalina et al. (2010); 
Bond et al. (2011); 
Tumbarello et al. (2012, 
2015)

Autophagy, xenophagy 
and mitophagy

TAX1BP1 & 
NDP52

Selective autophagy 
receptor

RRL Autophagy, xenophagy 
and mitophagy

Morriswood et al. (2007); 
Tumbarello et al. (2012, 
2015)

LRCH3 Leucine rich repeats and 
Calponin-Homology 
domain-containing 
protein

WWY/
RRL

Regulation of septin 
cytoskeleton

O’Loughlin et al. (2018)

Regulation of septin 
cytoskeleton

SAP97 Synapse-associated 
protein

N/A AMPAR receptor 
trafficking

Wu et al. (2002); Osterweil 
et al. (2005); Nash et al. 
(2009)Membrane-associated 

guanylate kinase
Trafficking of receptors 
and ion channels

Phospholipase 
Cδ3

Enzyme regulating 
phosphoinositide 
metabolism

N/A Maintenance of 
microvilli stability

Sakurai et al. (2011)

Otoferlin Ca2+ sensor regulating 
vesicle fusion

N/A Membrane trafficking in 
inner hair cells

Heidrych et al. (2009)

AKAP9 Regulator of protein 
kinase A signalling

N/A Regulation of protein 
kinase A signalling and 
MYO6 phosphorylation

Karolczak et al. (2015)

RNAPII Catalyses transcription of 
DNA to mRNA

N/A Regulation of RNAPII- 
dependent gene 
transcription

Vreugde et al. (2006)
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adaptor proteins such as GIPC1, optineurin, 
NDP52, TAX1BP1 through the MyUb/ABD1 
(Sahlender et al. 2005; Morriswood et al. 2007; 
Tumbarello et al. 2012) or indirectly to ubiquity-
lated binding partners as point mutations in the 
MyUb ubiquitin-binding site does impact on 
MYO6 interaction with optineurin (He et  al. 
2016). A further mechanism to control motor- 
cargo interaction is provided by the large insert in 
the LI MYO6 isoform, which is located just 
before the MyUb/ABD1. In the NMR structure 
this insert forms a single amphipathic α-helix 
(named the α-2 linker), which generates a unique 
clathrin-binding site. This helix appears to steri-
cally hinder the binding of adaptor proteins to the 
RRL motif in the ABD1 (Wollscheid et al. 2016). 
Finally, adaptor binding to the different sites in 
the CBD is not mutually exclusive and simulta-
neous binding of NDP52 to the RRL motif in 
ABD1 and TOM1 to the WWY motif in ABD2 
has been demonstrated in vitro (Arden et  al. 
2016). ABD1 and ABD2 are located on different 
subdomains of the CBD connected by a large 
unstructured region, which may increase flexibil-
ity to allow adaptor binding to the RRL and the 
WWY motifs simultaneously.

15.3  Approaches to Identify 
Motor-Cargo Complexes

Over the years a variety of approaches has been 
used to identify motor-cargo complexes. The first 
direct binding partners of myosin motor proteins 
were identified with the help of traditional meth-
ods such as yeast two-hybrid screens. More 
recently, various affinity-based purification tech-
niques such as native co-immunoprecipitation or 
pull-down assays with the cargo-binding tail 
domain in combination with mass spectrometry 
have identified several motor-adaptor complexes 
(Hartman et al. 2011; Finan et al. 2011). Although 
these methods have been successful in uncover-
ing a number of direct binding partners for 
MYO6 (Morris et  al. 2002a; Sahlender et  al. 
2005), in many cases the organelle anchors, the 
cargoes themselves or the regulatory 
component(s) of the motor-cargo complex were 

still unknown. In addition, due to the dynamic 
nature of motor proteins, their adaptor-cargo 
interactions are weak, transient, and highly regu-
lated, thus the larger complexes they associate 
with are often inaccessible or undetected.

15.3.1  Yeast Two-Hybrid Screens

Yeast two-hybrid screens have been extensively 
used as a tool to identify and characterise macro-
molecular interactions. Initially described by 
Field and Song in 1989 (Fields and Song 1989), 
the yeast two-hybrid screen is an in vivo system 
that identifies interacting proteins by the recon-
stitution of active transcription factor dimers. For 
example, the plasmid encoding the protein of 
interest (the Bait) is attached to a DNA-binding 
domain, while the plasmid of a second protein 
(the Prey) is attached to an activating domain, 
and when the two fusion proteins interact, an 
active transcription factor dimer is formed, result-
ing in the expression of a specific reporter gene. 
This system can be used to characterise and map 
the interacting domains of two proteins known to 
bind to each other, or it can be used to perform a 
library screen to identify new binding partners 
(Mehla et al. 2015). Using this procedure, opti-
neurin, NDP52, TAX1BP1, DAB2 and GIPC 
were identified as MYO6 adaptors in screens 
using a human umbilical vein epithelial cell 
(HUVEC) cDNA library or GIPC1 screening 
with a rat brain cDNA library (Sahlender et  al. 
2005; Morriswood et al. 2007; Bunn et al. 1999; 
Morris et al. 2002a).

15.3.2  Affinity Columns Using 
the Myosin-CBD

In more recent work Finan et al. (2011) used an 
affinity-based approach to identify cargo interac-
tions with the Drosophila homologue of MYO6 
(Jaguar). In these experiments they ran a 
Drosophila melanogaster embryonic extract over 
a column constructed with the cargo-binding 
domain of Jaguar and identified the retained pro-
teins by mass spectrometry (MS). Their results 
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revealed numerous putative MYO6/Jaguar- 
binding partners, both known and unknown, 
including Kermit and CG3529, the Drosophila 
homologues of GIPC1 and TOM1. The authors 
validated various interactions including one 
between Jaguar and a novel interactor, cornetto, 
and showed that this interaction had a role in the 
secretion of the lipidated morphogen Hedgehog 
(Finan et al. 2011). In this study the interaction 
with TOM1 was not further investigated; how-
ever, it was later demonstrated that the MYO6- 
TOM1 interaction was conserved in mammalian 
cells, where it participates in the delivery of 
endocytic cargo to autophagosomes (Tumbarello 
et al. 2012). This affinity-binding approach iden-
tified other novel and functionally important 
MYO6/Jaguar interactors, which are also con-
served in mammals. This includes the seven pro-
teins (CG7611, CG31357, CG3295, CG6617, 
RanBP9, Yippee and Muskelin), which together 
form the evolutionarily conserved CTLH 
(C-terminal to LisH) complex. In yeast this com-
plex functions as an E3 ubiquitin ligase that regu-
lates degradation of enzymes of the 
gluconeogenesis pathway (Regelmann et  al. 
2003). Although this complex is conserved in 
mammals, its function is currently unclear 
(Kobayashi et al. 2007). Intriguingly, muskelin, a 
component of the CTLH complex, was identified 
as interacting indirectly with MYO6 in neurons, 
hinting at the tantalising possibility that an inter-
action between MYO6 and the CTLH complex is 
conserved in mammals (Heisler et al. 2011).

15.3.3  Immunoprecipitation 
of Motor-Cargo Complexes

Affinity-based identification of motor-cargo 
complexes can also be performed using conven-
tional immunoprecipitation of the endogenous 
protein from cell lysates using affinity-purified 
antibodies specific to a desired myosin motor fol-
lowed by identification of co- immunoprecipitated 
(bound) proteins by mass spectrometry (ten Have 
et al. 2011). Where an antibody against the pro-
tein of interest (POI) is available, the endogenous 
protein can be immunoprecipitated directly. In 

the absence of a specific antibody, the full-length 
myosin motor or the CBD can be expressed with 
an epitope tag such as GFP or FLAG, which can 
be used to purify the tagged motor along with its 
bound cargo complexes. A myriad of commer-
cially available antibodies exists targeting a 
growing list of epitope tags. Alternatively, single- 
chain antibodies such as high-affinity camelid 
antibodies, called nanobodies, can be used. These 
antibodies are devoid of light chains and contain 
a single antigen-binding variable domain that 
specifically binds to its target (Rothbauer et  al. 
2008). Several of these antibodies have been 
described and characterised including nanobod-
ies targeting GFP.  The simplicity of these anti-
bodies allows them to be readily expressed and 
purified from E. coli before conjugation to beads 
(Rothbauer et al. 2006, 2008). After pull-down of 
the tagged myosin from a cell extract, on-bead 
protease digestion can be performed and the 
myosin and its adaptor proteins released for iden-
tification by mass spectrometry.

The yield of co-immunoprecipitated proteins 
is likely to depend on the procedure and buffer 
conditions used for cell lysis, so to preserve lower 
affinity weak interactions, different protocols and 
buffer conditions with varying amounts of deter-
gent and/or salt should be tested.

15.3.4  In Situ Proximity Labelling

As discussed in the previous sections, a signifi-
cant number of motor-adaptor interactions have 
been identified using traditional approaches such 
as yeast two-hybrid assays or immunoprecipita-
tion. However, due to the dynamic nature of 
motor proteins, their adaptor-cargo interactions 
are weak, transient, and highly regulated, thus the 
larger complexes they associate with are often 
undetected. In order to develop a clearer picture 
of the functions and cargoes of MYO6, we have 
applied proximity-based proteomic strategies 
with the aim of establishing a more complete 
motor-cargo interactome.

One such strategy is BioID (biotin identifica-
tion), which utilises a mutated form of the E. 
coli enzyme BirA, a biotin ligase that binds to 
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biotin and ATP and catalyses the formation of 
“active” biotinoyl-5′-AMP (bioAMP). A single 
amino acid mutation (R118G) in the active site 
of the BirA enzyme reduces its affinity for bio-
AMP by two orders of magnitude and this 
causes premature release of the molecule (Kwon 
and Beckett 2000). This activated biotin can 
then diffuse and conjugate to any protein (or 
more specifically to primary amines, mostly 
lysines) within a radius of ~10 to 20 nm (Choi-

Rhee et  al. 2004). When the mutant BirA 
(BirA∗) is genetically fused to a protein of inter-
est and assuming BirA∗ doesn’t disrupt correct 
localisation, it allows it to label physiologically 
relevant interacting and vicinal proteins (Roux 
et al. 2012). Utilising the high affinity interac-
tion between biotin and streptavidin it is possi-
ble to pull down and then isolate and identify 
these proteins (Fig. 15.2). The advantage of this 
technique is that the labelling occurs inside liv-

Fig. 15.2 The promiscuous biotin ligase BirA∗. (a) 
Schematic cartoon of BirA∗ workflow. BirA∗ fusion pro-
teins are cloned, expressed and recruited to the relevant 
subcellular compartment. Addition of excess biotin to the 
culture medium induces biotinylation of proximal pro-
teins. After 24 h cells are lysed and labelled proteins are 
purified using streptavidin resin. Purified proteins can then 
be identified by mass spectrometry (or western blotting 
with specific antibodies). (b) Immunofluorescence micros-
copy of Hela cells transfected with myc-tagged BirA∗-
MYO6 GT LI and treated with 50 μM biotin for 24 h. Cells 

were immunostained with myc (red) and DAB2 antibodies 
(green) (upper panels) or a myc antibody (green) and strep-
tavidin (red) to visualise biotinylated proteins. Scale bar, 
10 μm. (c) Lysates and streptavidin pull downs from Hela 
cells transfected with BirA∗ or BirA∗-MYO6 GT LI and 
treated −/+ 50 μM biotin for 24 h. Samples were analysed 
by western blot with streptavidin- HRP. (D) DAB2 immu-
noprecipitates from Hela cells transfected with BirA∗ and 
BirA∗-MYO6 GT LI and treated with 50 μM biotin for 
24 h. Samples were analysed by western blot with a DAB2 
antibody and streptavidin- HRP as indicated
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ing cells and will not be disrupted even under 
harsh lysis conditions.

15.3.4.1  Limitations of BioID

Range
First of all, one of the primary concerns with 
BioID is its labelling radius. Recent studies have 
used BioID to look at the architecture of the 
nuclear pore complexes and, as a large amount of 
structural data exists for these proteins, it was 
possible to infer range from the data (Kim et al. 
2014). These experiments showed that BirA∗ 
was likely to have a labelling radius of ~10 nm. 
As negative-stain electron microscopy indicates 
that MYO6 is ~15–20 nm long depending on its 
conformation (Lister et  al. 2004), this range is 
possibly insufficient for BirA∗ fused to the 
N-terminus of MYO6 to reach the C-terminal 
end. Therefore, potential range limitations should 
certainly be considered when opting to use this 
method. Using small targeting and protein inter-
action domains, like the MYO6 CBD, have 
proven to be an effective way to avoid these prob-
lems (O’Loughlin et  al. 2018). In addition, the 
use of a long flexible linker between the BirA∗-
tag and fusion protein can also help increase the 
range by allowing the BirA∗ tag flexibility and 
freedom to diffuse (O’Loughlin et al. 2018; Kim 
et al. 2016).

Kinetics
Another issue is the kinetics of the BirA∗ enzyme. 
The initial MYO6 CBD-BioID pull downs were 
performed after a 24-h labelling period and more 
recent studies have reduced the labelling time to 
approximately 16 h, which is in line with other 
studies (O’Loughlin et  al. 2018). Nevertheless, 
many cellular processes occur on second and 
minute timescales and will be largely lost to the 
background over a 16–24-h period. This time-
frame also implies that BioID will enrich for pro-
teins with longer half-lives, which can be 
biotinylated over a longer period. Similarly, the 
size of the protein and its composition (e.g., 
lysine abundance) will also affect labelling. 
These points emphasize that while BioID may be 
good to enrich weak and transient interactions by 

labelling proteins over a large timescale, this will 
also skew the data toward long-lived or lysine- 
abundant proteins. Likewise, even though the 
range might be insufficient for N-terminal BirA∗-
MYO6 full-length to biotinylate proteins bound 
to the C-terminal tail domain, proteins in proxim-
ity to the motor domain (e.g., actin and actin- 
associated proteins) and possibly the neck (e.g., 
light chains) should be close enough. However, 
as the rate of turnover of actin and actin- 
associated proteins is often very high due to the 
dynamic nature of actin filaments, the biotinyl-
ated proteins are likely to be lost very quickly. 
Therefore, to avoid overlooking potentially inter-
esting partners, it is worthwhile using alternative 
methods in parallel.

In recent years orthogonal proximity-based 
labelling approaches have been developed, which 
utilise peroxidases with much more rapid label-
ling kinetics (see review by (Kim and Roux 
2016). These enzymes require peroxide (H2O2) 
and a biotin-phenol substrate but, much like 
BioID, ultimately lead to the conjugation of bio-
tin moieties onto proteins in the immediate vicin-
ity, which can then be purified using 
streptavidin-based technologies without fear of 
disrupting the interaction with harsh lysis condi-
tions. The major benefit of these systems is that 
they only require a one-minute labelling period 
prior to cell lysis and therefore can, in theory, be 
used to capture transient events occurring on 
those timescales. The first of these approaches, 
APEX, which utilises an ascorbate peroxidase, 
has been used to map the mitochondria and cilia 
proteome (Hung et  al. 2014; Mick et  al. 2015; 
Rhee et  al. 2013), while another system using 
horseradish peroxidase has been used for map-
ping the extracellular space at the neuronal syn-
apse (Martell et  al. 2016). Unfortunately, both 
these enzymes require the use of peroxide, which 
is toxic to living systems. Recently, a new gener-
ation of proximity-labelling enzymes, TurboID 
(35 kD) and miniTurboID (27kD) have been 
developed, which show much improved catalytic 
efficiency and are comparable to the APEX 
enzyme (Branon et al. 2018). TurboID has been 
shown to generate nearly as much biotinylated 
product within 10 min using the same non-toxic 
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biotin as the original BioID enzyme is able to 
generate in 18  h (Branon et  al. 2018). These 
approaches could be used to capture transient 
interactions in short-lived cellular processes such 
as responses to mitogenic or pathogenic stimuli.

Non-specific Biotinylation
Another major consideration is the selection of 
appropriate controls. For the identification of the 
MYO6 interactome, BirA∗-MYO6 tail fusions 
were compared against a large number of BirA∗ 
only controls (O’Loughlin et  al. 2018). False 
positives can also arise as highly abundant pro-
teins are likely to be biotinylated by BirA∗, and 
subsequently enriched, solely on account of their 
prevalence and can hinder statistical approaches. 
In our studies (O’Loughlin et al. 2018), we chose 
to perform quantitative SILAC experiments using 
targeted mutations in the known tail domain 
binding motifs of MYO6. However, this approach 
may not be feasible for every protein due to a 
lack of knowledge regarding binding sites. 
Software available online at CRAPome.org was 
used to compare the average spectral counts from 
a pre-selected number of control experiments (> 
10) to the spectral counts of the BirA∗-MYO6 
tail experiments. These comparisons generated a 
confidence score, FC-A or SAINT, which was 
used as a guide for follow-up experiments 
(O’Loughlin et al. 2018).

Cellular Targeting of BirA∗ Fusion 
Constructs
To achieve target-specific proximity labelling it 
is important to ensure that the large size of the 
37 kDa BirA∗ tag does not disrupt the appropri-
ate localisation of the bait. Since BioID labels in 
a proximity-dependent fashion, maintaining the 
correct proximity of a protein to its interactors is 
likely to be critical for specific labelling 
(Fig. 15.2b). In our experience, the best datasets 
we generated were those where the fusion pro-
tein showed strong localisation to the correct 
compartment (e.g. MYO6 GT NI/LI) and like-
wise point mutations in MYO6 leading to dis-
rupted cellular localisation led to loss of a 
number of its binding partners (O’Loughlin et al. 
2018). Nevertheless, BioID has been used to 

study cytosolic proteins such as kinases involved 
in hippo signalling, indicating that a diffuse 
localisation doesn’t necessarily exclude a pro-
tein from generating quality data (Couzens et al. 
2013). Of note, our experience has suggested 
that proteins that show good localisation with a 
GFP tag also work well with BirA∗. Taken 
together, despite these limitations, BioID is 
clearly an extremely powerful tool to identify 
novel myosin-cargo interactions as well as pro-
tein interactions generally.

15.4  MYO6 Adaptor Proteins

15.4.1  DAB2

DAB2 was one of the first MYO6 binding part-
ners identified, and it interacts directly with the 
WWY1201–1203 motif in the MYO6 ABD2 through 
its C-terminal domain (Morris et  al. 2002a). 
DAB2 is a clathrin- and cargo-binding endocytic 
adaptor protein containing a phosphotyrosine- 
interacting domain that binds to the FXNPXY 
endocytic motif found in the cytoplasmic domains 
of cell surface receptors such as the lipoprotein 
receptors, megalin and integrins. It also contains 
motifs that enable binding to different compo-
nents of the endocytic machinery including AP-2, 
clathrin and EH (EPS15 Homology) domain- 
containing proteins and as such is able to link 
cargo recruitment and clathrin coat formation 
(Mishra et  al. 2002; Morris and Cooper 2001; 
Teckchandani et al. 2012). DAB2 also facilitates 
the endocytosis of the RAS-activating GRB2/
SOS1 signalling complex and thereby regulates 
RAS/MAPK downstream signalling. DAB2 is 
thus a multi-modular scaffold protein with a vari-
ety of signalling roles in cell growth, trafficking 
and differentiation (Finkielstein and Capelluto 
2016). Expression of DAB2 is downregulated in 
a large variety of different cancer types, suggest-
ing  that it has additional functions as a tumour 
suppressor (Zhang et al. 2014).

The C-terminal domain of DAB2 binds to two 
distinct sites in the MYO6 ABD2, the WWY1201–1203 
motif and the IWE1261–1263 motif, which are located 
on opposite faces of the central beta sheet within the 
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MYO6 CBD (Yu et al. 2009). Both of these sites 
are essential for MYO6 binding to DAB2, and a 
single point mutation in the WWY or the IWE 
motif inhibits DAB2 binding and MYO6 targeting 
to clathrin-coated structures (Spudich et al. 2007; 
Arden et  al. 2016; Yu et  al. 2009). Binding of 
DAB2 has been suggested to induce dimerization 
of MYO6, highlighting a novel cargo-dependent 
mechanism to regulate monomer-dimer conver-
sion of this myosin (Yu et al. 2009). The crystal 
structure of the MYO6- DAB2 complex indicates 
that DAB2 may induce MYO6 dimerization by 
binding to the WWY motif on one MYO6 mono-
mer and the IWE motif on another monomer. A 
second DAB2 monomer binds to the same sites in 
the reverse orientation thereby stabilising the 
MYO6 dimer.

Recruitment of MYO6 to clathrin-coated 
structures at the plasma membrane not only 
involves binding to DAB2 but also requires the 
phospholipid-binding domain1122–1131, which 
associates with PI(4,5)P2, and the LI, which 
contains a recently identified clathrin-binding 
site (Spudich et  al. 2007; Buss et  al. 2001; 
Wollscheid et al. 2016). Functional proteomics 
and in situ proximity labelling, identified 16 
indirect binding partners that selectively inter-
act with the MYO6 LI isoform, which include 
proteins involved in clathrin-mediated endocy-
tosis such as FCHO2 (FCH domain only pro-
tein 2), adaptor protein-2 (AP-2), PICALM 
(phosphatidylinositol binding clathrin assem-
bly protein), ITSN1 (endocytic scaffold protein 
intersectin1), EPS15L1 (epidermal growth fac-
tor receptor substrate 15-like 1) and SYNJ1 
(synaptojanin 1) (O’Loughlin et  al. 2018). 
Interestingly, the MYO6-null Snell’s waltzer 
mouse shows perturbed apical endocytosis in 
tissues normally expressing the LI isoform of 
MYO6. This results in reduced uptake of cystic 
fibrosis transmembrane conductance regulator 
(CFTR) in enterocytes and induces proteinuria 
linked to defective uptake of the lipoprotein 
receptor-related protein megalin in the kidney. 
Both of these phenotypes are shared with 
DAB2-null mice (Ameen and Apodaca 2007; 
Collaco et al. 2010; Gotoh et al. 2010; Morris 
et al. 2002b).

15.4.2  GIPC1

In many different cell types MYO6 is present on 
a subset of peripheral endosomes underneath the 
plasma membrane. GIPC1 is important for the 
recruitment of MYO6 to these endosomes, which 
are positive for the GTPase RAB5 and the  
RAB5 effector APPL1 (Adaptor protein 
Phosphotyrosine interacting with PH domain 
and Leucine Zipper 1) (Naccache et  al. 2006; 
Dance et  al. 2004; Aschenbrenner et  al. 2003). 
APPL1 is able to bind directly to RAB5 and 
membranes through its N-terminal PH and BAR 
domains but also to signalling molecules or the 
tails of cell surface receptors through a 
C-terminal PTB domain. The latter interactions 
endow APPL1 with important functions in link-
ing receptor trafficking to different signalling 
events in the early endocytic pathway (Lin et al. 
2006; Mitsuuchi et al. 1999; Varsano et al. 2006).

GIPC1 binds directly to the RRL motif in 
MYO6 ABD1 and through its PDZ domain to the 
extreme COOH-terminus of APPL1 (Bunn et al. 
1999; Shang et al. 2017; Spudich et al. 2007; Lin 
et al. 2006; Varsano et al. 2006). In the absence of 
cargo, GIPC1 forms an antiparallel autoinhibited 
dimer that is unable to bind to MYO6 or trans-
membrane proteins. Binding to cargo, i.e., recep-
tor proteins, releases the autoinhibition and 
allows interaction of GIPC1 with MYO6, which 
results in the formation of high-order oligomers 
of GIPC1 and MYO6 and increases the efficiency 
of transport through the assembly of MYO6 clus-
ters/arrays on the membrane (Shang et al. 2017).

GIPC1 was initially identified as an interactor 
of RGS-GAIP, a GTPase-activating protein 
(GAP) for the G protein coupled receptor subunit 
Gαi (De Vries et al. 1998). Subsequent work has 
shown that it can interact with the cytoplasmic 
tails of a plethora of receptor tyrosine kinases 
(RTKs), G protein coupled receptors (GPCRs) 
and other transmembrane proteins regulating 
their signalling and trafficking within the endo-
cytic system (Katoh 2013). Some of these func-
tions require a GIPC1-APPL1 complex involved 
in, for example, tropomyosin-related kinase A 
(TrkA) or lysophosphatidic acid receptor 
(LPAR1) signalling and trafficking. Indeed, 
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depletion of GIPC1 leads to delays in sorting and 
maturation of this population of peripheral endo-
somes and depletion of GIPC1 or APPL1 modu-
lates endosomal signalling events (Lin et  al. 
2006; Varsano et al. 2006, 2012).

In a similar way, the recruitment of MYO6 has 
been suggested to mediate the transport of these 
APPL1-positive endosomes through the cortical 
actin network as defects have been observed in 
retrograde endosome movement in the presence 
of non-motile MYO6 mutants (Aschenbrenner 
et  al. 2003, 2004; Naccache et  al. 2006). 
Furthermore, depletion of MYO6 causes acceler-
ated maturation and release of these APPL1- 
positive endosomes from their cortical 
localisation and subsequent accumulation in the 
perinuclear region (Masters et al. 2017). Together, 
this suggests that the PDZ-containing GIPC1 is 
likely to function as an adaptor to target PDZ- 
binding motif-containing cargoes to MYO6, 
mediating their subsequent trafficking and 
signalling.

Functional proteomic screens identified 27 
high-confidence GIPC1-interacting proteins, 15 
of which were mutual interactors with MYO6. 
This included known links such as with 
APPL1/2 in addition to a number of novel shared 
associations including GULP1, SIPA1L1/3 and 
FMNL3 (O’Loughlin et al. 2018). Of particular 
interest were the GIPC1 interactors LARG, 
SH3BP4 and CARD10, which were also identi-
fied with extremely high confidence in MYO6 
complexes. Leukaemia-Associated RhoGEF 
(LARG) was originally discovered as a MLL 
(mixed lineage leukaemia) fusion protein and the 
possible cause of acute myeloid leukaemia 
(Kourlas et  al. 2000). It contains an N-terminal 
PDZ domain, a regulator of G protein signalling- 
like (RGSL) domain, a Dbl homology (DH) 
domain and a pleckstrin homology (PH) domain 
and functions as a guanine nucleotide exchange 
factor (GEF) for RHO GTPases downstream of G 
protein-coupled receptors (GPCR) (Fukuhara 
et  al. 2000). GNA12/13 (guanine nucleotide 
binding protein subunit 12/13) has been shown to 
bind to the RGSL domain of LARG and to stimu-
late its RHOA GEF activity and conversely the 
RGSL domain functions as a GAP (Rho GTPase 

activating protein) toward GNA12/13, thereby 
creating a negative feedback loop to shut off the 
signalling process (Suzuki et al. 2003).

Src Homology 3 domain Binding Protein 4 
(SH3BP4) is a relatively uncharacterised protein, 
which contains three NPF (asparagine-proline- 
phenylalanine) motifs, known to bind to EH 
(EPS15 homology) domains, as well as a clathrin- 
binding site (LIDL), an SH3 domain and an AP-2 
binding site (WRSF) (Kim and Kim 2013). These 
sites, unsurprisingly, allow SH3BP4 to bind to 
EPS15, clathrin, dynamin and AP-2, respectively 
and, given the critical importance of those pro-
teins in endocytosis, it follows that SH3BP4 is 
also a regulator of this process, specifically in the 
uptake of transferrin receptor (TfR) into clathrin- 
coated pits (Tosoni et al. 2005). SH3BP4 has also 
been found to participate in receptor recycling 
(Francavilla et al. 2013) and has been implicated 
in autophagy and mTOR signalling through an 
interaction between its SH3 domain and the 
GTPase Rag (Kim et  al. 2012). Our data have 
indicated that LARG and SH3BP4 form a protein 
complex with MYO6 and GIPC1, which might 
modulate actin organisation in the cell periphery 
to regulate receptor trafficking (O’Loughlin et al. 
2018).

Caspase Activated and Recruitment Domain 
10 (CARD10), also known as CARMA3, belongs 
to the CARMA protein family, which also con-
tains CARD11 and CARD14 (CARMA1 and 2, 
respectively). These proteins all contain an 
N-terminal CARD domain followed by a PDZ 
domain, an SH3 domain and a membrane- 
associated guanylate kinase (MAGUK) domain 
and are all implicated in NF-κB signalling 
(Blonska and Lin 2011).

15.4.3  TOM1/L2

The second direct binding partner of MYO6 
found on APPL1-positive endosomes is TOM1 
and the related TOM1L2. This interaction was 
first found in Drosophila, where the fly homo-
logue of TOM1/L2, named CG3529, was identi-
fied as a Jaguar (Drosophila MYO6) binding 
protein using affinity chromatography (Finan 
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et al. 2011). Co-immunoprecipitation confirmed 
that the interaction between MYO6 and TOM1/
L2 is conserved in mammalian cells (Tumbarello 
et al. 2012). TOM1 and TOM1L2 both contain a 
ubiquitin-binding GAT (GGA and TOM1) 
domain and a VHS (VPS27-HRS-STAM) 
domain, which are common to many endocytic 
trafficking proteins including the endosomal sort-
ing complex required for transport type-0 
(ESCRT-0) and its subunits HRS and STAM1/2 
(Shiba et  al. 2004; Seroussi et  al. 1999). These 
proteins are involved in the recognition of ubiqui-
tinated cargo and promote their sorting into intra-
luminal vesicles leading to degradation. In 
mammalian cells, TOM1/TOM1L2 are able to 
bind to ESCRT-0 component HRS, but only the 
more divergent family member TOM1L1 is able 
to bind ESCRT-I component TSG101 (Puertollano 
2005). TOM1 is recruited to endosomes through 
its interactions with TOLLIP (Toll interacting 
protein) and ZYVE16 (endofin) and these can in 
turn bind clathrin to bring it to these sites (Seet 
and Hong 2005; Yamakami et al. 2003). In addi-
tion, recent work has shown that TOM1 can bind 
to PI5P on signalling endosomes through its VHS 
domain and, as a PI5P effector, can regulate 
endosomal maturation (Boal et al. 2015). Overall, 
the precise function of TOM1 is currently unclear, 
but it may participate in modulating IL-1β and 
TNF-α signalling and receptor trafficking 
(Yamakami and Yokosawa 2004; Brissoni et  al. 
2006). Likewise, the role of the MYO6-TOM1/
TOM1L2 interaction has also not yet been fully 
established, but it has been shown to be required 
for autophagosome maturation and fusion with 
lysosomes possibly through delivery of endocytic 
cargoes (Tumbarello et al. 2012).

15.4.4  LRCH3

In situ proximity labelling identified LRCH1, 
LRCH3 and DOCK7 as a MYO6-associated pro-
tein complex (O’Loughlin et al. 2018). LRCH1 
and LRCH3 belong to the Leucine Rich repeats/
Calponin Homology domain (LRCH) family of 
proteins, which in mammals are almost entirely 
uncharacterised. LRCH3 specifically was shown 

to be a direct MYO6-binding partner. These pro-
teins comprise a series of N-terminal leucine rich 
repeats (LRRs) (20–29 residue motifs), which are 
involved in protein-protein interactions, and a 
C-terminal calponin homology (CH) domain that 
can directly bind to actin. Interestingly, LRCH1 
and LRCH3 also bind directly to DOCK7 
(Dedicator Of CytoKinesis 7), which had previ-
ously been suggested to be a direct MYO6- 
binding partner (Majewski et al. 2012). DOCK7 
belongs to the DOCK180 family of GEFs, which 
activate RhoGTPases by catalysing the loading 
of GTP onto the GTPases through a DOCK 
homology region (DHR)-2 domain (Cote and 
Vuori 2002). DOCK7 has been identified as a 
GEF for membrane localised CDC42 (Cell 
Division control protein 42) and RAC1 (Ras- 
related C3 toxin substrate-1), which are two cru-
cial regulators of the actin cytoskeleton (Zhou 
et al. 2013). Although DOCK7 is expressed in a 
variety of cell types and tissues, it functions pre-
dominantly in the nervous system and is required 
for Schwann cell migration, myelination and 
neuritogenesis (Tai et  al. 2014; Watabe-Uchida 
et al. 2006; Yamauchi et al. 2008, 2011). In the 
adrenal medulla-derived PC12 cell line, DOCK7 
and RAC1 activity are important for neurite out-
growth in response to nerve growth factor (NGF) 
stimulation (Majewski et al. 2012; Sobczak et al. 
2016).

MYO6, LRCH3 and DOCK7 form a tripartite 
complex, the DISP (DOCK7-Induced Septin dis-
Placement) complex, in which LRCH3 forms the 
indirect link between MYO6 and DOCK7. 
LRCH3 binds to the MYO6 CBD via the WWY 
motif in ABD2 and to a lesser extent to the RRL 
motif in ABD1. BioID data (O’Loughlin et  al. 
2018) revealed a complex between LRCH3 and 
the septins, in particular SEPT7, but also SEPT8, 
SEPT9, and SEPT10. Septins are a large enig-
matic family of GTPases with phospholipid- 
binding activity, which can form heteromeric 
complexes and assemble to form large structures 
such as filaments, rings and cages (Weirich et al. 
2008). Due to their propensity to form filaments 
and other oligomers, they have been described as 
the fourth member of the cytoskeleton family 
(Mostowy and Cossart 2012). Indeed, septins 
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share an intimate relationship with the other 
major elements of the cytoskeleton; for example, 
they have been shown to interact with distinct 
actin filament structures, with microtubules and 
with membranes with specific lipid compositions 
(Bowen et al. 2011; Sellin et al. 2011; Kinoshita 
et  al. 2002). When LRCH3 and the DOCK7 
DHR-2 domain are overexpressed, the septins are 
displaced from actin filaments and form charac-
teristic septin rings in the cytosol. Since the 
dynamic actin filament assemblies present in 
membrane ruffles are devoid of septins, the tri-
partite MYO6-LRCH3-DOCK7 DISP complex 
may regulate the removal of septin structures 
from these actin filaments to enable actin fila-
ment reorganisation through DOCK7-stimulated 
RAC1 and CDC42 GTPase activities (O’Loughlin 
et al. 2018).

15.4.5  LMTK2

The transmembrane serine/threonine kinase, 
lemur tyrosine kinase 2 (LMTK2), is the first 
transmembrane protein and kinase that has been 
identified as a direct MYO6-binding partner. At 
present it is not known whether MYO6 regulates 
trafficking of this kinase or whether MYO6 activ-
ity is modulated by LMTK2-dependent phos-
phorylation. LMTK2 is present on RAB5-positive 
endosomes in the early endocytic pathway, where 
it appears to mediate sorting of receptors from 
early endosomes to the recycling compartment 
(Chibalina et al. 2007). This kinase is phosphory-
lated and regulated by cyclin-dependent kinase-5 
(CDK5) (Kesavapany et al. 2003) and has been 
shown to directly bind to the MYO6 CBD through 
the WWY motif in the ABD2. Little is known 
about the function of the LMTK2-MYO6 com-
plex although it has been shown that LMTK2 
phosphorylates the cystic fibrosis transmembrane 
conductance regulator (CFTR), potentially regu-
lating the MYO6-dependent endocytosis of this 
receptor (Luz et  al. 2014; Wang and Brautigan 
2006). Both LMTK2 and MYO6 have been iden-
tified as prostate cancer-associated genes indicat-
ing a possible role in the progression of this 
pathology (Eeles et al. 2008; Shah and Bradbury 

2015). Interestingly, LMTK2 has also been 
linked to neurodegeneration, and early studies 
have suggested that it might be a promising ther-
apeutic target (Rattray 2012; Bencze et al. 2018).

15.4.6  Optineurin

Optineurin is a multifunctional protein that was 
identified in a yeast 2-hybrid screen as a MYO6- 
binding partner. Optineurin has been implicated 
in many different signalling pathways and cellu-
lar processes including autophagy, Golgi mainte-
nance, membrane trafficking and the 
inflammatory response. Mutations in optineurin 
are associated with a variety of different human 
pathologies such as primary open angle glau-
coma, Paget’s disease of the bone, amyotrophic 
lateral sclerosis (ALS) and frontotemporal 
dementia (FTD) (Rezaie et  al. 2002; Albagha 
et al. 2010; Maruyama et al. 2010; Pottier et al. 
2015). Optineurin is a highly conserved protein 
with substantial homology to the NF-kB essential 
modulator (NEMO), and has been shown to be a 
negative regulator of NF-kB signalling 
(Nakazawa et al. 2016). Optineurin contains two 
distinct ubiquitin-binding domains, a UBAN and 
a C-terminal zinc finger domain (ZF), one leu-
cine zipper, several coiled-coil domains, a 
NEMO-like domain and a LC3-interacting region 
(LIR) (Ryan and Tumbarello 2018). MYO6 
either binds directly to the UBAN domain of 
optineurin through its ABD1/MyUb domain 
(Sahlender et al. 2005) or indirectly to ubiquiti-
nated optineurin (He et al. 2016). Phosphorylation 
of MYO6 in the CBD at TINT1096–1100 may regu-
late this interaction, as phosphomimetic muta-
tions of the TINT motif to EINE has been shown 
to inhibit binding of MYO6 to optineurin 
(Sahlender et al. 2005). Binding to optineurin or 
optineurin oligomers (Ying et  al. 2010) may 
induce dimerization of MYO6 allowing proces-
sive movement of this monomeric myosin in cells 
when attached to this binding partner (Phichith 
et  al. 2009). The diverse cellular processes that 
involve optineurin are mediated by a large num-
ber of interacting proteins, which include not 
only MYO6, but also TBK1 (kinase), CYLD 
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(deubiquitinating enzyme), HACE1 (ubiquitin 
ligase), RAB8 and RAB1A (RabGTPases) 
among others. The MYO6-optineurin complex 
regulates protein secretion, which is consistent 
with previous observations that in Snell’s waltzer 
(MYO6 KO) fibroblasts, exocytosis of a secreted 
form of alkaline phosphatase (SEAP) is impaired 
(Warner et  al. 2003). Likewise, depletion of 
MYO6 causes a reduction in vesicular stomatitis 
virus G protein (VSV-G) delivery to the basolat-
eral membrane in polarised MDCK cells (Au 
et al. 2007). These phenotypes were later deter-
mined to be the result of the interaction between 
the RRL motif in the CBD of MYO6 and opti-
neurin, together with the small GTPase RAB8, as 
depletion of optineurin also leads to a decrease in 
both SEAP and VSV-G secretion in different sys-
tems (Chibalina et  al. 2008; Sahlender et  al. 
2005). The effects of MYO6 and optineurin on 
secretion appear to be the result of defects in 
secretory vesicle fusion at the plasma membrane 
(Bond et  al. 2011). This deficiency in secretion 
results in defects in directed cell migration due to 
problems with polarised EGFR delivery to the 
leading edge of the migratory cell (Chibalina 
et al. 2010). Related to its function in vesicle traf-
ficking, the MYO6-optineurin complex also 
plays an important role in autophagy, a lysosomal 
degradation pathway for the removal of protein 
aggregates, intracellular bacteria and damaged 
organelles. Similarly to TAX1BP1 and NDP52, 
optineurin is also an autophagy receptor, involved 
in the clearance of Salmonella enterica (Wild 
et  al. 2011) and the removal of damaged mito-
chondria (Wong and Holzbaur 2014). In this pro-
cess, optineurin recognises and binds to 
ubiquitinated substrates through its UBAN 
domain and recruits microtubule-associated light 
chain 3(LC3)-containing membranes for phago-
phore formation through its LIR domain.

15.4.7  TAX1BP1 and NDP52

TAX1BP1 and NDP52 bind directly to MYO6 
and link this myosin to the autophagy pathway 
(Tumbarello et al. 2012). TAX1BP1 and NDP52 
as well as optineurin are selective autophagy 

receptors on account of their abilities to bind both 
ubiquitinated cargo via their ubiquitin binding 
domains (UBD) and LC3. These autophagy 
receptors recruit LC3-associated autophago-
somal membranes to ubiquitinated cargo, pro-
moting its engulfment by an autophagosome and 
subsequent degradation. Selective autophagy is 
responsible for the controlled degradation of a 
growing list of cytosolic components that are too 
large to be degraded by the proteasome including 
protein aggregates, invading pathogens and dam-
aged organelles such as mitochondria. In addi-
tion, it is a homeostatic pathway that maintains 
cell survival and growth under adverse conditions 
such as starvation and also acts a cellular defense 
mechanism to thwart invading pathogens. NDP52 
and TAX1BP1 have similar structures and con-
tain an N-terminal SKICH domain, then a non- 
canonical LC3 binding domain (named LIR), 
followed by a coiled-coil domain and C-terminal 
zinc finger domains. TAX1BP1 is a paralogue 
NDP52, but it may have a predominant role in 
vertebrates, since a genomic and phylogenetic 
survey revealed that TAX1BP1 preserves the 
ancestral features and can be found in all verte-
brates, whereas functional NDP52 is lost from 
Xenopus and mice (Tumbarello et  al. 2015). In 
TAX1BP1 and NDP52 the ubiquitin and MYO6 
binding sites are in the same C-terminal zinc fin-
ger domains and completely overlap. 
Interestingly, at least in TAX1BP1, MYO6 bind-
ing affinity is stronger and blocks ubiquitin bind-
ing (Tumbarello et  al. 2015). These results 
suggest a model whereby these adaptor proteins 
may have dual roles in autophagy; initially, they 
identify and bind selective ubiquitinated cargo to 
initiate autophagosome formation without MYO6 
involvement. Then, in the late steps of autopha-
gosomal maturation and fusion with the lyso-
some they function together with MYO6 
(Tumbarello et al. 2012, 2015). Recent data have 
indicated that ubiquitin may regulate TAX1BP1 
and MYO6 binding and form a ternary complex 
(Kruppa et al. 2018). These adaptor proteins and 
optineurin have all been shown to bind directly to 
the MYO6 ABD1 containing the RRL107–1109 
motif in vitro (Tumbarello et al. 2015; Sahlender 
et  al. 2005; Arden et  al. 2016). In addition, 
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TAX1BP1 and also optineurin have been shown 
to interact indirectly with the MYO6 MyUB1071–

1122 region via ubiquitin chains (Kruppa et  al. 
2018; He et al. 2016; Tumbarello et al. 2015).

TAX1BP1, NDP52 and optineurin also have 
been found to have important roles in the 
autophagy- dependent clearance of Salmonella 
enterica, in a process termed xenophagy. They 
recognise ubiquitinated Salmonella that have 
escaped the vacuole into the cytosol and prevent 
their proliferation by targeting them for destruc-
tion (Thurston et al. 2009, 2012; Wild et al. 2011; 
Ravenhill et  al. 2019). In functional studies, 
depletion of MYO6 leads to autophagosome 
accumulation and increased Salmonella prolifer-
ation (Tumbarello et al. 2012, 2015). MYO6 was 
also found to participate in the mitophagy path-
way wherein damaged mitochondria are ubiquiti-
nated by the E3 ligase parkin and degraded by 
autophagy. MYO6 is recruited to the ubiquiti-
nated damaged mitochondria but, surprisingly, its 
recruitment is not dependent on the autophagy 
adaptors TAX1BP1, NDP52 and optineurin. 
Instead, recruitment may involve direct binding 
of MYO6 to ubiquitinated proteins on the outer 
mitochondrial membrane. The recruitment of 
MYO6 to the surface of these damaged mito-
chondria induces the assembly of cross-linked 
actin filament cages, which isolate these dysfunc-
tional mitochondria and prevent their refusion 
with their functional neighbours (Kruppa et  al. 
2018). In addition to this novel role in segregat-
ing damaged mitochondria, MYO6, together 
with the autophagy receptors, also plays more 
traditional roles in the later stages of the mitoph-
agy pathway to ensure mitophagosome matura-
tion and lysosome fusion (Kruppa et  al. 2018; 
Lazarou et al. 2015; Heo et al. 2015).

15.4.8  SAP97

Synapse associated protein 97 (SAP97) is an 
example of a tissue-specific binding partner of 
MYO6. Although SAP97 is widely expressed in 
multiple cell types and tissues, the interaction 
between MYO6 and SAP97 has only been dem-
onstrated in neuronal systems so far (Wu et  al. 

2002). SAP97 is a member of the membrane- 
associated guanylate kinase (MAGUK) family 
typically involved in the targeting, trafficking and 
organisation of receptors, membrane ion chan-
nels and adhesion molecules at the cell surface. It 
is present both pre- and post-synaptically in dif-
ferent neuronal tissues and is able to bind to both 
α - a m i n o - 3 - h y d r o x y - 5 - m e t h y l - 4 - 
isoxazolepropionic acid (AMPA) and N-methyl- 
D-aspartate (NMDA) glutamate receptors, as 
well as potassium channels, to promote their traf-
ficking and organisation and therefore ensure 
synaptic transmission (Fourie et  al. 2014). 
Structure-function analysis of SAP97 suggests 
that it acts as a modular scaffolding protein to 
assemble AMPA receptor complexes to promote 
dendrite growth (Zhang et  al. 2015). MYO6 
forms a complex with SAP97, AP-2 and the 
AMPA receptor subunits GluA1 and GluA2 and 
regulates activity-dependent trafficking of the 
receptors in the brain (Osterweil et al. 2005; Wu 
et  al. 2002). Although the exact binding site of 
SAP97  in the MYO6 CBD is not known, the 
C-terminal region of the CBD1126–1262 containing 
the ABD2 with the WWY1201–1203 binding motif 
was shown to interact with the N-terminal 
region1–104 of SAP97 (Nash et al. 2009). In com-
plex with SAP97, MYO6 appears to play a cen-
tral role in endocytosis and recycling of AMPA 
receptors in neuronal cells and its absence in the 
Snell’s waltzer mouse leads to a decrease in syn-
aptic number, abnormal synaptic structures and 
profound astrogliosis (Osterweil et al. 2005; Wu 
et al. 2002; Nash et al. 2009).

15.4.9  Phospholipase C

Phospholipase C (PLCδ3) is a key enzyme in 
phosphoinositide metabolism, hydrolyzing phos-
phatidylinositol 4,5-bisphosphate (PIP2) to gen-
erate inositol 1,4,5-trisphosphate (IP3) and 
diacylglycerol. PLCδ3-KO mice display no obvi-
ous phenotype and so the physiological 
function(s) of this isoform of PLC remain(s) 
unknown. MYO6 was identified in a yeast two- 
hybrid screen as a PLCδ3-binding partner, how-
ever, the exact binding domains have not been 
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determined since the whole MYO6 tail from the 
IQ motif to the CBD and the C2 and PH domain 
of PLCδ3 was involved in these binding studies 
(Sakurai et al. 2011). Interestingly, depletion of 
PLCδ3 or the loss of MYO6 causes similar 
defects in microvilli morphology in polarised 
intestinal cells suggesting that a functional com-
plex of MYO6-PLCδ3 is important for the main-
tenance and stabilisation of microvilli structure 
in the small intestine (Sakurai et al. 2011; Hegan 
et al. 2012).

15.4.10  Otoferlin

Otoferlin is a MYO6-binding partner at the rib-
bon synapse in inner ear hair cells. Loss of otofer-
lin causes a recessive form of congenital deafness, 
since this transmembrane protein functions as a 
putative Ca2+ sensor in synaptic exocytosis in 
auditory and vestibular hair cells. Mutations in 
both proteins, MYO6 and otoferlin, lead to deaf-
ness in humans, suggesting a complementary role 
for these proteins in the recycling of synaptic 
vesicles at the inner hair cell ribbon synapse 
(Melchionda et  al. 2001; Yasunaga et  al. 1999; 
Heidrych et al. 2009; Roux et al. 2009). In addi-
tion, recent studies have shown that in mature 
inner hair cells otoferlin not only binds to MYO6 
but also to AP-2 and together they are involved in 
the clathrin-mediated endocytosis of Ca2 + -regu-
lated vesicles to maintain the integrity and func-
tion of these mature hair cells (Duncker et  al. 
2013).

15.4.11  AKAP9

Kinase-anchoring protein 9 (AKAP9) was identi-
fied as a MYO6-binding partner in myogenic 
cells, binding within the MYO6 CBD (Karolczak 
et al. 2015). AKAP9 is a regulator of the cAMP- 
dependent protein kinase (PKA), which was 
shown to phosphorylate the MYO6 CBD. It was 
postulated that the MYO6-AKAK9 complex 
might have functional regulatory relevance by 
linking MYO6 with the cAMP-dependent PKA 
signalling pathway, which is vital for myoblast 

differentiation and possibly also for neuromuscu-
lar junction development (Karolczak et al. 2015).

15.4.12  RNAPII

Another MYO6-binding partner is RNA poly-
merase II (RNAPII), which is involved in the 
transcription of DNA into mRNA in the nucleus. 
Whether MYO6 is present in the nucleus has 
been a controversial subject; however, there were 
early indications that MYO6 might form a 
nuclear complex with RNAPII and might regu-
late RNAPII-dependent transcription (Vreugde 
et  al. 2006). More recent results have demon-
strated that the MYO6 adaptor protein NDP52 
forms an active complex with nuclear MYO6 to 
promote RNAPII transcription (Fili et al. 2017) 
and further studies have suggested that MYO6 
may interact with a host of nuclear receptors to 
drive the target genes involved in, for example, 
cell proliferation (Fili et al. 2017).

15.5  Regulation of MYO6- Cargo 
Interactions

Recent results indicate that the interaction of 
MYO6 with cargo is regulated by autoinhibition 
by a folded/unfolded tail regulatory mechanism 
similar to that originally identified in nonmuscle 
myosin II (Craig et  al. 1983) and now also 
observed in the myosins of class V, VII and X 
(Thirumurugan et al. 2006; Lu et al. 2006; Umeki 
et  al. 2009). A similar mechanism operates in 
MYO6: in the absence of Ca2+ the tail of MYO6 
binds to the neck region to create a folded, inhib-
ited form, which unfolds on Ca2+ binding to allow 
cargo binding and subsequent active transloca-
tion (Batters et  al. 2016). Additional post- 
translational modifications such as 
phosphorylation play an important role in regu-
lating MYO6 adaptor protein interactions. So far, 
two phosphorylation sites, TINT1096–1100 and 
DYD1145–1147, have been identified in the 
CBD. Mutating the TINT to EINE, thus mimick-
ing the phosphorylated states, has been shown to 
inhibit binding to optineurin (Sahlender et  al. 
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2005). Furthermore, the tyrosine in the DYD 
motif in the MYO6 CBD, which is only present 
in the small insert isoform, is a predicted phos-
phorylation site for the src kinase. This SI iso-
form mediates tethering of secretory granules to 
the actin cortex in neurosecretory cells in a DYD 
motif-dependent manner, suggesting that the dif-
ferent splice isoforms of MYO6 confer different 
regulatory mechanisms (Tomatis et al. 2013).

15.6  Outlook

It is clear that MYO6 has multiple binding part-
ners involved in different pathways at different 
cellular locations and in different tissues 
(Fig. 15.3); however, in many cases it is unclear 
what the precise function of MYO6 is at these 
sites. In particular, the breadth of MYO6-binding 
partners observed on early endosomes is intrigu-

Fig. 15.3 Cellular functions of MYO6. Schematic car-
toon illustrating known MYO6-binding partners and high-
lighting proposed cellular functions and locations. MYO6 
is linked to apical endocytosis in polarised epithelia 
through an interaction with DAB2, in early endosome 
sorting and trafficking through interactions with GIPC, 
TOM1 and LMTK2, in autophagy through OPTN, 
TAX1BP1 and NDP52 and in synapse function involving 

SAP97 and otoferlin. MYO6 also has multiple functions 
in the secretory pathway including secretion and main-
taining Golgi morphology through an interaction with 
OPTN. Finally, MYO6 has a range of specialised func-
tions including roles in stereocilia morphology, cytokine-
sis, directed cell migration, synaptic transmission, 
dendritic spine morphology and neurite outgrowth. 
(Adapted from Tumbarello et al. 2013)
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ing. Do these partners link MYO6 to distinct 
maturation stages, sorting steps or signalling 
platforms on these peripheral membrane compo-
nents? Likewise, the multitude of selective 
autophagy receptors interacting with MYO6 
comes as a surprise. Do the other selective 
autophagy receptors such as SQSTM1/p62 and 
NBR1 also interact with MYO6, or do optineu-
rin, TAX1BP1 and NDP52 link MYO6 to spe-
cific autophagic cargoes? Thus, it is unclear 
whether the full repertoire of MYO6 adaptors 
and their cargoes has been identified, but it is 
obvious that the functions of the many known 
interactors and their interactions with MYO6 
have yet to be clearly established.

Another crucial question is whether MYO6 
exists as a processive dimer or as a monomeric 
tether to carry out its multiple functions in the 
cell. Initial studies showed that full-length MYO6 
expressed and purified from baculovirus/insect 
cells is monomeric and undergoes single inde-
pendent actin binding events indicative of a non- 
processive motor (Lister et  al. 2004). Further 
research has shown that MYO6 can be dimerised 
by cargo binding, although not through interac-
tions with the myosin cargo-binding tail, but 
through interactions with dimeric cargo or mono-
meric cargo binding to two tail domains (Phichith 
et al. 2009; Shang et al. 2017; Yu et al. 2009). So, 
it is currently unclear whether MYO6 exists as a 
dimer or a monomer or functions processively as 
a transporter or as an anchor in vivo. Indeed, it 
may be that MYO6 can perform all of these func-
tions depending on its bound cargo, cellular loca-
tion and the participation of regulatory 
mechanisms, emphasising their importance for 
its function(s). In addition, we need to under-
stand how MYO6 is precisely regulated within 
the cell, how its activity is coordinated with the 
vast array of other motors in the cell, and the 
mechanisms by which it recognises and selects 
specific cargo, delivers it to specific locations and 
releases it with the appropriate kinetics.
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Class IX Myosins: Motorized 
RhoGAP Signaling Molecules

Peter J. Hanley, Veith Vollmer, and Martin Bähler

Abstract

Class IX myosins are simultaneously motor 
and signaling molecules. In addition to myo-
sin class-specific functions of the tail region, 
they feature unique motor properties. Within 
their motor region they contain a long inser-
tion with a calmodulin- and a F-actin-binding 
site. The rate-limiting step in the ATPase cycle 
is ATP hydrolysis rather than, typical for other 
myosins, the release of either product. This 
means that class IX myosins spend a large 
fraction of their cycle time in the ATP-bound 
state, which is typically a low F-actin affinity 
state. Nevertheless, class IX myosins in the 
ATP-bound state stochastically switch 
between a low and a high F-actin affinity state. 
Single motor domains even show characteris-
tics of processive movement towards the plus 
end of actin filaments. The insertion thereby 
acts as an actin tether. The motor domain 
transports as intramolecular cargo a signaling 
Rho GTPase-activating protein domain 
located in the tail region. Rho GTPase- 
activating proteins catalyze the conversion of 
active GTP-bound Rho to inactive GDP- 
bound Rho by stimulating GTP hydrolysis. In 
cells, Rho activity regulates actin cytoskeleton 

organization and actomyosin II contractility. 
Thus, class IX myosins regulate cell morphol-
ogy, cell migration, cell-cell junctions and 
membrane trafficking. These cellular func-
tions affect embryonic development, adult 
organ homeostasis and immune responses. 
Human diseases associated with mutations in 
the two class IX myosins, Myo9a and Myo9b, 
have been identified, including hydrocephalus 
and congenital myasthenic syndrome in con-
nection with Myo9a and autoimmune diseases 
in connection with Myo9b.

Keywords

Myosin IX · Myo9 · HUM-7 · myr 5 · myr 7 · 
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16.1  Introduction

Class IX myosins are motorized signaling mole-
cules that regulate the organization of the actin 
cytoskeleton on which the motor domain depends 
for directed motility or force generation. 
Classification of myosin motor proteins is based 
on motor domain phylogeny. During evolution 
the last holozoan ancestor acquired in a burst of 
myosin inventions seven new myosin classes, 
including amongst others class IX (Kollmar and 
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Mühlhausen 2017). Since then class IX myosin 
has undergone processes of both duplications and 
losses. Invertebrate model organisms have either 
a single myosin 9 such as Caenorhabditis elegans 
or none such as Drosophila melanogaster. 
Nevertheless, the genomes of a variety of other 
insects and even diptera contain a gene encoding 
for a class IX myosin. Vertebrates on the other 
hand harbor either two class IX myosin genes, 
Myo9a and Myo9b, as is the case for mammals, 
or four, Myo9a-d, as in bony fishes, e.g., zebraf-
ish Danio rerio. Individual members of class IX 
myosins were initially named HUM-7 (Myo9 
from C. elegans), myr 5 (Myo9b from rat) and 
myr 7 (Myo9a from rat). Studies on class IX 
myosins have focused until now on Myo9 from 
C. elegans and Myo9a/b from mammals.

16.2  Myosin IX Domain Structure

Class IX myosins encompass in addition to their 
myosin motor domain several motifs and domains 
that are present also in other proteins (Fig.16.1). 
At the N-terminus there is a Ras-association 
(RA) domain. This domain adopts a similar fold-
ing topology to RA domains in Ras-effector pro-
teins that associate with active GTP-bound Ras. 
However, the RA domain in class IX myosins is 
unable to associate with Ras (Kalhammer et al. 
1997). In accordance with this finding, modeling 
of the RA domain demonstrated a different sur-
face shape and charge at the presumed Ras con-
tact site. The conserved myosin head region 
follows the RA domain. Noteworthy, at the posi-

tion of loop 2 the head region contains a unique 
long insertion of about 145 or more residues. 
This insertion contains at its N-terminus a highly 
conserved calmodulin-binding site (Liao et  al. 
2010; Saczko-Brack et  al. 2016). Furthermore, 
this insertion interacts with actin filaments 
(Struchholz et al. 2009). Apart from this unique 
insertion, the head region of class IX myosins 
conforms to other myosin heads. Following the 
head region class IX myosins contain a light 
chain-binding region with 4–6 IQ-motifs, each of 
which can bind the Ca2+-sensor protein calmodu-
lin. The binding of calmodulin to the IQ motifs 
allows for the formation of a rigid lever arm, the 
length of which determines the step size during 
force production or motility. The associated light 
chains have additionally a regulatory function. 
The light chain-binding or neck region connects 
to an extended tail region. The tail region con-
tains one or two atypical C1 domains. The struc-
ture of C1 domains is determined by the 
coordination of two zinc ions (Reinhard et  al. 
1995). Atypical C1 domains are distinguished 
from typical C1 domains in that they do not bind 
diacylglycerol and phorbol esters. Furthermore, 
the tail region encompasses C-terminal to the 
single or second C1 domain, a Rho GTPase acti-
vating protein (RhoGAP) domain that catalyzes 
GTP hydrolysis by small monomeric GTPases of 
the Rho subfamily, switching them from the 
active GTP-bound “on” state to the inactive 
GDP-bound “off” state. In addition to these 
domains shared by all class IX myosins there 
exist a number of alternatively-spliced sequences 
that contain no known motifs or functions.

Fig. 16.1 Schematic bar diagrams of the domain 
organizations of mammalian and invertebrate class IX 
myosins. Hs: Homo sapiens; Ce: Caenorhabditis elegans; 
RA: Ras association motif (red); CaM: calmodulin (blue); 

INS: loop2 insertion (light grey); IQ: IQ-motif (blue); C1: 
atypical C1 zinc-ion binding domain (yellow); GAP: Rho 
GTPase-activating protein (orange) 
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16.3  Myosin IX Motor Properties

Class IX myosins are active motors that show 
actin-activated ATPase activity and when 
adsorbed in an oriented manner to a surface 
induce gliding of actin filaments by plus-end 
directed motion (Post et  al. 1998, 2002; Inoue 
et al. 2002; O’Connell and Mooseker 2003; Liao 
et  al. 2010; Saczko-Brack et  al. 2016). Kinetic 
analysis of the ATPase cycle of rat and human 
Myo9b revealed unique properties. Unlike in 
other myosins, the rate-limiting step in the 
ATPase cycle of rat and human Myo9b was found 
to be ATP hydrolysis (Nalavadi et  al. 2005; 
Kambara and Ikebe 2006). The ATP-bound state 
of myosins generally has a weak affinity for 
F-actin but not so for Myo9b. In the ATP-bound 
state a subpopulation of Myo9b still demon-
strated a remarkably high affinity for F-actin. 
Curiously, Myo9b in the ATP-bound state dem-
onstrated a stochastic interconversion between 
states of weak and high F-actin affinity (Nalavadi 
et al. 2005). The high affinity for F-actin in the 
ATP-bound state seems to be due to the unique 
insertion in the head region that can associate 
with actin filaments (Nalavadi et  al. 2005; 
Struchholz et al. 2009). Although class IX myo-
sins are single-headed and spend most of their 
cycling time in an ATP-bound weak F-actin affin-
ity state, it was reported by different groups that 
class IX myosins show characteristics of a pro-
cessive motor that takes multiple successive steps 
along F-actin without dissociating (Post et  al. 
2002; Inoue et al. 2002; Nishikawa et al. 2006; 
Liao et al. 2010; Elfrink et al. 2014). Processive 
movement of Myo9 from C. elegans requires the 
unique insertion that serves as an actin tether 
(Elfrink et  al. 2014). This mechanism differs 
from the hand-over-hand movement by the other 
processive myosins that are all double-headed 
and for which ADP release is the rate-limiting 
step in the ATPase cycle. To explain processive 
movement of single-headed Myo9, a Brownian 
ratchet model has been proposed that involves an 
active role of actin (Xie 2010). Alternatively, a 
Brownian motor model similar to that proposed 
for the single-headed kinesin KIF1A might apply 
to the processive movement of Myo9 along 

F-actin (Okada and Hirokawa 2000; Okada et al. 
2003; Nitta et  al. 2004). More work will be 
needed to elucidate whether class IX myosins 
function as processive motors in vivo.

The ATPase- and motor activities of class IX 
myosins are regulated by binding of Ca2+ ions to 
calmodulin. Actin gliding velocity by full-length 
Myo9b was decreased in the presence of Ca2+ 
ions, whereas steady-state ATPase activity of 
truncated Myo9 and Myo9a motor constructs 
was increased (Post et al. 1998; Liao et al. 2010; 
Saczko-Brack et  al. 2016). These differences 
might be explained by the use of different con-
structs. More detailed studies are needed on the 
regulation of class IX myosin motor activities by 
Ca2+ ions and the tail region.

Structural studies revealed that human Myo9a 
in the nucleotide-free state is able to cross-link 
actin filaments into parallel bundles forming a 
lattice with a 36-nm interval along the actin fila-
ments, matching the length of the actin helical 
repeat. The insertion formed a second actin- 
binding site that could adopt three different con-
formations. It bound either to the same filament 
as the head region or in two different orientations 
to a neighboring filament (Saczko-Brack et  al. 
2016).

16.4  Myosin IX RhoGAP Activity 
and Tail Properties

The RhoGAP domains of both mammalian 
Myo9a and Myo9b were shown in vitro and in 
vivo to activate GTP hydrolysis preferentially of 
RhoA (Reinhard et al. 1995; Müller et al. 1997; 
Chieregatti et al. 1998; Yi et al. 2016). For Myo9 
from C. elegans RhoGAP activity was demon-
strated genetically (Wallace et  al. 2018). 
Furthermore, in vitro Myo9b was shown to acti-
vate the closely related GTPases RhoA, RhoB 
and RhoC to a comparable extent (Graf et  al. 
2000). Mutation of a single arginine residue that 
is conserved in many GAPs for small monomeric 
GTPases, the so-called arginine finger (Scheffzek 
et al. 1998), abolished GAP activity (Müller et al. 
1997). More recently, it was shown that mutation 
of a second arginine residue also abolishes GAP 
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activity. Determination of the Myo9b RhoGAP 
structure in complex with RhoA-GDP and mag-
nesium fluoride revealed that this arginine resi-
due substitutes for the canonical asparagine 
residue at this position in other GAPs (Yi et al. 
2016). The RhoGAP domain of Myo9b was 
found to interact with the cytosolic region of the 
single transmembrane receptor Robo1 that 
becomes activated by the secreted glycoprotein 
SLIT. This interaction inhibits the GAP activity 
(Kong et al. 2015).

The function of the atypical C1 domain that is 
located just N-terminal to the GAP domain 
remains to be determined. At least in vitro, it does 
not affect GAP activity (unpublished observa-
tion, K. Uhlenbrock and M. Bähler).

The tail regions of both Myo9a and Myo9b 
become phosphorylated at multiple sites (Daub 
et al. 2008; Dephoure et al. 2008; Huttlin et al. 
2010; Gnad et  al. 2011; Rigbolt et  al. 2011; 
Lundby et al. 2012; Zhou et al. 2013; Bian et al. 
2014). However, so far it is not known whether 
phosphorylation of the tail region plays any regu-
latory role.

A PDZ-binding motif that interacts with a 
PDZ-like domain in the F11 protein of Vaccinia 
virus was discovered at the very C-terminus of 
Myo9a. This interaction promotes viral spread 
through the inhibition of RhoA activity by the 
recruitment of Myo9a and its RhoGAP domain 
(Handa et  al. 2013). Several additional binding 
partners for class IX myosins have been identi-
fied, e.g., JNK and ezrin; however, the physiolog-
ical significance of these interactions is currently 
not known.

16.5  Myosin IX in Diseases

Mutations in class IX myosins have been impli-
cated in a number of human diseases. A human 
fetus with hydrocephalus and akinesia was found 
to carry a homozygous nonsense mutation in 
Myo9a (Maddirevula et  al. 2019). In line with 
this finding, formation of postnatal hydrocepha-
lus was also observed in Myo9a-deficient mice 
(Abouhamed et  al. 2009). Furthermore, Myo9a 
was associated with congenital myasthenic syn-

drome, which might be caused by impaired 
vesicular transport (O’Connor et al. 2016, 2018; 
Yiş et al. 2017). Myo9a-deficient mice addition-
ally develop bilateral renal disease, characterized 
by dilation of proximal tubules, calyceal dilation, 
and thinning of the parenchyma and fibrosis. 
These structural changes were accompanied by 
polyuria and low-molecular-weight proteinuria 
(Thelen et  al. 2015). For the second class IX 
myosin, Myo9b, it is somewhat controversial 
whether certain variants are linked to increased 
risk for intestinal bowel diseases such as celiac 
disease, Crohn’s disease, ulcerative colitis and 
pancreatitis (Wang et  al. 2016; Li et  al. 2016; 
Chen et  al. 2016; Nijmeijer et  al. 2013). Mice 
deficient for Myo9b show impaired intestinal 
barrier function and superficial ulceration in the 
ileum (Hegan et al. 2016). These mice also show 
altered innate and adaptive immune responses, as 
well as altered bone characteristics (Hanley et al. 
2010; Xu et al. 2014; Liu et al. 2015; Moalli et al. 
2018; McMichael et al. 2017; Kim et al. 2018). 
More diseases linked to altered class IX myosins 
are likely to be discovered in the future.

16.6  Myo9 in C. elegans 
Development

Myo9 regulates embryonic morphogenesis in C. 
elegans (Wallace et al. 2018). It integrates signals 
from the cell surface receptor Sax-3/ROBO to 
negatively modulate RHO-1/RhoA signaling, 
leading to decreased actomyosin contractility and 
cell migration. This affects cell migrations 
required for epiboly and the timing of epidermal 
morphogenesis. Myo9 also functions in postem-
bryonic axonal guidance.

16.7  Myosin IXa in Epithelia

Myo9a localizes in epithelial cells along the actin 
belt of cell junctions and in the cytosol 
(Abouhamed et al. 2009; Omelchenko and Hall 
2012; Thelen et al. 2015) (Fig. 16.2). Mice defi-
cient for Myo9a develop postnatally in the brain 
stenosis of the ventral caudal 3rd ventricle and 
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the aqueduct (Abouhamed et al. 2009). The ven-
tricle and the aqueduct are lined by multiciliated 
epithelial cells, the ependyma, that separate cere-
brospinal fluid from nervous tissue. Lack of 
Myo9a reduced the maturation of ependymal 
cells, perturbed their cell shape and cell-cell con-
tacts so that cells delaminated. Inhibition of Rho- 
kinase (ROCK) attenuated hydrocephalus 
formation and rescued the maturation of ependy-
mal cells, indicating that Myo9a regulates, at 
least in part, Rho-ROCK signaling (Abouhamed 
et al. 2009). Defects were also observed for the 
proximal tubules in the kidney when Myo9a was 
lost (Thelen et  al. 2015). The epithelial cells 

forming the proximal tubules appeared flattened 
and correspondingly the tubules were dilated. 
The amount of albumin and megalin, a receptor 
for albumin, appeared to be increased at the api-
cal surface of the epithelial cells, indicative of 
impaired membrane trafficking. Downregulation 
of Myo9a in different epithelial cell lines mim-
icked largely the in vivo observations (Abouhamed 
et al. 2009; Thelen et al. 2015; Omelchenko and 
Hall 2012). Downregulation of Myo9a in Caco-2 
cells resulted in a modest increase in Rho-ROCK 
signaling (Abouhamed et al. 2009). Staining for 
the differentiation marker DPPIV was reduced. 
The regular cell shape was lost and the cells 

Fig. 16.2 Graphical illustration of the functions of the 
two mammalian class IX myosins. Class IX myosins 
produce directional force along actin filaments. In their 
tail region they contain a GTPase-activating protein 
(GAP) domain that catalyzes the inactivation of the small 
monomeric G-protein RhoA. Myo9a localizes in epithe-
lial cells to areas of cell-cell contact that are connected to 

an F-actin belt. It regulates the morphology and differen-
tiation of ependymal and proximal tubule epithelial cells. 
The differentiation is regulated through Rho and Rho- 
kinase signaling. Myo9b localizes to dynamic F-actin at 
the extending cell front where it negatively regulates Rho 
signaling. Thereby it controls the cell polarity and migra-
tion of leukocytes 
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appeared more flattened. Moreover, Rho- 
dependent as well as independent gene transcrip-
tion was altered in Myo9a knock-down Caco-2 
cells. In bronchial epithelial 16HBE cells the 
knock-down of Myo9a even led to cell scattering 
due to a defect in junction formation because of 
increased Rho-activity at nascent cell-cell con-
tacts (Omelchenko and Hall 2012). However, cell 
scattering was not observed either in Caco-2 or 
LLC-PK1 cells when Myo9a was downregulated 
(Abouhamed et  al. 2009; Thelen et  al. 2015). 
Upon downregulation of Myo9a in the pig proxi-
mal tubule epithelial cell line LLC-PK1, the cells 
altered their cell shape and started to grow on top 
of each other without losing cell-cell junctions 
(Thelen et  al. 2015). The knockdown cells 
showed in accordance with the in vivo findings 
increased binding of albumin to cell surface 
receptors. Myo9a might have comparable func-
tions in neurons in that it regulates synaptic cell- 
cell contacts, membrane trafficking and cell 
morphology (Folci et  al. 2016; O’Connor et  al. 
2018). Further work will be needed to elucidate 
the exact molecular mechanisms of how Myo9a 
motor, RhoGAP and possibly unknown activities 
are regulated and how they in turn affect epithe-
lial and neuronal cell shape, cell-cell junctions, 
membrane trafficking and cell fate.

16.8  Myosin IXb in Cell Migration

In mammals Myo9b is widely expressed in many 
tissues during development and in the adult. It is 
well expressed in leukocytes (Reinhard et  al. 
1995; Wirth et al. 1996; Chieregatti et al. 1998) 
and regulates their motility (Fig. 16.2). The che-
motactic migration of mouse dendritic cells 
(DCs), T cells and peritoneal macrophages that 
lack Myo9b was impaired (Hanley et  al. 2010; 
Xu et  al. 2014; Moalli et  al. 2018). Myo9b- 
deficient peritoneal macrophages showed in vitro 
severe defects in morphological polarization, 
motility and chemotaxis (Hanley et al. 2010). In 
an in vivo experimental model of complement 
C5a-induced peritonitis, recruitment of mononu-
clear phagocytes in Myo9b−/− mice was reduced 
in comparison to wild-type mice. Similarly, the 

motility of Myo9b−/− DCs was reduced both in 
collagen gel matrices in vitro and in vivo (Xu 
et al. 2014). In the absence of Myo9b the accu-
mulation of CD8+ T cells in non-lymphoid tissues 
is strongly impaired as Myo9b is required for 
T-cell crossing of basement membranes (Moalli 
et al. 2018). Myo9b regulates cell migration not 
only in leukocytes but also in Caco-2 epithelial 
cells and the lung cancer cell line H1299 
(Chandhoke and Mooseker 2012; Kong et  al. 
2015; Yi et  al. 2016). On a molecular level the 
loss of Myo9b in leukocytes leads to increased 
RhoA activity. This in turn increases acto-myosin 
II contractility and decreases the activity of the 
actin-depolymerizing factor cofilin. To migrate, 
cells need to polarize into a front and a back. The 
driving force for front extension is provided by 
actin polymerization that can be induced by the 
Rho subfamily small monomeric GTPases Cdc42 
and Rac. The back is retracted through acto- 
myosin II contraction induced by RhoA activity. 
Myo9b accumulates at sites of polymerizing 
actin filaments such as in extending lamellipodia 
and at the tips of filopodia (van den Boom et al. 
2007). Recruitment to these sites requires the 
motor activity of Myo9b that carries the RhoGAP 
domain as intramolecular cargo. The proposed 
working model for how Myo9b regulates cell 
migration is as follows: (i) activation of Cdc42 
and/or  Rac induces actin filament polymeriza-
tion; (ii) actin polymerization allows for the 
recruitment of Myo9b; (iii) Rho activity is locally 
inhibited by the RhoGAP domain of Myo9b pre-
venting acto-myosin II contractility. Acto-myosin 
II contraction is induced only at the sides and 
back of the cells. This scenario would allow for 
extension at the front and retraction of the back.

16.9  Myo9b in Phagocytosis

Myo9b could play a role in various actin- 
dependent processes, such as phagocytosis. The 
binding of ligand-coated particles to phagocytic 
receptors triggers actin polymerization and 
engulfment of the particle by the formation of 
membrane cups. Using antibody staining of fixed 
cells, Myo9b was observed to be enriched at 
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early phagosomes induced by particles opsonized 
with IgG (Diakonova et al. 2002). The uptake of 
dextran, E. coli or ovalbumin by bone marrow- 
derived mouse dendritic cells was not altered 
when Myo9b was ablated (Xu et  al. 2014). 
Interestingly, Myo9b-knockout cells of the 
macrophage- differentiated human myeloid cell 
line U937 showed differential impairment of par-
ticle uptake (Haney et al. 2018). Whereas Myo9b 
knockout strongly reduced the uptake of 1.3 μm 
amine-modified beads and 0.3–4 μm carboxylate- 
modified beads, it weakly reduced the uptake of 
IgG-opsonized red blood cells (RBCs) and did 
not affect the uptake of C3b-opsonized RBCs, 
zymosan (yeast) or myelin.

16.10  Perspectives

Although single-headed C. elegans Myo9 and 
mammalian Myo9b are able to move proces-
sively under certain conditions by means of an 
actin filament tether in loop 2 in vitro, it remains 
to be seen whether class IX myosins move pro-
cessively in vivo. The stochastic switching 
between an actin-binding and non-binding popu-
lation needs to be analyzed further to understand 
the control of motor properties. Class IX myosins 
are multidomain proteins and several domains 
have no defined functions so far, such as the RA 
domain, the calmodulin bound to the loop 2 
insertion or the C1 domain(s) in the tail region. 
Additional functional motifs may be present in 
the tail region and remain to be identified. If and 
how the different activities of class IX myosins 
could be regulated is currently not resolved. 
Current information concerning regulation  is 
restricted to the expression of class IX myosins 
(Ma et  al. 2017; Kong et  al. 2015). Although a 
number of physiological functions related to neg-
ative regulation of Rho activity have been identi-
fied for class IX myosins, it is likey that additional 
Rho-dependent and possibly Rho-independent 
physiological functions will be discovered in the 
future. In species that contain more than a single 
class IX myosin the functional diffferences and 
potential redundancies need to be addressed in 
more detail in the future.
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Myosin X

Hiroshi Tokuo

Abstract

Myosin X (Myo10), an actin-based molecular 
motor, induces filopodia formation and con-
trols cell migration in  vitro. In the 25  years 
since Myo10 was first identified, it has been 
implicated in several different functions in dif-
ferent cell types including phagocytosis in 
macrophages, axon outgrowth in neurons, 
cell-cell adhesion in epithelial and endothelial 
cells, podosome formation in osteoclasts, 
spindle-pole positioning in meiosis and mito-
sis of cultured cells, migration of melanocytes 
and cranial neural crest cells, and invadopodia 
formation in cancer cells. Recently, the avail-
ability of Myo10-knockout (Myo10KO) mice 
has allowed for tremendous progress toward 
understanding the biological function of 
Myo10 in vivo.

In this chapter, I address the structure of the 
Myo10 gene; the molecular structure of 
Myo10 protein with its multiple domains, e.g., 
PH, MyTH4, and FERM domains; the regula-
tion of actin structures induced in cells by 
Myo10; the expression and function of Myo10 
in vitro and in vivo; and the role of Myo10 in 
cancer. Previous reviews on Myo10 include 
Divito MM, Cheney RE, (Myosins: a super-

family of molecular motors chapter 14 
MYOSIN X. In: Proteins and cell regulation, 
vol 7. Springer, Dordrecht, 2008) and Kerber 
ML, Cheney RE (J Cell Sci 124:3733–3741).

Keywords

Filopodia · Pseudopod · Podosome · 
Invadopodia · Migration · Cancer · Melanoma 
· Pleckstrin homology domain · MyTH4 and 
FERM domains · Tunneling nanotube

17.1  Introduction

Myo10 was first identified in 1994 in the sensory 
epithelia of the inner ear of bullfrogs using a PCR 
screen with primers based on regions of high 
amino acid homology among motor domains of 
myosins known at that time (Solc et al. 1994). By 
2000 the full-length cDNA sequences of mouse, 
human, and cow Myo10 had been determined 
along with the first information regarding its 
molecular structure, its wide expression in tis-
sues, and its localization in dynamic actin-rich 
regions of the cell including membrane ruffles, 
lamellipodia, and the tips of filopodia (Berg et al. 
2000; Yonezawa et al. 2000). The following year, 
an expressed and purified Myo10 construct rep-
resenting the head domain and coiled-coil domain 
of Myo10 was shown to bind to actin filaments 
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and to hydrolyze ATP, the first demonstration of 
Myo10’s motor activity (Homma et al. 2001). In 
2002, expression of exogenous full-length 
Myo10 was shown to exhibit both forward and 
rearward movements within filopodia of HeLa 
cells and to increase both the number and the 
average length of the filopodia in COS-7 cells 
(Berg and Cheney 2002). Subsequent studies 
focused on revealing the identification of its 
binding partners including phospholipids (Umeki 
et al. 2011), Mena/VASP (Mammalian enabled/
vasodilator-stimulated phosphoprotein) (Tokuo 
and Ikebe 2004), microtubules (Weber et  al. 

2004) and integrins (Zhang et al. 2004) in order 
to gain insight into its cellular functions.

17.2  Gene Structure of Myo10

The class X myosin gene (MYO10) is found 
exclusively in vertebrates and gives rise to the 
alternatively-spliced proteins full-length Myo10 
and headless Myo10 (Sousa et  al. 2006). 
Figure  17.1a shows the genomic structure of 
mouse Myo10 and the Myo10KO mouse 
Myo10tm2(KOMP)Wtsi, which will be discussed in 

Fig. 17.1 Genomic structure and protein expression of 
Myo10. (a) Allele structure of mouse full-length Myo10 
and three variants formed by alternative splicing referred 
to as “headless Myo10” (top) with magnification of the 
lesion from exon 18–20. Vertical lines on the schematic 
gene represent exons, and purple lines represent first 
exons specific for headless Myo10. Below is the genomic 
structure of Myo10tm2(KOMP)Wtsi in Myo10KO mice in which 

the lacZ and neomycin (neo) expression cassette was 
inserted between exon 18 and exon 20 (Genome Build 
GRCm38) resulting in the removal of functionally critical 
exon 19 and a portion of intron 19 (Tokuo et al. 2018). (b) 
Schematic diagram of a dimerized Myo10 molecule 
showing its N-terminal motor domain, followed by a neck 
domain with IQ region, SAH domain, and coiled coil, and 
tail domain with PEST, PH, MTH4 and FERM domains

H. Tokuo
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Sect. 17.5.1. This Myo10KO strategy is useful in 
identifying and confirming the expression of 
splice variants because it deletes full-length, but 
not headless, Myo10. We detected headless and 
full-length Myo10  in immunoblots of brain 
lysates from control mice, but only headless 
Myo10  in brain lysates from Myo10KO mice, 
evidence that the Myo10tm2(KOMP)Wtsi allele knocks 
out full-length, but not headless, Myo10.

17.3  Structural, Biochemical 
and Biomechanical 
Properties of Myo10

The ~237-kDa Myo10 heavy chain consists of a 
head, neck, and tail domain (Berg et  al. 2000). 
The Myo10 head, or motor, domain has a 
nucleotide- binding site and an actin-binding site 
and is responsible for its actin-activated ATPase 
activity. The neck, or IQ domain, binds three 
molecules of calmodulin or calmodulin-like pro-
tein (Rogers and Strehler 2001; Caride et  al. 
2010) and consists of a single α-helix (SAH) 
region (Knight et al. 2005) followed by a coiled- 
coil region involved in dimerization (Lu et  al. 
2012). A carboxy-terminal (C-terminal) tail 
domain, which is primarily involved in cargo 
binding, consists of four parts: three PEST 
sequences, which are rich in the amino acids pro-
line, glutamate, serine, and threonine and confer 
sensitivity to certain proteases, three pleckstrin 
homology (PH) domains, a Myosin Tail 
Homology 4 (MyTH4) domain, and a band 4.1, 
Ezrin, Radixin, Merlin (FERM) domain (Berg 
et al. 2000) (Fig. 17.1b).

Myo10 exists as both a monomer and a dimer 
in the cytoplasm. The coiled-coil region follow-
ing the SAH domain is involved in dimerization 
and was shown by nuclear magnetic resonance 
(NMR) spectroscopy to adopt an anti-parallel 
conformation (Lu et al. 2012). This finding led to 
the prediction that each of the two heads of 
dimeric Myo10 could bind to two parallel actin 
filaments and thus support the movement of 
Myo10 along actin bundles as well as single fila-
ments (Lu et al. 2012). Previously, a forced dimer 
of Myo10 heavy meromyosin (HMM) consisting 

of the motor, neck, coiled-cold and leucine zipper 
had been shown to move processively on actin 
filaments bundled with fascin (Nagy et al. 2008), 
although in another report using a different forced 
Myo10 HMM dimer, no selectivity for bundles 
was observed (Sun et  al. 2010). Subsequently, 
full-length Myo10 molecules (anti-parallel 
dimers) labeled at the N-terminus with the GFP 
derivative mWasabi were shown to take 36-nm 
steps in the forward direction on single actin fila-
ments and steps as large as 52–57nm along 
fascin- actin bundles (Ropars et  al. 2016). The 
SAH domain and following α-helical domain 
form a long α-helix that lengthens the Myo10 
lever arm and contributes to its ability to take par-
ticularly large steps (Ropars et  al. 2016). 
Importantly, Myo10 moves along fascin-actin 
bundles at a rate nearly twice the rate of on a sin-
gle actin filament due to an ~two-fold increase in 
the rate of transition between Pi and ADP release 
(Ropars et al. 2016).

17.3.1  Monomer-to-Dimer Transition 
of Myo10 Supports Filopodia 
Formation

Strikingly, in live-cell imaging studies Myo10 
exhibits both forward and rearward movements 
within filopodia (Berg and Cheney 2002). The 
speed of the forward movement as determined by 
total internal reflection fluorescence (TIRF) 
microscopy is ~600 nm/s in living cells (Kerber 
et  al. 2009), very close to that reported in one 
recent study tracking full-length Myo10 on fas-
cin bundles (Ropars et  al. 2016) and somewhat 
larger that the 340–780 nm/s reported for move-
ment of a forced dimer of Myo10 heavy mero-
myosin consisting of the motor, neck, coiled-coil 
and leucine zipper on artificial actin bundles 
(Nagy et  al. 2008). The rearward movement of 
Myo10 in filopodia is slow at 10–20 nm/s (Berg 
and Cheney 2002) and closely matches the rate of 
the retrograde flow of actin in filopodia. 
Importantly, only dimerized Myo10 exhibits 
intrafilopodial motility, suggesting that dimeriza-
tion of Myo10 is necessary for its proper move-
ment in cells. Moreover, the dimers must form 
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through an antiparallel coiled-coil dimerization 
or else localization at the tips of filopodia and 
filopodia induction are compromised (Lu et  al. 
2012).

Using a dimer-inducing technique we found 
that when expressed in cells, dimerized tail-less 
Myo10 induces short unstable filopodia, or 
microspikes, which may be an initial step in filo-
podia formation, evidence that the monomer-to- 
dimer transition of Myo10 induces filopodia in 
cultured cells (Tokuo et  al. 2007). From these 
results, we advocate a model in which Myo10 
exists as both a monomer and a dimer in cells. 
Although monomeric Myo10 does not localize at 

the leading edge of migrating cells, after dimer-
ization, Myo10 moves toward the tips of actin 
filaments at the leading edge, presumably by 
walking toward the barbed ends of actin filaments 
(Fig. 17.2). The tips of actin filaments move lat-
erally along the leading edge supported by the 
mechanical activity of Myo10. Finally, clustering 
of Myo10 causes convergence of actin filaments 
into parallel bundles to form the base of the filo-
podia. This convergence of actin filaments into 
bundles is likely supported by the structure and 
flexibility of the Myo10 lever arm, which may 
facilitate parallel actin filaments being brought 
together (Ropars et al. 2016).

Fig. 17.2 Model of filopodia initiation by dimerization 
of Myo10. (a) Myo10 is present in the cytosol as both a 
monomer and a dimer. (b) Once Myo10 dimerizes to form 
a two-headed structure, it moves to the tips of the actin 
filaments. (c) The tips of actin filaments move laterally 

along the leading edge powered by Myo10. (d) The lateral 
drift induces a convergence of the barbed ends of the actin 
filaments, thereby inducing the formation of microspikes, 
which develop further into full-length filopodia by actin 
assembly (Tokuo et al. 2007)
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17.3.2  PH Domains

Pleckstrin Homology (PH) domains are regions 
of ~120 amino acids with sequence similarity to 
two regions in pleckstrin (Haslam et  al. 1993; 
Shaw 1993; Mayer et al. 1993), a major substrate 
of protein kinase C in platelets. This domain, the 
11th most common domain in the human pro-
teome, was first recognized for its ability to bind 
phosphoinositides with high affinity and specific-
ity, although it is now understood that not all PH 
domains share this property.

Myo10 contains three PH domains. The first 
PH domain (PH1) is split by the insertion of a 
second PH domain (PH2). The amino acid 
sequences of PH1 and PH2 are most similar to 
that of the PH domain in protein kinase B homo-
logs from Dictyostelium, but the sequence of the 
C-terminal half of the third PH domain (PH3) 
diverges from that of other PH domains (Berg 
et al. 2000). PH2 and PH3 contain several resi-
dues also found in other proteins that bind phos-
phatidylinositol lipids phosphorylated by 
phosphatidylinositol-3-kinase (PI3K) (Rameh 
et al. 1997; Isakoff et al. 1998).

In a lipid pull-down assay using purified PH 
domains of Myo10, PH2, but not PH1 or PH3, 
specifically bound to phosphatidylinositol 
(3,4,5)-triphosphate (PIP3). Deletion of PH2 or 
point mutations in PH2 (Lys  1215 to Ala and 
Lys 1216 to Ala) in full-length Myo10 results in 
significantly less Myo10 at the tips of filopodia 
and fewer filopodia (Plantard et al. 2010). These 
results suggest that PIP3 binding to the PH2 
domain of Myo10 is involved in Myo10 traffick-
ing and regulation of filopodia formation. PIP3 
binding to the PH domain of Myo10 is also 
essential for axon development (Yu et al. 2012).

The Arg at position 1231 in Myo10, which is 
within PH2, corresponds to a conserved residue 
in the β2 strand of PH domain-containing pro-
teins such as GTPase-activating protein (Gap1) 
and Bruton’s tyrosine kinese (Btk), which is criti-
cal for binding to lipid products of PI3K (Salim 
et al. 1996; Fukuda and Mikoshiba 1996). Insight 
into the importance of Arg 1231 in Myo10 comes 
from studies examining phagocytosis in macro-
phages. Expression of Myo10 tail in macro-

phages inhibits phagocytosis by a 
dominant-negative effect; however, expression of 
Myo10 tail in which Arg 1231 was mutated to 
Cys (Myo10 tailR1231C) did not change phagocyto-
sis indicating that Arg 1231 is required for the 
inhibition of phagocytosis by the Myo10 tail 
(Cox et al. 2002).

17.3.3  MyTH4 and FERM Domains

The myosin tail homology 4 (MyTH4) domain 
was first named to distinguish it from tail homol-
ogy domains 1–3 in myosins-I (Hammer 1994). 
In addition to Myo10, MyTH4 was identified in 
vertebrate Myo7 (Chen et al. 1996) and Myo15 
(Wang et  al. 1998). The name of the FERM 
domain (F for 4.1 protein, E for ezrin, R for 
radixin, and M for moesin) reflects the initial 
identification of this domain in a family of 
peripheral membrane proteins that functions as 
membrane-cytoskeleton linkers (Chishti et  al. 
1998). Dozens of FERM domains are encoded by 
multiple genes in the human genome (Frame 
et  al. 2010). In the myosin superfamily, only 
Myo7, Myo10, and Myo15 include this domain 
in the C-terminal tail; these myosins constitute 
the MyTH4-FERM subfamily of unconventional 
myosins. The FERM domain consists of three 
lobes, and lobes F2 and F3 in the FERM domain 
of Myo10 are required for interaction and relo-
calization of beta-integrins (Zhang et al. 2004).

MyTH4 and FERM always appear in tandem 
in Myo7, Myo10, and Myo15. The MyTH4- 
FERM myosins have conserved physiological 
functions with all involved in forming actin-rich 
membrane protrusions: Myo7  in microvilli, 
Myo10  in filopodia, and Myo15  in stereocilia. 
Both the FERM domain and the MyTH4 domain 
are required for the cellular functions of Myo10: 
deletion of either domain decreases the ability of 
Myo10 to form filopodia (Bohil et  al. 2006; 
Tokuo et al. 2007; Watanabe et al. 2010).

Myo10 is speculated to exist primarily as a 
folded monomer in the cytoplasm with its head 
bound to the PH and FERM domains in the tail; 
however, association with PIP3 results in its 
unfolding and dimerization to promote its activ-
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ity as a processive motor able to transport cargo 
(Umeki et al. 2011). This interaction also recruits 
Myo10 to the cell membrane of the leading edge 
for filopodia formation (Plantard et al. 2010).

The MyTH4-FERM tandem of Myo10 binds 
to microtubules, but the individual domains do 
not (Weber et al. 2004), and binding of Myo10 to 
deleted in colorectal cancer (DCC) or neogenin 
also requires a covalent connection between 
MyTH4 and FERM domains (Zhu et  al. 2007). 
By crystal structure analysis, the MyTH4 and 
FERM domains interact with each other and form 
an integral structural supramodule (Wei et  al. 
2011).

The interaction of Myo10 with microtubules 
was first identified in 2004 (Weber et al. 2004) as 
an important factor for nuclear anchoring, spin-
dle assembly, and spindle-F-actin association 
during meiosis in Xenopus laevis. These observa-
tions were also confirmed in mitosis of mamma-
lian cells (Toyoshima and Nishida 2007), and the 
interaction of Myo10 with adducin-1 was found 
to be essential for mitotic spindle assembly (Chan 
et al. 2014). Studies of X-ray structures identified 
specific residues (Lys1645 and Lys1650) within 
the MyTH4 domain that are essential for direct 
binding to the acidic C-terminal tail of tubulin 
(Hirano et  al. 2011; Wei et  al. 2011; Wu et  al. 
2011). A double-point mutation in MyTH4 
(Lys1645 to Asp and Lys1650 to Asp) in full- 
length Myo10, which specifically disrupts micro-
tubule binding without altering the interaction of 
Myo10 with the FERM domain-binding cargo 
(Hirano et al. 2011), could not rescue the spindle 
orientation defect resulting from Myo10 knock-
down (kd) (Kwon et al. 2015). These results sug-
gest that direct binding of Myo10 to microtubules 
controls the proper positioning of centrosomes 
toward retraction fibers and subcortical actin.

17.4  Regulation of Actin 
Structures by Myo10

17.4.1  Filopodia

Myo10, which specifically localizes to the tips of 
filopodia, was first identified as an inducer of 

filopodia (Berg et al. 2000). Filopodia are actin- 
rich, finger-like protrusions found at the leading 
edge of cells and believed to modulate numerous 
cellular processes including cell migration, 
wound healing closure, adhesion to the extracel-
lular matrix and other substrates, guidance 
towards chemoattractants and other guidance 
cues, neuronal growth-cone path finding, and 
embryonic development in many organs (Mattila 
and Lappalainen 2008).

Many studies have reported that Myo10 pro-
motes filopodia formation by delivering specific 
cargos to the cell periphery, e.g., Mena and VASP, 
which bind to the tail domain of Myo10 (Tokuo 
and Ikebe 2004; Lin et  al. 2013). Myo10- 
mediated delivery of VASP to filopodial tips 
would support filopodia elongation as VASP 
competes with capping protein at the plus end of 
actin filaments and induces clustering of actin 
filaments (Applewhite et al. 2007). Myo10 trans-
ports integrins to the tips of filopodia for support-
ing cell attachment to the extracellular matrix 
(ECM) and promoting filopodia extension 
(Zhang et  al. 2004). In neurites, full-length 
Myo10 interacts with the netrin receptor DCC to 
enhance the formation of filopodia, whereas 
headless Myo10 interacts preferentially with the 
DCC-related protein neogenin, which could 
inhibit filopodia formation induced by DCC and 
Myo10 signaling and axon growth (Zhu et  al. 
2007). In endothelial cells, Myo10 mediates the 
transport of VE-cadherin to cell edges and filopo-
dia to support the formation of cell-cell junctions 
(Almagro et al. 2010).

17.4.2  Podosomes and Invadopodia

In addition to filopodia formation, Myo10 
mediates the formation of other actin-based 
structures such as the adhesive structures podo-
somes and invadopodia (Schoumacher et  al. 
2010). Podosomes are found on the ventral side 
of a variety of cells including osteoclasts, mac-
rophages, and endothelial cells. Myo10 local-
izes in the podosomal ring of osteoclasts 
between actin and microtubules and partici-
pates in osteoclast attachment and podosome 
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positioning by directly linking actin to 
microtubules.

Invasive cancer cells display membrane pro-
trusions called invadopodia, which resemble 
podosomes. They are primary sites of rapid actin 
polymerization and major sites of matrix degra-
dation. Invadopodia contain several proteases 
such as membrane-type 1 matrix metalloprotein-
ase (MT1-MMP) and seprase, which are used for 
degrading the basement membrane. Myo10 
localizes to invadopodia, and Myo10 knockdown 
in a breast cancer cell line reduces invadopodia 
formation (Schoumacher et al. 2010).

Both podosomes and invadopodia are cell 
matrix adhesion sites that connect the cortical 
actin cytoskeleton within the cell to the 
ECM. Although many of the same proteins are 
found in both podosomes and invadopodia 
including integrin, talin, and paxillin, their struc-
tures and dynamics differ. The ability to degrade 
ECM in order to move through tissue barriers is a 
hallmark of invasive tumors. At the subcellular 
level, ECM-degrading activity occurs at the tips 
of invadopodia where Myo10 accumulates.

17.4.3  Tunneling Nanotubes (TNTs)

In 2004, Ruston and colleagues discovered thin 
structures connecting single cells over long dis-
tances in vitro and named them tunneling nano-
tubes (TNTs) (Appenzeller et  al. 2004). TNTs 
hover above the cell culture substrate and contain 
a straight, continuous actin rod enclosed in a lipid 
bilayer. Since then, TNTs have been noted in 
many different cell types and shown to act as 
conduits for the intercellular transfer of cellular 
compounds (Appenzeller et al. 2004; Gurke et al. 
2008), transmission of depolarization signals 
(Wang et  al. 2010, 2012; Wittig et  al. 2012), 
spreading of pathogens (Onfelt et  al. 2006; 
Sowinski et  al. 2008), and transfer of proteins 
implicated in disease such as prions, misfolded 
huntingtin, and pathological Tau protein assem-
blies (Gousset et al. 2009; Costanzo et al. 2013; 
Tardivel et  al. 2016). In 2013, Myo10 was first 
reported as a key regulator for TNT formation by 
interacting with several transmembrane proteins 

(Gousset et  al. 2013). Thus, it is probable that 
Myo10 plays a significant role in the induction of 
TNT and in TNT-mediated biological and patho-
logical functions.

17.4.4  Pseudopods

Pseudopods (“false feet”) are large dynamic pro-
trusions found at the front of migrating cells. The 
term is used broadly to describe actin-rich mem-
brane protrusions without the defined geometry 
of lamellipodia or filopodia. Thus, the definition 
of pseudopod varies among cell types. In macro-
phages, pseudopods are defined as the leading 
protrusions of phagocytic cups, Myo10 was iden-
tified as essential for pseudopod extension during 
phagocytosis (Cox et al. 2002).

Pseudopods support cancer cell migration and 
metastasis. Multiple filopodia are induced at the 
front of pseudopods where they pull on collagen 
fibrils resulting in a change in the position of both 
the fibrils and filopodia (Starke et  al. 2013). 
Multiple Myo10-positive filopodia were observed 
at the front of pseudopods protruding from 
migrating mouse melanoma cells cultured in 3D 
collagen matrices. The number of cells with long 
pseudopods was less in Myo10-kd vs. control 
cells (Tokuo et  al. 2018). These results suggest 
that Myo10 plays important roles in pseudopod 
formation, which drives cell migration.

17.5  Expression and Function 
of Myo10

Myo10 protein expression is observed in all 
vertebrate tissues (Berg et al. 2000; Yonezawa 
et  al. 2000; Yonezawa et  al. 2003), and the 
functional importance of this motor protein 
has been found in several different cells and 
tissues including phagocytic cup formation in 
leukocytes (Cox et al. 2002), nuclear anchor-
ing and spindle assembly during meiosis in 
Xenopus laevis (Weber et  al. 2004), orienta-
tion of the mitotic spindle in cultured cells 
(Toyoshima and Nishida 2007), endothelial 
cell migration and angiogenesis (Pi et  al. 
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2007), axonal path-finding regulated by netrin 
(Zhu et al. 2007), migration of cranial neural 
crest cells in Xenopus (Nie et al. 2009; Hwang 
et  al. 2009), sealing zone patterning 
(McMichael et  al. 2010) and differentiation 
(Tasca et al. 2017) in osteoclasts, barrier for-
mation at tight junctions in polarized epithe-
lial cells (Liu et al. 2012), axon outgrowth in 
cortical neurons (Raines et  al. 2012), cell-to-
cell spreading of Shigella by membrane pro-
trusions (Bishai et  al. 2013), dendritic spine 
development by VASP transport (Lin et  al. 
2013), and leukocyte extravasation through 
cultured endothelial cells (Kroon et al. 2018). 
Most recently, diminished filopodia formation 
was detected in isolated macrophages from 
Myo10KO mice (Horsthemke et al. 2017) and 
in retinal angiogenesis in the eyes of Myo10KO 
mice (Heimsath et al. 2017).

17.5.1  Myo10 Functions In Vivo

The ability to knockout specific genes in mice 
has been instrumental in elucidating gene func-
tion in vivo. The Sanger Mouse Genetics Project 
generated Myo10KO (Myo10tm2(KOMP)Wtsi; 
Myo10tm2/tm2) mice in 2013. After crossing het-
erozygous Myo10+/tm2 mice with each other, we 
obtained Myo10tm2/tm2 pups at almost the same 
rate as observed with the Myo10KO mice 
Myo10tm1d/tm1d, Myo10tm1a/tm1a and Myo10m1J/m1J, in 
which both full-length and headless Myo10 
were deleted (total-KO) (Heimsath et al. 2017). 
A white spot on the belly was observed with 
100% penetrance in Myo10tm2/tm2 mice, the same 
rate as in total-KO mice. The number of mela-
nocytes in the white patches of the Myo10tm2/tm2 
mice was significantly reduced vs. dark patches 
on wild- type mice, evidence that depletion of 
Myo10  in the melanocyte lineage reduces the 
number of melanocytes in the white belly spots 
resulting in a pigmentation defect. Myo10tm2/tm2 
mice also exhibit syndactyly in the form of 
webbed digits in the forelimbs or hind legs, with 
a slightly higher rate than that observed in total-
KO mice. The International Mouse Phenotyping 
Consortium (IMPC) reported that Myo10tm2/tm2 

mice had persistent hyaloid vasculature, fused 
cornea and lens, corneal opacity, and an abnor-
mal pupil light response. These abnormal phe-
notypes in eyes are similar to those found in the 
total-KO mice, which exhibited persistent hya-
loid vasculature (Heimsath et  al. 2017). Other 
phenotypes related to the Myo10tm2(KOMP)Wtsi 
allele including fused phalanges are described 
on the IMPC website (http://www.mousepheno-
type.org/data/genes/MGI:107716).

These findings suggest that the phenotype of the 
full-length Myo10 only KO mouse (Myo10tm2/tm2) 
 is nearly identical as that of the total KO mouse. 
This observation is understandable because most 
tissues express only full-length Myo10, whereas 
neuronal cells (neural stem cells, neurons, and 
astrocytes) express both full- length and headless 
Myo10 (Sousa et  al. 2006; Raines et  al. 2012). 
Thus, the difference between the total Myo10 KO 
mouse and the full-length only Myo10 KO mouse 
is due to depleted expression of headless Myo10 in 
neuronal cells. One idea is that headless Myo10 is 
a negative regulator of full-length Myo10 (Raines 
et  al. 2012), but whether headless Myo10 plays 
other functions is unknown.

17.5.2  Myo10 in Melanoblast 
Migration

Studies of naturally occurring mutations that 
lead to white belly spots in mice have signifi-
cantly increased our understanding of melano-
blast (precursors to melanocytes) migration 
including the identification of molecules essen-
tial for melanoblast migration. To investigate 
the effects of Myo10 loss on melanoblast func-
tion, we reduced Myo10 expression in the 
mouse melanoblast cell line Melb-a with short 
hairpin RNA (shRNA). Melb-a cells retain the 
character of melanoblasts versus that of mature 
melanocytes or melanoma cells (Sviderskaya 
et  al. 1995). The number of cells with long 
pseudopods was significantly lower in Myo10kd 
vs. control cells cultured on collagen matrices, 
and the migration rate of Myo10kd cells was 
slower than control cells (Tokuo et  al. 2018). 
These results are consistent with studies show-
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ing that Myo10kd inhibits migration of breast 
cancer cells (Cao et  al. 2014). Together, the 
studies indicate that long pseudopods play a 
major role in the migration of melanoblasts and 
that Myo10 is required for pseudopod 
formation.

17.6  Myo10 in Cancer

Recently, Myo10 was found to play important 
roles in a variety of cancers, e.g., increased 
MYO10 expression correlates with aggressive-
ness and metastasis of breast cancer (Cao et al. 
2014; Arjonen et al. 2014); expression of MYO10 
is up-regulated and contributes to lung adenocar-
cinoma metastasis (Bidkhori et  al. 2013); the 
MYO10 gene is a target of microRNA-124, which 
is suppressed in aggressive non-small cell lung 
cancer (Sun et  al. 2015) and also a target of 
microRNA-340, which impedes the metastasis of 
breast cancer (Chen et al. 2016); MYO10 expres-
sion is higher in prostate cancer than in normal 
tissue; and MYO10kd reduces the migratory 
speed and directional persistence of a prostate 
cancer cell line (Makowska et al. 2015).

17.6.1  Myo10 in a Mouse Melanoma 
Model

Melanoblast migration in development correlates 
well with melanoma metastasis, and past migra-
tory behavior in melanoblasts may incline pri-
mary melanomas to form remote metastases 
(Gupta et al. 2005; Uong and Zon 2010; Strizzi 
et al. 2011). Thus, Myo10 may function in mela-
noma metastasis as well as melanoblast 
migration.

To study this, we employed a mouse mela-
noma induction model consisting of mice with 
melanocyte-specific expression of activated Braf, 
a proto-oncogene, combined with silencing of the 
Pten tumor suppressor gene (Tyr-CreER/BrafCA/
PtenKO); all Tyr-CreER/BrafCA/PtenKO mice 
develop melanoma (Dankort et al. 2009). When 
Myo10KO mice were crossed with Tyr-CreER/
BrafCA/PtenKO mice, tumor formation was 

delayed, the average tumor volumes were mark-
edly reduced, lymph node metastasis was signifi-
cantly decreased, and the medial survival time 
was significantly extended in Tyr-CreER/
BrafCA/PtenKO/Myo10KO mice vs. Tyr-CreER/
BrafCA/PtenKO/Myo10 wild type mice (Tokuo 
et al. 2018), evidence that Myo10 is involved in 
melanoma initiation and development.

17.6.2  Myo10 in Human Melanoma

Using the PROGgeneV2 prognostic biomarker 
identification tool (Goswami and Nakshatri 
2014), we found in studies designed to investi-
gate the role of Myo10  in human melanoma 
patients that the amount of MYO10 mRNA was 
significantly higher in malignant melanoma than 
in benign nevi and that elevated expression of the 
MYO10 gene was associated with inferior sur-
vival outcomes (Tokuo et  al. 2018). We also 
investigated MYO10 protein expression in human 
melanoma and nevi using a tissue microarray and 
found that MYO10 staining intensity was signifi-
cantly higher in melanoma lesions than in nevi, 
consistent with the results showing that MYO10 
mRNA expression is higher in melanoma vs. 
benign nevi. These results suggest that the Myo10 
expression level correlates with melanocytic neo-
plastic progression in humans and overall sur-
vival of melanoma patients.

17.7  Summary and Perspectives

Myo10 has been studied in many types of cells 
and organs, and regulation of actin-based protru-
sions is the main physiological function of this 
interesting motor protein. These findings are now 
confirmed in Myo10KO mice, which will con-
tinue to provide opportunities for in-depth analy-
ses of the biological and pathological functions 
of Myo10 in vivo. For example, the function of 
headless Myo10 in vivo should be investigated by 
comparing neuronal function in total Myo10 KO 
mice vs. full-length Myo10 only KO mice to give 
new insights into motor domain regulations. 
Also, in particular, human diseases (including 
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cancer) related to MYO10 should be recon-
structed in mice and challenged for the develop-
ment of new therapies.
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Myosin XVI

Beáta Bugyi and András Kengyel

Abstract

Myosin XVI (Myo16), a vertebrate-specific 
motor protein, is a recently discovered mem-
ber of the myosin superfamily. The detailed 
functionality regarding myosin XVI requires 
elucidating or clarification; however, it 
appears to portray an important role in neural 
development and in the proper functioning of 
the nervous system. It is expressed in the larg-
est amount in neural tissues in the late 
embryonic- early postnatal period, specifically 
the time in which neuronal cell migration and 
dendritic elaboration coincide. The impaired 
expression of myosin XVI has been found 
lurking in the background of several neuro-
psychiatric disorders including autism, schizo-
phrenia and/or bipolar disorders.

Two principal isoforms of class XVI myo-
sins have been thus far described: Myo16a, 
the tailless cytoplasmic isoform and Myo16b, 
the full-length molecule featuring both cyto-
plasmic and nuclear localization. Both iso-
forms contain a class-specific N-terminal 
ankyrin repeat domain that binds to the pro-
tein phosphatase catalytic subunit. Myo16b, 
the predominant isoform, exhibits a diverse 
function. In the cytoplasm, it participates in 

the reorganization of the actin cytoskeleton 
through activation of the PI3K pathway and 
the WAVE-complex, while in the nucleus it 
may possess a role in cell cycle regulation. 
Based on the sequence, myosin XVI may have 
a compromised ATPase activity, implying a 
potential stationary role.

Keywords

Myosin · Ankyrin repeat · Nucleus · Cell 
cycle · Neural development

18.1  Introduction

Myosins are a large and diverse superfamily of 
actin-based motor proteins participating in vari-
ous cellular processes such as cell division, cell 
motility, polarity formation or cargo transport 
(Berg et  al. 2001; Mermall 1998; Schliwa and 
Woehlke 2003). Unconventional myosins do not 
form filaments. They function as monomers or 
dimers and are specialized in support of various 
functions. Several unconventional myosins have 
been described in their portrayal of an integral 
role regarding neural development or in the 
proper operation of the nervous system. In 
 reference to this category, one is identified as 
myosin XVI, a recently discovered and lesser 
known member of the myosin superfamily.
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Myosin XVI was first described in 2001 when 
Patel and colleagues were searching for motor 
proteins in migrating granule neurons and type 1 
astrocytes. The PCR-based screening identified 
among the known motor protein types, a 
sequence, which was not homologous with any 
other formerly described myosin class with 
exception of the conserved motor domain. 
Initially, it was denoted as myr8, named for the 
eighth unconventional myosin in rat, and later it 
was designated as the novel myosin class XVI 
(Patel et al. 2001).

18.2  Evolution and Genetics 
of Myosin XVI

Factually, the cDNA of Myo16 was first isolated 
from size-fractionated human cDNA library in a 
search for clones encoding large proteins, as 
KIAA0865, without noting it encodes a myosin 
(Nagase et  al. 1998). The systematic character-
ization in the expression of unconventional 
myosin- encoding genes in the developing ner-
vous system of zebrafish identified Myo16 
(Sittaramane and Chandrasekhar 2008). 
Orthologues were predicted in vertebrates, yet 
not in consideration of the lower species. 
Consistently, phylogenetic analysis implicates 
Myo16 as appearing relatively late during evolu-
tion, and, significantly, it is found only in verte-
brates. Currently, Myo16 is the only 

vertebrate-specific myosin, and the MYO16 gene 
is conserved in Euteleostomi (Odronitz and 
Kollmar 2007). Based on a recent classification 
according to the head domain sequence, Myo16 
is aligned to the group of myosin III-like pro-
teins, which are characterized by specific 
N-terminal extensions. In respect to the phyloge-
netic tree, the closest relatives of myosin XVI are 
myosin III and myosin IX, both of which com-
prise an N-terminal domain specialized for dif-
ferent functions (Sebé-Pedrós et al. 2014).

18.3  Domain Organization 
and Sequence 
Characteristics of Myosin XVI

The genomic region of MYO16 spans ~362 kb in 
the 16q12.5 chromosome region among rats and 
~660  kb in the 13q33.3 chromosome among 
humans. The principal isoform in both species is 
composed of 34 coding exons with the size rang-
ing from 66 to 1296 bp (Cameron et  al. 2007). 
Based on sequence analysis, two splice variants 
of rat Myo16 were found and named Myo16a and 
Myo16b (Table 18.1). The sequences diverge at 
the exon 30/intron boundary. They have identical 
N-terminal regions up to 1321 residues. While 
Myo16a ends at Gly1322, Myo16b possesses an 
additional ~600 aa long C-terminus.

In addition to the conventional motor domain 
and a short neck region, both Myo16 isoforms 

Table 18.1 Myo16 isoforms

Human isoform 
(Accession number)

Rat synonyms 
(Accession number) Other names

Amino acid 
length (hs/rn)

Molecular 
weighta (kDa) 
(hs/rn) Remark

Myo16a (NA) myr8a 
(EDM08807.1)

Myr 8 
CRA_b

1329/1322 150.25/148.78 Tailless 
cytoplasmic 
isoform

Myo16b
isoform 1 
(NP_001185879.1)

[Predicted: myosin 
XVI isoform X1] 
(XP_008769606.1)

NA 1880/1934 208.84/213.41 Transcript 
variant with 22 
amino acid 
N- terminal 
extension

Myo16b
isoform 2 
(NP_055826.1)

myr8b 
(NP_620248.1)

Myr 8 
CRA_a; 
KIAA0865; 
NYAP3

1858/1912 206.13/210.56 Predominant 
isoform

hs Homo sapiens, rn Rattus norvegicus, NA not applicable
aCalculated with ProtParam (https://web.expasy.org/protparam/)

B. Bugyi and A. Kengyel
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contain an N-terminal extension, the often 
referred to ankyrin repeat domain (Myo16Ank) 
(Patel et al. 2001). In Myo16b, the neck region is 
followed by a ~750 amino acid long extension, 
the commonly referred to tail domain 
(Myo16Tail). In contrast, Myo16a has only a 
relatively short C-terminal tail region (Fig. 18.1).

Myo16Ank is a structural element specific to 
class XVI myosins. It is a large, 
~40 kDa N-terminal domain preceding the motor 
domain. It contains eight ankyrin repeats, which 
is unique among myosin families; however, it is 
one of the most common sequential motifs in dif-
ferent proteins (Sedgwick and Smerdon 1999). 
The ankyrin repeats consist of several tandemly- 
organized ankyrin motifs of 30 to 33 amino acid 
and express a ß-hairpin–loop–helix–loop struc-
ture. The ankyrin repeats form an interacting 
interface. Thus, these domains typically partici-
pate in protein-protein interactions; however, 
they do not bind selectively to a class of proteins. 

Rather there is an immense diversity among part-
ner proteins and the interaction is target specific 
(Li et al. 2006).

Sequence analysis reveals the N-terminal of 
Myo16 consists of a MyPhoNE (myosin phos-
phatase N-terminal element) sequence motif hav-
ing the consensus of RxxQ[VIL][KR]x[YW] 
(Table  18.2). Downstream, immediately 
 preceding the first ankyrin repeat, the [RK][VI]
x[FW] motif can be found. These sequence ele-
ments are known to be among the conserved 
binding sites of the regulatory subunits of myosin 
phosphatase for PP1c (protein phosphatase 1 cat-
alytic subunit) (Hartshorne et  al. 1998). 
Comprehensively, Myo16Ank exhibits a high 
similarity with the N-terminal structure of the 
large target (also known as: regulatory) subunit 
of myosin phosphatase (myosin phosphatase tar-
get subunit 1, MYPT1).

The ~90 kDa motor domain of Myo16, which 
is the most conserved segment, shows ~50% 

Motor 
domain

IQ Tail domain 
(Myo16Tail)

Ankyrin domain
(Myo16Ank)

Proline-rich 
region 

Ankyrin 
repeats 

4021

KVxF 
MyPhoNE 

1 403 1142 19121164 1411−1511

24−31
55−58

1599−1640

NHM 

Myo16b 
NLS 

NES 

1 403 1142 1164

Myo16a 

1322

316

WIR 

Fig. 18.1 Schematic structure of Myo16 isoforms. 
Numbers represent the amino acid residues corresponding 
to Rattus norvegicus Myo16 (NP_620248.1). NLS nuclear 

localization signal, WIR WAVE1 interacting region, NHM 
NYAP homology motif, MyPhoNE myosin phosphatase 
N-terminal element, NES nuclear export signal
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homology with other myosin motor domains 
within a species. It contains the purine-binding 
loop (NPxxxxxxY), the P-loop (GE[SR]G[SA]
GKT), switch I (LEAFGHAKTxxN[ND]NSSR) 
and switch II (DxxGFE) motifs, which are respon-
sible for forming the ATP-binding pocket (Bement 
et al. 1994). These regions follow the respective 
consensus sequences and are well- conserved, 
except for switch I, in which the terminal arginine 
is changed to cysteine in mammalian and avian 
orthologues of Myo16. Arginine and glutamine 
residues in switch I and switch II, respectively, 
form a salt-bridge important for the ATPase activ-
ity of the motor. The substitution was intended to 
occur during the evolution of vertebrate taxon and 
to correlate with differences in neurogenesis 
(Cameron et al. 2007).

The motor domain is followed by a short neck 
region containing a single IQ motif ([ILV]
QxxxRGxxx[RK]), which is a predicted light 
chain-binding site. However, the identity of the 
light chain of Myo16 needs further clarification. 

The conserved sequence motifs are summarized 
in Table 18.2.

Myo16a isoform has only a short tail domain, 
meanwhile, Myo16b isoform has an additional 
~600 amino acid extension on its C-terminus. 
Predictably, the Myo16Tail is considerably disor-
dered, lacking a secondary structure (predicted 
with IUPred (Dosztányi et  al. 2005)). The 
C-terminal tail domain is typically the most 
diverse region of the myosin molecules and is 
often responsible for their specific function. The 
proximal region of Myo16Tail contains a recently 
identified NHM (NYAP homology motif) with 
two phosphotyrosine sites (Tyr1416 and 
Tyr1441 in mouse) (Yokoyama et al. 2011). The 
NHM is the identifying signature among the 
NYAP-family proteins, which are neuronal tyro-
sine phosphorylated adaptors for the PI3K (phos-
phoinositide- 3 kinase). The C-terminal part of 
Myo16Tail contains proline-rich sequences with 
~18% of proline residues. The poly-proline 
motifs can serve ligands in support of proteins 

PP1c binding regions NYAP homology motif

MyPhoNE
consensus Rx2Q[VIL][KR]x[YW] [RK][VI]x[FW] Yx2M Yx2M

**:*::.* :: * **** ****
hs RCEQIKAY KVHF YIEM YEEM
mm RCEQIKAY KVRF YIEM YEEM
rn RCEQIKAY KVRF YIEM YEEM
gg RCDQIKAY RVRF YIEM YEEM
xt RCDQIKAY KVHF YIEM YEEM
dr RCEQLRVY KISF YIEM YEEM

Motor domain IQ motif
Purine 

binding loop
P-loop Switch I Switch 

II
DLLAK 

motif
consensus NPx6Y GE[SR]G[SA]GKT LEAFGHAKTx2N[ND]NSSR DxGFE Dx16DLLAK [ILV]Qx3RG x3[RK]

**:*:**** ** ****: :******:* :.  .* ****** *  ***:* *: ****:* :***
hs NPYKELPIY GERGSGKS LEAFGHAKTTLNDLSSC DIFGFE Dx16DLLAK IITCQKVIRGFLAR
mm NPFKELPIY GERGSGKT VEAFGHAKTTLNNVSSC DIFGFE Dx16DLLAK IITCQKVIRGFLAR
rn NPFKELPIY GERGSGKT LEAFGHAKTTLNNVSSC DIFGFE Dx16DLLAK IVTCQKVIRGFLAR
gg NPFKELPIY GESGSGKT LEAFGHAKTPLSDFSSC DIFGFE Dx16DLLAK IITCQKVVRGFLAR
xt NPYKNLPIY GESGSGKT LEAFGHARTSINNSSSR DIFGFE Dx16DLLAK IILCQKVIRRFLAR
dr NPYKDLPIY GESGSGKS LEAFGHAKTQMNTSGSR DIFGFE Dx16DLLTK IIICQKVMRGWLAR

Table 18.2 Sequence comparison of Myo16 from different species

Sequence alignment were made by Clustal X (Larkin et al. 2007)
Accession numbers are Homo sapiens (hs): Q9Y6X6, Mus musculus (mm): Q5DU14, Rattus norvegicus (rn): Q9ERC1, 
Gallus gallus (gg): XP_416950.3, Xenopus tropicalis (xt): F6TDT5, Danio rerio (dr): F1QE80. Highlighted the termi-
nal arginine-cysteine replacement in switch I. Consensus sequences and conservations are indicated: fully conserved 
(∗), strongly similar (:), weakly similar (.)

B. Bugyi and A. Kengyel
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involved in the regulation of the actin cytoskele-
ton (reviewed in (Holt and Koffer 2001)). These 
include the small actin-binding protein profilin, 
EVH1 (Ena/Vasp homology 1), SH3 (Src- 
homology 3) and WW domain proteins. The 
strength of the interaction is dependent upon the 
characteristic of the poly-L-proline helix (cis/
trans) and the number of proline residues, while 
specificity is provided by incorporated non- 
proline residues (Holt and Koffer 2001; Petrella 
et al. 1996).

18.4  Basic Functions 
and Regulation 
of Myosin XVI

18.4.1  Actin Binding and ATP 
Hydrolysis

The ability of Myo16 to bind actin and to hydro-
lyze ATP, basic features of myosin proteins, cur-
rently defies clarification. Early studies by Patel 
and colleagues suggested Myo16 interacts with 
actin filaments. The interaction of Myo16b with 
actin filaments was investigated in high-speed 
(100.000  g) co-sedimentation assays by imple-
menting postnatal day 8 rat brain detergent- 
soluble lysate and platelet actin (Patel et  al. 
2001). In the presence of ATP (with or without 
actin), only a small fraction of Myo16b sedi-
mented. In contrast, upon hexokinase addition to 
deplete ATP, the majority of Myo16b co- 
sedimented with actin filaments. This indicates 
Myo16b interacts with actin filaments in an ATP- 
dependent manner. However, the direct or indi-
rect nature of the interaction remains to be 
clarified. In the analysis regarding the sequence 
of the ATP-binding pocket, the arginine residue 
in the switch-1 region, which stabilizes the closed 
conformation of the ATP-binding pocket (Geeves 
and Holmes 1999), is substituted by a cysteine in 
all mammalian and avian Myo16 isoforms 
(Table 18.2) (Cameron et al. 2007). This altera-
tion may lead to a reduced ATPase activity of 
Myo16 and the elimination of the actin  activation, 
as shown in other myosins (Onishi et  al. 2002; 
Shimada et al. 1997).

18.4.2  Regulation

Based on sequence analysis, the motor domain 
contains an aspartate in the position 16 residues 
upstream from the conserved DLLAK motif 
(Table  18.2). Thus, Myo16 follows the TEDS 
rule and bears a negative charge on the surface 
loop in contact with actin. Since acidic amino 
acids can mimic phosphorylated residues, this 
implies that the enzymatic and mechanochemical 
activity of the Myo16 motor domain may be 
independent of head phosphorylation (Bement 
and Mooseker 1995; Patel et al. 2001). Although 
the motor activity and its regulation of Myo16 
have not yet been directly measured, the potential 
regulatory role of the Myo16Ank domain was 
formerly described (Kengyel et al. 2015). Using 
skeletal and non-muscle myosin II (heavy mero-
myosin or full-length myosin) as a model system, 
Myo16Ank was found to bind to the motor 
domain of myosin II and markedly increase its 
steady-state ATPase activity. Another possible 
regulatory mechanism to be considered is the 
backfolding of the tail domain to the N-terminal 
of the molecule rendering the motor inactive. 
This type of autoregulation was described by sev-
eral other myosins originating from different 
classes, including IIa, V, VI, VII and X (Milton 
et al. 2011; Umeki et al. 2011; Wang et al. 2004; 
Yang et al. 2009). In support of this mode of reg-
ulation, recent experiments have proven that iso-
lated Myo16Ank and Myo16Tail are able to bind 
with a micromolar affinity assuming a regulatory 
function by backfolding of the tail to the 
N-terminus of Myo16 (Kengyel et al. 2017).

18.5  Expression and Localization 
Pattern of MYOSIN XVI

18.5.1  Tissue-Specific Localization

Myo16 is expressed predominantly throughout 
the nervous system, but it also can be found 
among peripheral tissues. The first Northern-blot 
analysis demonstrated how Myo16b, the preva-
lent isoform, is dominantly expressed in the cer-
ebellum and neocortex in the hippocampal 

18 Myosin XVI
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neurons of embryonic and adult brain in rats and 
mice. Myo16b expression correlates with brain 
development, peaking at the first and second 
postnatal weeks (Patel et  al. 2001; Yokoyama 
et al. 2011), the time which coincides with neuro-
nal cell migration, axonal extension, dendritic 
elaboration and the increase in synaptic densities 
of the neocortex (Semplea et al. 2013). In the cer-
ebellum of P10 rats, Myo16 was localized to the 
migrating granule neurons in the external granule 
layer and, in a lesser amount, among the Purkinje 
cells. In adult cerebellum Myo16 was found in a 
reduced amount; principally occurring in the 
Purkinje cells, in the elongated processes of the 
glia cells and in the granule neurons of the inner 
granule layer (Patel et al. 2001). Using primary 
neuronal cell cultures from rat, Myo16 was found 
in different cell types, including type-1 astro-
cytes, cerebellar granule neurons and hippocam-
pal neurons. Interestingly, when isolated from the 
cortex of E18.5 Whistar rat, Myo16 was found in 
cortical neurons but not in astrocytes (Yokoyama 
et al. 2011).

In addition to the nervous system, Myo16b 
expression was found among peripheral tissues: 
in the bladder, lung, kidney and in lesser amount 
in thymus, adrenal, skeletal and cardiac muscle. 
However, it remains to be substantiated whether 
Myo16 is expressed in the non-neural tissues or 
in the associated neuronal tissue (Patel et  al. 
2001).

18.5.2  Intracellular Localization

Immunofluorescence labeling of the endogenous 
proteins in model cell lines, including COS7 and 
Rat2, suggests that Myo16a, the tailless, short 
isoform, localizes nearly exclusively to the cyto-
plasm in an overlapping manner of Myo16b, 
even though Myo16a contains a predicted nuclear 
localization signal (NLS) on its short tail domain 
(Cameron et  al. 2007). Meanwhile, both cyto-
plasmic and nuclear localization of Myo16b is 
observed (Cameron et al. 2007, 2013; Patel et al. 
2001). Myo16b is also present in the cytoplasm 
of neuronal cells, where it is distributed in solu-

ble and membrane-associated fractions (Patel 
et  al. 2001; Yokoyama et  al. 2011). In Purkinje 
cells Myo16 accumulates in the dendritic spines 
(Roesler et al. 2019). The cytoplasmic fraction of 
full length EGFP-Myo16b colocalizes with nei-
ther actin filaments nor microtubules in COS7 
cells. In contrast, the cytoplasmic fraction of iso-
lated Myo16Tail domain distributed mostly along 
the plasma membrane and to the filopodial and 
lamellipodial structures, where it colocalizes 
with actin filaments (Cameron et al. 2007).

Immunofluorescence of endogenous Myo16b 
and transient transfection of EGFP-Myo16b in 
unsynchronized COS7 cells reflect nearly an 
equal distribution of Myo16b between the 
nucleus and cytoplasm, yet predominantly 
nuclear or cytoplasmic localization was also 
observed in a lesser degree (Cameron et al. 2007, 
2013). The nuclear localization can also be 
detected in vivo in the mouse cerebellum (P23, 
P31) (Cameron et  al. 2007; Patel et  al. 2001). 
However, the pathways regulating the intracellu-
lar localization as well as the nuclear export and 
import of Myo16b remain elusive.

Truncated forms of Myo16b including its iso-
lated ankyrin repeats (1–352) and C-terminal 
region (1616–1912) localized preferentially in 
the nucleus, even though these regions do not 
possess any obvious classical nuclear localiza-
tion signals. Interestingly, Myo16b with a motor 
domain disrupted at either the ATP-, actin- or 
light-chain binding sites, shows exclusive cyto-
plasmic localization (Cameron et al. 2007). Two 
nuclear localization signals found on its 
C-terminal domain are predicted in Myo16. 
Myo16a containing only the first NLS remains in 
the cytoplasm, meanwhile the C-terminal frag-
ment of Myo16b lacking both NLSs can migrate 
into the nucleus (Cameron et  al. 2007). These 
results suggest that the NLSs are non-functional 
and indicate that the nuclear import of Myo16 is 
governed by an atypical localization mechanism.

Myo16 contains a leucine-rich nuclear export 
signal (NES) between the ankyrin repeats and the 
motor domain (Lx2,3[LIVFM]x2Lx[LI]) (Fukuda 
et al. 1997). Blocking the interaction between the 
NES and the export receptor CRM1 by 
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Leptomycin B leads to the nuclear accumulation 
of Myo16b, indicating that its nuclear export is 
regulated by signaling through the leucine-rich 
NES region. Additionally, truncating the ankyrin 
repeats results in an increase in the nuclear abun-
dance of Myo16-ΔAnk, suggesting that 
Myo16Ank might play a role in the nuclear 
export process (Cameron et al. 2007).

These observations suggest that the distribu-
tion of Myo16b within the cell may have com-
plex regulation through the Myo16Ank, 
Myo16Tail and/or the motor domain.

18.6  Cellular Functions 
of Myosin XVI

The sequence characteristics and the localization 
pattern of myosin XVI highlight its complex and 
multi-faceted roles in the regulation of cell func-
tionality, which has just begun to emerge. Myo16 
interacts with cytoplasmic components including 
signaling cascade molecules, therefore, it partici-
pates in the control of actin cytoskeleton remod-
eling in an indirect manner (Yokoyama et  al. 
2011). Characteristic of motor proteins, Myo16 
associates with actin in an ATP-dependent fash-
ion in brain lysates (Patel et  al. 2001). On the 
other hand, the consensus switch-1 nucleotide- 
binding pocket sequence suggests compromised 
ATPase activity (Cameron et al. 2007). Therefore, 
it awaits further investigation and evidence as to 
whether Myo16 has a direct mode of action via 
its motor activity on actin arrays. Moreover, addi-
tional levels of functional complexity arise from 
its presence in the nucleus.

18.6.1  Cytoplasmic Function: 
Activation of the WAVE1 
Complex Through the PI3K 
Pathway

Exploring the cytoplasmic functions of Myo16b 
was promoted by the identification of Myo16b as 
a member of the NYAP family of molecular 
adaptor proteins, designated as NYAP3 

(Yokoyama et al. 2011). NYAP phosphoproteins 
(NYAP 1–3) were identified in Src non-receptor 
tyrosine kinase family substrate screening using 
a human hippocampus cDNA library. NYAPs are 
characterized by a ~100 amino acid region con-
taining conserved tyrosine residues and a proline- 
rich stretch termed NYAP homology motif 
(NHM). The C-terminal region of Myo16b, 
downstream to its motor domain, possesses the 
NHM (Fig.  18.1). Myo16b was shown to be 
directly phosphorylated by the Src tyrosine 
kinase family member Fyn at tyrosine residues in 
the NHM. The phosphotyrosines of Myo16b are 
in two YxxM motifs which are identical from 
zebrafish to the human protein, suggesting a con-
served function (Table 18.2). Myo16b phosphor-
ylation is induced by Contactin5, a 
glycosylphosphatidylinositol (GPI) anchored 
membrane protein. Contactins, members of the 
immunoglobulin (Ig) superfamily, are expressed 
exclusively in the nervous system and can acti-
vate Src tyrosine kinases, such as Lyn directly, or, 
as in the case of Fyn, indirectly through receptor 
protein tyrosine phosphatase PTPα (Kasahara 
et al. 2002; Zeng et al. 1999). The YxxM is a con-
sensus motif for the binding of the SH2 domain 
of the phosphoinositide 3-kinase (PI3K) p85 reg-
ulatory subunit. Indeed, co-immunoprecipitation 
and pull down analysis revealed a direct interac-
tion between phosphorylated Myo16b and the 
PI3K p85 subunit. The absence of NYAPs com-
promised the membrane localization of PI3K, 
including the activation of its downstream effec-
tors Akt and Rac1. Comprehensively, the data 
demonstrate that Myo16b is involved in the regu-
lation of PI3K activity, which is a key regulatory 
pathway in neuronal functioning (Gross and 
Bassell 2014; Sánchez-Alegría et al. 2018).

Myo16b interacts with the Sra1 and Nap1 com-
ponents of the WAVE1 regulatory complex as indi-
cated by proteomic analysis and experimental data 
(Yokoyama et al. 2011). The WAVE1 interacting 
region (WIR) identified between the motor domain 
and the NHM differs from that of PI3K, which led 
to a proposal in which Myo16b, in the formation 
of a ternary complex with PI3K and WAVE1 regu-
latory complex, bridges PI3K and WAVE1. The 
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WAVE1 regulatory complex is activated by Rac1 
and drives Arp2/3 complex- dependent actin fila-
ment dynamics. In Myo16 knockout (KO) or 
knockdown mice, a  faster F-actin turnover rate 
was observed in the postsynaptic dendritic spines 
of the Purkinje cells, and the area of the presynap-
tic axon terminals and the number of synaptic 
vesicles per terminal was dramatically reduced. 
This underlies the role of Myo16 in the regulation 
of  WAVE1-Arp2/3- mediated actin dynamics both 
at the postsynaptic and presynaptic side (Roesler 
et  al. 2019). Transfection of HeLa cells with 
Myo16Tail (containing the WAVE1-binding and 
the NHM motifs) resulted in the collapse of actin 
filaments and the disappearance of stress fibers. 
These effects on the remodeling of the actin cyto-
skeleton rely on the simultaneous interaction of 
Myo16b with both PI3K and WAVE1 com-
plex  (Yokoyama et  al. 2011). Thus, Myo16b is 
involved in the indirect regulation of actin cyto-
skeleton dynamics through the PI3K pathway 
(Fig. 18.2).

The PI3K pathway is established as an essen-
tial pathway in support of neuronal development, 
synapse formation, dendritic spine development, 
neuronal plasticity and memory formation. 
Mutations/dysregulation of PI3K signal trans-
duction are implicated in brain disorders and 
mental diseases such as autism, epilepsy, schizo-
phrenia or Alzheimer’s disease. From another 
perspective, PI3K is a central signaling node in 
neurons and beneficial for various aspects of neu-
ronal physiology, metabolism, tissue homeosta-
sis or control of gene expression (Gross and 
Bassell 2014; Sánchez-Alegría et al. 2018; Zang 
et al. 2016). Altogether, the role of Myo16b as an 
activator of this pathway emphasizes its relevance 
in proper neuronal functioning.

In addition to the above interaction, Myo16b 
also co-immunoprecipitated with GRAF (GTPase 
regulator associated with focal adhesion kinase) 
and ACOT9 (Acyl-CoA thioesterase) in 
HEK293T cells (Yokoyama et  al. 2011). Thus, 
Myo16b may be involved in the regulation of the 
curvature and composition of the neural mem-
brane (Poupon et  al. 1999; Taylor et  al. 1999). 
Interacting partners of Myo16b are summarized 
in Table 18.3.

18.6.2  Nuclear Function: Cell Cycle 
Regulation and Involvement 
in DNA Stress Response

Beyond its cytoplasmic functions, nuclear func-
tioning of Myo16b is implicated in studies using 
cellular model systems including COS7, Rat2 
and HeLa (Cameron et al. 2007, 2013; Yokoyama 
et  al. 2011). The tail region (1322–1912) of 
EGFP-Myo16b was found to colocalize with 
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Fig. 18.2 Cytoplasmic interactions and functions of 
Myo16b. Myo16b is phosphorylated in a Contactin- 
dependent manner by Fyn at tyrosine residues at the con-
served YxxM motif in the NHM.  Contactin can also 
activate Lyn directly. Phosphorylated Myo16b interacts 
with the p85 subunit of PI3K via the NHM. The associa-
tion results in the activation of the PI3K pathway, includ-
ing downstream effectors of Akt and Rac1. Considering 
that PI3K is a central signaling node, its interaction with 
Myo16b may have effects on other downstream effectors. 
Myo16b also recruits the WAVE1 complex by binding to 
its Sra1 and Nap1 components. By the simultaneous inter-
actions, Myo16b bridges the PI3K and WAVE1 complex 
and thereby may facilitate Rac1-dependent WAVE1 com-
plex activation. WAVE1, in turn, activates the Arp2/3 
complex machinery leading to actin cytoskeleton reorga-
nization. PM plasma membrane, pY phosphotyrosine. 
Myo16b is depicted as in Fig. 18.1
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nuclear actin and profilin-associated structures in 
transiently-transfected COS7 cells (Cameron 
et al. 2007). The functional consequence and the 
nature (manifested through direct or indirect 
binding) of this coincidental localization is 
unknown. In respect to this, the proline-rich 
C-terminal tail of Myo16b can serve as a poten-
tial profilin-interacting segment. However, no 
direct interaction between recombinantly pro-
duced Myo16Tail and profilin 1 isoform was 
found in steady-state anisotropy measurements 
(Kengyel et al. 2017).

The level of nuclear Myo16b is regulated in a 
cell cycle stage dependent fashion. Both Myo16b 
mRNA and protein expression levels increase in 
late G1 and peak in S phase followed by a decline 
at the onset of M phase in Rat2 cells. During mito-

sis, in prophase, Myo16b shows a predominant 
localization at the non-chromosomal nuclear terri-
tory, while from metaphase to telophase it distrib-
utes throughout the cytoplasm (Cameron et  al. 
2007, 2013). The stability of Myo16b is sensitive 
to inhibitors of the 26S proteasome suggesting a 
possible degradation pathway (Cameron et  al. 
2013). As a functional consequence of its cell 
cycle dependent level, Myo16b negatively affects 
cell cycle progression. Transient overexpression of 
Myo16b delays progression through the S phase. 
In contrast, depletion of Myo16 by shRNAi leads 
to an increased fraction of cells in the G2/M phases 
(Cameron et  al. 2007, 2013). Inducers of DNA 
damage that impair replication fork progression 
(hydroxyurea, aphidicolin, UV irradiation and 
various chemical inducers) downregulate Myo16b 

Table 18.3 Interacting partners of Myo16b

Partner
Interacting 
region Method Potential functional significance References

Actin Motor Cosedimentation (rat brain 
P8)

Direct or indirect ATP dependent 
binding

Patel et al. 
(2001)

Fyn NHM Phosphorylation screening Tyrosine-phosphorylation Yokoyama 
et al. (2011)

PI3K NHM Co-IP (HEK293H, mouse 
brain P1)

Signaling to the actin cytoskeleton Yokoyama 
et al. (2011)

WAVE1- 
Sra1

WIR Co-IP (HEK293H, mouse 
brain P1)

Signaling to the actin cytoskeleton
Arp2/3 complex activity

Yokoyama 
et al. (2011)

WAVE1- 
Nap1

WIR Co-IP (HEK293H, mouse 
brain P1)

Signaling to the actin cytoskeleton
Arp2/3 complex activity

Yokoyama 
et al. (2011)

GRAF (NA) Co-IP (HEK293H) Membrane curvature Yokoyama 
et al. (2011)

ACOT9 (NA) Co-IP (HEK293H) Membrane composition Yokoyama 
et al. (2011)

PCNA Myo16Tail Colocalization, co-IP DNA replication, repair, cell cycle 
control, chromatin remodeling

Cameron et al. 
(2007)

Cyclin A Myo16Tail Colocalization Cell cycle regulation Cameron et al. 
(2007)

PP1c α, γ Myo16Ank Co-IP (rat cerebellum P10) Targeted dephosphorylation in 
protein phosphatase complex

Patel et al. 
(2001)

PP1c α, δ Myo16Ank SPR (recombinant proteins) Targeted dephosphorylation in 
protein phosphatase complex

Kengyel et al. 
(2015)

KIRREL3 (NA) Y2H, co-IP (HEK293H), IF 
colocalization (rat PNC)

Synaptic cell-adhesion Liu et al. 
(2013)

Neurexin 
1α

(NA) Y2H, co-IP Synaptic organization Nakayama 
(2002)

PI3K phosphoinositide 3-kinase, NHM NYAP homology motif, WIR WAVE1 interacting region, GRAF GTPase regula-
tor associated with focal adhesion kinase, ACOT9 Acyl-CoA thioesterase, PCNA proliferating cell nuclear antigen, 
PP1c protein phosphatase catalytic subunit, KIRREL Kin of IRRE-like protein 3, P8 postnatal day 8, Co-IP co- 
immunoprecipitation, Y2H yeast-two-hybrid screen, IF immunofluorescence, SPR surface plasmon resonance, PNC 
primary neuronal cell, NA not applicable
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expression and induce its cytoplasmic accumula-
tion (Cameron et al. 2013). The replication stress 
induced alterations in Myo16b level and distribu-
tion were found to be reversible.

The nuclear localization of transiently trans-
fected EGFP-Myo16Tail and endogenous 
Myo16b in COS7 cells is coincidental to prolifer-
ating cell nuclear antigen (PCNA) and cyclin A 
when examined by immunofluorescence micros-
copy (Table  18.3), albeit only a partial 
 accumulation of PCNA and cyclin A was detected 
in the detergent-resistant fraction of the core 
nuclear matrix enriched in EGFP-Myo16Tail. 
Moreover, Myo16Tail seems to be essential for 
the nuclear appearance of PCNA, as in the case in 
which Myo16 exhibited predominant cytoplas-
mic localization, PCNA was absent from the 
nucleus (Cameron et al. 2007). Altogether, these 
results indicate that Myo16b can be involved in 
the proper order and direction of cell cycle 
progression.

18.6.3  Interaction with PP1c 
Subunits

The N-terminal extension of Myo16 (Myo16Ank) 
containing the MyPhoNE element, the KVxF 
consensus motif, eight ankyrin repeats and a PKC 
phosphorylation site, shows ~50% sequence simi-
larity with the target/regulatory subunit (MYPT1) 
of myosin phosphatase (Kengyel et  al. 2015). 
MYPT1 binds the protein phosphatase type 1 cat-
alytic subunit (PP1c) through its N-terminal 
region. The binding enhances the dephosphoryla-
tion activity of the catalytic subunit towards the 
specific target, which is the myosin regulatory 
light chain (RLC). Consistently with the predicted 
N-terminal sequence similarity, in vivo co-immu-
noprecipitation in extracts prepared from postna-
tal rat cerebellum has shown that  Myo16 
associates with the catalytic subunits PP1cα and 
PP1cγ (Patel et al. 2001). Corroborating this, in 
vitro surface plasmon resonance experiments 
have shown that the recombinant fragment of 
Myo16Ank binds strongly with submicromolar 
affinity to PP1cα and also to PP1cδ (Table 18.3). 
Despite the similarity to MYPT1 and the affinity 

to PP1c subunits, the binding of Myo16Ank to 
PP1c does not enhance the dephosphorylation of 
the myosin RLC, but rather the phosphatase activ-
ity of the PP1c subunits markedly decreases in the 
presence of Myo16Ank. This suggests that 
Myo16Ank competes for the RLC binding site on 
PP1c (Kengyel et al. 2015).

PP1c has been described both in the function-
ing of the actin cytoskeleton as well as in nuclear 
processes, including gene transcription and cell 
cycle regulation (Rebelo et  al. 2015), in which 
Myo16b likely plays a role. There is no evidence 
yet as to whether Myo16b may function as a reg-
ulatory subunit of PP1c, thus participating in 
selective dephosphorylation. PP1c is abundantly 
found in the nucleus; however, it lacks any 
nuclear localization sequence. Therefore, a 
potential role for Myo16b was thought to be the 
transportation of the PP1c subunits into the 
nucleus during interphase (Cameron et al. 2007).

Additionally, PP1c localizes to dendritic 
spines and is involved in the control of synaptic 
plasticity and memory formation. Distinctly, 
PP1c activation positively correlates with long- 
term depression (Gao et al. 2018). These under-
line the importance of the interaction between 
Myo16b and PP1c in the proper operation of the 
nervous system.

18.7  The Role of Myosin XVI 
in the Background of Human 
Diseases

Taking into consideration that Myo16 is 
expressed mostly in neural tissues and in the larg-
est amount during brain development, Myo16 is 
likely to participate in the normal functioning of 
the brain. Recently, several human neurological 
disorders were associated to the genetic locus 
within or adjacent to MYO16.

18.7.1  Schizophrenia

Schizophrenia is caused by multiple genetic and 
environmental factors, and several unconven-
tional myosins have thus far been associated with 
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schizophrenia. These include Myo5b, Myo18b 
and/or Myo9b, which are often associated with 
other neuropsychiatric disorders (Chen et  al. 
2013; Huang et al. 2010; Jungerius et al. 2008).

The fine mapping of chromosome 13q32–34 
revealed a significant association between single 
nuclear polymorphism (SNP) within the Myo16 
encoding region in schizophrenia patients. Three 
of the four SNPs associated with this disease 
were located within intron 3 of the MYO16 gene 
(Rodriguez-Murillo et al. 2014). The main SNP 
(rs9583277) is a potential trans-acting expression 
activated trait locus for MAP3K13, a protein 
kinase which can phosphorylate the protein 
kinase MAP2K7, which has been recently impli-
cated in schizophrenia (Winchester et al. 2012). 
The effect of these SNPs on the function of 
Myo16 remains as of yet, unknown.

Expression analysis in the frontal cortex 
revealed an increased level of Myo16 expression 
among schizophrenia patients compared with a 
control patient group suggesting that variations 
in the MYO16 gene may contribute to the genetic 
liability to schizophrenia (Rodriguez-Murillo 
et al. 2014).

18.7.2  Autism

Autism spectrum disorder (ASD) refers to a 
group of neurodevelopmental diseases character-
ized by impaired social behavior and communi-
cation skills. ASD has multiple causes with both 
genetic and environmental factors playing a role; 
however, studies suggest it originates from a dis-
order in the early development of the neural sys-
tem. Several genes have thus far been linked to 
autism (Inui et al. 2017).

In a recent study, 24 SNPs were identified in 
association with ASD, several of them were 
found on chromosome 13q33.3, between MYO16 
and IRS2 (insulin receptor substrate) genes but 
only in families in which only males were 
affected. None of these SNPs associated with 
ASD in families in which both males and females 
were affected (Chang et al. 2013).

It was also shown using yeast-two-hybrid 
screening that Myo16 interacts with neurexin 1-α 

(Nakayama 2002), a pre-synaptic membrane 
adhesion protein, which plays a key role in com-
plex with neuroligin in synaptogenesis, the pro-
cess initiated prior to birth and continuing into 
adulthood, which has an important role in the 
cognitive process. The neurexin-neuroligin com-
plex facilitates axo-dendritic contact and stabi-
lizes synapses, and malfunction of these proteins 
are believed to be associated with autism (Patel 
et al. 2015).

Myo16 interacts with the Ig-like extracellular 
domain of the synaptic adhesion protein Kin of 
IRRE-like protein 3 (KIRREL3) in yeast-two- 
hybrid screens, and the interaction was confirmed 
with co-immunoprecipitation and colocalization 
studies (Table 18.3) (Liu et al. 2013). KIRREL3, 
a synaptic molecule of the immunoglobulin 
superfamily, may play a potential role in neuro-
nal development as disruption leads to intellec-
tual disability (Bhalla et al. 2008).

In various studies, genetic analysis of at least 
five patients with neurodevelopmental disorders 
showed a deletion of 6 to 25 genes on chromo-
some 13  in the region including MYO16 (Liu 
et al. 2013). These patients express different neu-
rological symptoms including developmental 
delay, autism and intellectual disability. Despite 
the several associations, animal tests have not 
proven the connection between impaired Myo16 
function and ASD yet. The behaviour of Myo16 
KO mice shows no abnormalities in motor- and 
social interaction-tests, which are typically 
altered in the mouse model of ASD (Roesler et al. 
2019).

18.7.3  Bipolar Disorder

Bipolar II (BP-II) disorder is defined by mood 
swings between depressive and hypomanic epi-
sodes. The hereditary appearance of bipolar dis-
order suggests a genetic etiology, however the 
genetic etiology is complex and multifactorial 
(Barnett and Smoller 2009).

In a recent genome-wide association study, 
several SNPs were identified in the background 
of the II-type bipolar disorder. Two of the reported 
seven replicated susceptible loci of BP-II are 
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found in MYO16 (Kao et al. 2016). The involve-
ment of Myo16 in bipolar disorder is not surpris-
ing given its connection with schizophrenia since 
the two neuropsychiatric disorders often share a 
common pathophysiology (Konopaske et  al. 
2014).

18.8  Summary

Since the vertebrate-specific class XVI myosin 
was discovered, several in vitro and in vivo stud-
ies have been performed to enlighten the bio-
chemical nature and physiological role of this 
unusual motor protein. The peak expression of 
myosin XVI in neural tissues in the late 
embryonic- early postnatal time period suggests it 
is central to neuronal development. This hypoth-
esis is strengthened by the genetic analysis of 
patients afflicted with neuropsychiatric disorders, 
in which the deletion of MYO16 gene, nuclear 
polymorphism in or adjacent to the MYO16 gene, 
or altered expression pattern of Myo16 protein 
were found. Since these disorders are usually 
multi-etiological, the impaired expression or 
functionality of myosin XVI may not be the sole 
cause, however, it can exacerbate the pathologi-
cal status.

Myosin XVI appears not to be a vital protein, 
yet its deficiency leads to severe conditions. The 
cerebellar structure of Myo16 KO mice did not 
reveal gross abnormalities (Roesler et al. 2019). 
KO mice in which all three NYAP-proteins 
including Myo16b were missing appear healthy 
and fertile; however, they show a clear reduction 
in brain size and weight especially in the cortex 
and striatum, which was the possible conse-
quence of neurite hypotrophy (Yokoyama et  al. 
2011). Additionally, in patients suffering from 
ASD, in which (among others) the deletion of 
MYO16 gene was found, different neurological 
symptoms were present with developmental 
delay and intellectual disability (Liu et al. 2013).

The physiological role of myosin XVI is still 
not well understood, although its cellular func-
tion appears to be quite diverse, possessing dis-
tinct interactions in the cytoplasm and in the 
nucleus. One concern is that the majority of the 

experiments were performed in fibroblast-derived 
cell cultures (COS7, Rat2). Nonetheless, the evi-
dence supports the idea that myosin XVI plays a 
key role in cell cycle regulation, actin cytoskele-
ton remodeling through the PI3K signal trans-
duction pathway, and dephosphorylation 
processes. This functional diversity is connected 
to the unique structural elements of myosin XVI, 
such as the ankyrin repeat domain (Myo16Ank) 
and the disordered tail domain (Myo16Tail).

Myo16Ank can bind to different PP1c iso-
forms and thus may participate either in the tar-
geted dephosphorylation of proteins not yet 
identified or in the transport of PP1c subunits to 
the nucleus. The long and likely disordered 
Myo16Tail offers a large binding surface in sup-
port of several protein complexes, which is regu-
lated through the phosphorylation of the 
NHM  motif. Based on the sequence, myosin 
XVI may have a reduced ATPase activity imply-
ing a potential stationary role in which the tail 
domain may serve as an interacting interface, by 
corralling the PI3K and the WAVE1-complex in 
close proximity (Cameron et al. 2007; Yokoyama 
et al. 2011).
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Abstract

Class XVIII myosins represent a branch of 
the myosin family tree characterized by the 
presence of large N- and C-terminal exten-
sions flanking a generic myosin core. These 
myosins display the highest sequence simi-
larity to conventional class II muscle myo-
sins and are compatible with but not 
restricted to myosin-2 contractile structures. 
Instead, they fulfill their functions at diverse 
localities, such as lamella, actomyosin bun-
dles, the Golgi apparatus, focal adhesions, 
the cell membrane, and within sarcomeres. 
Sequence comparison of active-site residues 
and biochemical data available thus far indi-
cate that this myosin class lacks active 
ATPase-driven motor activity, suggesting 
that its members function as structural myo-
sins. An emerging body of evidence indi-
cates that this structural capability is 

essential for the organization, maturation, 
and regulation of the contractile machinery 
in both muscle and nonmuscle cells. This is 
supported by the clear association of myo-
sin-18A (Myo18A) and myosin-18B 
(Myo18B) dysregulation with diseases such 
as cancer and various myopathies.

Keywords
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19.1  Introduction

The class XVIII myosin family encompasses 
two distinct myosins known as Myo18A and 
Myo18B, which are synthesized from two dif-
ferent genes. These are amongst the most 
recently identified myosins with the mouse 
Myo18A gene discovered as recently as the 
year 2000 through a gene expression screen of 
bone marrow stromal cells (Furusawa et  al. 
2000). Originally named MysPDZ due to the 
presence of a PDZ domain within its unique 
~400 amino acid N-terminal extension, this 
protein was later renamed Myo18A following 
the identification of other PDZ-myosins in ver-
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tebrates and Drosophila. Together, these myo-
sins constituted the new myosin XVIII class 
(Yamashita et al. 2000; Berg et al. 2001). The 
second family member, Myo18B, was first 
reported in 2001 following partial annotation 
of the human MYO18B gene (Berg et al. 2001). 
Phylogenetic analysis suggests that MYO18B, 
which is exclusively found in vertebrates, 
is  likely derived from duplication of the 
MYO18A gene, which is found in both inverte-
brates and vertebrates (Salamon et  al. 2003). 
At the protein level, Myo18A and Myo18B 
share ~40% identity and are distinguished from 
other classes by their large N-terminal and 
C-terminal extensions, which flank either side 
of a generic myosin core structure. While the 
literature demonstrates unique roles for these 
two proteins at specific subcellular localities, it 
remains unclear whether they have distinct or 
overlapping functions at sites where they both 
localize, such as stress fibers in nonmuscle 
cells and sarcomeric structures in striated 
muscle.

19.2  Myosin-18A

19.2.1  MYO18A Gene Architecture 
and RNA Expression Across 
Cell Lines and Tissues

Myo18A, located on mouse chromosome 11 and 
arm q11.2 of chromosome 17  in humans 
(MYO18A), was first discovered in 2000 in a gene 
expression screen of bone marrow stromal cells, 
where it was found to be upregulated in cell lines 
with increased hematopoietic supportive ability 
(Furusawa et  al. 2000). In mouse, the ORF 
encodes for two splice isoforms that produce long 
(Myo18Aα) and short (Myo18Aβ) versions of the 
protein, which consist of 2035 amino acids 
(230  kDa) and 1719 amino acids (196  kDa), 
respectively. The human homologues display 
similar dimensions with Myo18Aα comprising 
2054 amino acids (~233  kDa) and Myo18Aβ 
comprising 1723 amino acids (~196  kDa) 
(Fig.  19.1). The central part of Myo18Aα (resi-
dues 405–1972) exhibits homology to generic 

Myosin-XVIIIA

IQsN-term extension

C-term extension

Coiled-coil tailMotor domain

KE P-loop

Hs Myo18Aa

Hs Myo18Ab

2054 aa 
~233 kDa

1723 aa
~196 kDa

2409 aa
~267 kDaMm Myo18AY

PPII

PDZ

Fig. 19.1 Schematic representation of the domain struc-
ture of human (Hs, Homo sapiens) and mouse (Mm, Mus 
musculus) Myosin-18A splice isoforms. These construct 
diagrams illustrate the large N-terminal and C-terminal 
extensions characteristic of class XVIII myosins, which 
flank the generic myosin core containing a motor domain, 
neck region, and coiled-coil tail domain. Specifically for 

Myo18A, splice isoforms are distinguished by the pres-
ence of a KE-rich region, PDZ domain, or PPII (polypro-
line II helix) domain within the N-terminal extension. 
Like myosin-2 motors, this protein forms homotypic 
dimers via the tail domain. The precise structure and orga-
nization of the N-terminal and C-terminal extensions 
remain to be resolved
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myosins and displays the highest similarity with 
conventional muscle myosin-2, as both have 
extended coiled-coil regions in the C-terminal 
half of the protein. Further examination of the 
domain structure and SMART-based sequence 
analysis reveals the existence of a region rich in 
lysine and glutamate residues (KE motif) and a 
PDZ domain inside the long N-terminal extension 
(Fig.  19.1). Whilst a few other myosin classes 
described thus far also contain additional domains 
at the N- or C-terminus (e.g., myosin class III, IX, 
XV, and XVI (Odronitz and Kollmar 2007)), the 
presence of the PDZ domain is unique and 
prompted Furusawa et al. to give this novel myo-
sin the name MysPDZ, which denoted “Myosin 
containing a PDZ domain” (Furusawa et al. 2000). 
An independent study also identified Myo18A in 
a human peripheral blood cDNA library during a 
screen for novel interaction partners of the cyto-
solic tyrosine kinase JAK3. Accordingly, this pro-
tein was designated as MAJN (molecule 
associated with Jak3 N-terminal) (Ji et al. 2000).

When mRNA expression levels were exam-
ined, ubiquitous expression of Myo18A was 
detected in all tissues and cell lines tested 
(Furusawa et  al. 2000). However, a longer tran-
script with a size of 10 kb was enriched in heart 
and skeletal muscle. The normal 7.5-kb Myo18Aα 
transcript was found in most tissues (brain, thy-
mus, lung, liver, etc.) and a shorter transcript of 
7 kb, later identified as Myo18Aβ, was observed 
in hematopoietic cell lines (Furusawa et al. 2000; 
Mori et al. 2003). The long transcript has not been 
explicitly studied further; however, the larger size 
and muscle expression profile indicate that it 
could in fact be the recently identified Myo18Aγ 
splice isoform (Horsthemke et al. 2019). In addi-
tion to these splice isoforms, which have been 
verified at both the RNA and protein levels, a 
short version of Myo18A has also been identified 
in a macrophage cell line, where it is tyrosine-
phosphorylated after CSF-1 stimulation (Cross 
et al. 2004). Intriguingly, this protein had a molec-
ular weight of only 110 kDa (p110 myosin 18A), 
and peptide analysis suggests that the protein 
boundaries span from the middle of the motor 
domain to the end of the coiled-coil region. The 
lack of evidence for an alternative translational 

start within the Myo18A mRNA suggests that this 
protein results from post-translational cleavage of 
one of the higher molecular mass isoforms.

19.2.2  Myo18A Biochemistry: 
Protein Domain Architecture 
and Functional Properties

Myo18A has a complex domain architecture that 
comprises a number of different elements with 
various functions. In the Myo18Aα splice iso-
form, the N-terminal extension has thus far been 
shown to contain two distinct functional regions: 
a KE motif (containing 11 lysine and 3 glutamate 
residues within a stretch of twenty amino acids) 
located at the far N-terminus and a PDZ domain 
that is found in the middle of the N-terminal 
extension (Fig.  19.1) (Furusawa et  al. 2000). 
Myo18Aγ comprises a polyproline II helix (PPII) 
of yet unknown function in its N-terminal exten-
sion whereas Myo18Aβ completely lacks this 
domain. The molecular function of the Myo18Aα 
N-terminal extension has been investigated in two 
studies to date. Isogawa et al. utilized GFP- tagged 
deletion constructs of human Myo18A to charac-
terize actin-binding properties in lysates of HeLa 
cells that overexpress the respective proteins 
(Isogawa et al. 2005). The N-terminal extension 
construct displayed a strong, ATP-independent 
interaction with actin in cosedimentation assays, 
and this result was validated with bacterially-
expressed deletion constructs. Analysis of a selec-
tion of purified truncation and mutation constructs 
in these assays localized the actin-binding inter-
face to the middle of the N-terminal extension, 
outside of the KE motif and PDZ domain. Through 
a series of cosedimentation affinity assays, it was 
shown that a recombinant human Myo18A pro-
tein construct spanning from the N-terminus to 
the start of the PDZ domain weakly interacted 
with actin (KA of 6.5  μM), whilst a construct 
encompassing the whole N-terminal extension 
had a six-fold enhanced actin affinity with a KA of 
1 μM (Taft et al. 2013). Actin affinity is further 
enhanced five-fold by the direct binding to 
GOLPH3, a phosphoprotein of the Golgi mem-
brane (cf. 19.2.3.). These data demonstrate that 
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the N-terminal extension combines at least two 
functional modules that mediate actin binding, are 
dependent from one another, and can be regulated 
by binding of an interaction partner, GOLPH3.

The adjacent structural element in the domain 
architecture of Myo18A is its motor domain. A 
fundamental feature of the myosin family is the 
inherent ability of their motor domains to hydro-
lyze ATP and to convert the resulting energy into 
force and directed movement along actin fila-
ments (Geeves et al. 2005; Bloemink and Geeves 
2011). The basic structural elements in the motor 
domain known to be essential for the enzymatic 
activity of myosins are the P-loop, switch-1, and 
switch-2 (Preller and Manstein 2013; Geeves 
2016). Sequence alignments with other myosin 
motor domains show that these three aforemen-
tioned motifs are modified in Myo18A 
(Fig.  19.2). Most strikingly, two highly con-
served serine residues in switch-1, which usually 
coordinate the γ-phosphate of ATP and Mg2+ for 
efficient catalysis, are mutated to alanine and 
threonine. In addition, the salt bridge between an 
arginine in switch-1 and a glutamate in switch-2 
cannot be formed due to a glutamate-to-gluta-
mine exchange in Myo18A.  As the salt bridge 
has been shown to be essential for ATPase activ-
ity and motor function of myosins (Onishi et al. 
1998; Furch et al. 1999), the sequence variations 
found in Myo18A raise the question of whether 
this myosin can function as an active motor. To 
date, three studies have addressed this question, 
none of which could demonstrate motor function 
or ATPase activity for class XVIII myosins. The 
first study by Guzik-Lendrum et al. assessed the 
biochemical properties of the sole Drosophila 
melanogaster (Dm) class XVIII myosin 
(Myo18), which has the highest homology to 

mammalian Myo18A (Guzik-Lendrum et  al. 
2011). They purified motor domain constructs 
with and without the PDZ domain using the 
baculovirus/Sf9 insect cell system and found that 
neither of the constructs exhibits ATPase activity 
or can even bind ATP. Actin-binding affinity of 
the Myo18 motor domain was demonstrated and 
quantified with cosedimentation assays (KD 
~1 μM) and optical trap studies showed the exis-
tence of short-lived actin interactions. The func-
tional properties of mouse Myo18A were 
subsequently studied by the same group with 
purified S1 constructs, which display weak ATP 
and ADP affinities (~80 and ~100 μM) (Guzik-
Lendrum et  al. 2013). Furthermore, the long 
(Myo18Aα) and short (Myo18Aβ) isoforms 
exhibit actin-binding affinities of ~5 and 
~50 μM, and no regulation of the actin interac-
tion by nucleotide binding or light chain phos-
phorylation was found. In line with the previous 
study, no ATPase activity or motor function was 
detected for mouse Myo18A, and negative- stain 
electron microscopy revealed no structural 
changes of the S1 conformation associated with 
changes in the nucleotide state (ATP, ADP, or 
rigor). The third study sought to understand the 
molecular function of human Myo18A and its 
interaction with nucleotides, actin, and GOLPH3 
(Taft et al. 2013). Nucleotide and actin affinities 
of motor domain constructs produced with the 
baculovirus/Sf9 insect cell system were found to 
be 10–100 times higher for the human protein 
compared to its mouse homologue. In line with 
the mouse protein, human Myo18A does not 
exhibit ATPase activity. Intriguingly, in the ADP 
state, the human Myo18A motor domain dis-
plays the highest actin affinity and the most 
complete binding to actin. Negative-stain elec-

Fig. 19.2 Alignment of Hs Myosin-18A and Hs Myosin- 
18B P-loop, switch-1, and switch-2 sequences with 
Dictyostelium discoideum (Dd) myosin-2, Hs skeletal mus-

cle myosin-2, and Hs β-cardiac muscle myosin-2. Conserved 
sequence motifs are defined in dark grey regions, while 
deviations in Myo18A and Myo18A are shown in bold
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tron microscopy revealed the typical arrowhead 
pattern of myosin bound to actin. In contrast to 
generic myosins, the decoration was not only 
complete and well-ordered in the absence of 
nucleotide and in the presence of ADP but also 
in the presence of excess ATP.

The myosin motor domain adjoins to the light 
chain-binding domain, which binds the essential 
light chain (ELC) and regulatory light chain 
(RLC) of conventional class II muscle myosins. 
In the case of unconventional myosins, which 
contain one or more IQ motifs, this region medi-
ates the interaction with calmodulin (CaM) or 
CaM-like light chains (Odronitz and Kollmar 
2007). Initial examination of the Myo18A 
domain structure suggested the presence of one 
IQ motif following the motor domain (Furusawa 
et  al. 2000; Mori et  al. 2003). However, subse-
quent analysis proposed the existence of two IQ 
motifs based on comprehensive alignments of 
Myo18A sequences across subclasses and phyla 
with myosin-2 (Guzik-Lendrum et  al. 2013). 
This was experimentally confirmed by the co- 
purification of S1 and HMM mouse Myo18A 
constructs along with both ELC and RLC. Whilst 
it had already previously been shown that overex-
pressed Myo18A binds to and co-purifies with 
RLC in COS7 cells (Tan et al. 2008), the ability 
of Myo18A to bind both ELC and RLC of the 
nonmuscle myosin-2 (NM2) system suggests a 
role for Myo18A in NM2-dependent cellular 
structures and processes.

The C-terminal end of the light chain-binding 
domain leads over to the “bend” motif (WPWW/
WQWW/WPWM), which is followed by a highly 
conserved tryptophan residue located eight resi-
dues further, where the coiled-coil domain of 
class II myosins starts. According to sequence 
analyses, the coiled-coil domain in human 
Myo18A encompasses amino acids 1253-1966 
(Fig. 19.1). This strongly suggests that the pro-
tein exists and functions inside cells as a dimer of 
two heavy chains, which has been confirmed for 
human and mouse Myo18A by chemical cross-
linking of HMM constructs and by co- 
immunoprecipitation (Mori et al. 2005; Isogawa 
et  al. 2005), and for mouse Myo18A HMM by 
negative-stain electron microscopy (Guzik- 

Lendrum et al. 2013). When purified untruncated 
mouse Myo18Aβ protein was subjected to elec-
tron microscopy, the formation of unusual short 
and condensed antiparallel dimers was observed 
(Billington et  al. 2015). In addition, Myo18Aβ 
has been shown to co-assemble with NM2A to 
form mixed bipolar filaments, where its incorpo-
ration reduces the average filament length (from 
310 to 220 nm).

So far, the C-terminal extension is the least- 
characterized domain of Myo18A.  Extending 
from residue 1972 to the C-terminus, this domain 
of 83 amino acids is predicted not to form coiled- 
coil structures. It appears reasonable that this 
domain provides Myo18A with additional bind-
ing motifs for protein-protein interactions. In line 
with this, it has been shown that the C-terminal 
extension of Myo18A directly interacts with the 
C-terminal last 8 residues of the Rho GTPase 
activator βPIX (PAK-interacting exchange 
factor-β) (cf. 19.2.4) (Hsu et al. 2010). No addi-
tional direct binding partner of the C-terminal 
extension has been described yet.

19.2.3  The Role of Myo18A 
at the Golgi

The Golgi apparatus is a membranous system 
essential for the intracellular sorting and trans-
port of proteins and is known to connect to both 
the microtubule and the actin cytoskeletons 
(reviewed in (Gurel et al. 2014)). The phospho-
lipid phosphatidylinositol-4-phosphate (PI4P) is 
enriched in Golgi membranes and directly binds 
to a few proteins containing pleckstrin homology 
(PH) domains (Dowler et  al. 2000; Levine and 
Munro 2002). An in vitro lipid-binding screen 
identified the Golgi phosphoprotein GOLPH3 as 
a direct binding partner for PI4P, which was sub-
sequently shown to localize to the Golgi mem-
brane (Dippold et al. 2009). It was observed that 
latrunculin B-induced actin depolymerization 
and GOLPH3 knockdown both result in rapid 
Golgi compaction. In search of an interaction 
partner that can mediate the connection between 
GOLPH3 and the actin cytoskeleton, 
 immunoprecipitation studies using HeLa cell 
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lysates and mass spectrometry identified a ~250-
kDa putative interaction partner to be 
Myo18A.  Whilst a direct interaction between 
Myo18A and GOLPH3 was validated by recipro-
cal co- immunoprecipitation of both proteins 
from cell lysates by specific antibodies, other 
Golgi- localized myosins (NM2B, myosin-6) 
were shown not to interact with GOLPH3 
(Dippold et al. 2009). Further mapping the inter-
action region, pulldown experiments with 
bacterially- expressed domains of Myo18A 
showed direct binding between GOLPH3 and the 
N-terminal extension and motor/IQ domains of 
Myo18A.  As both domains interact with 
GOLPH3 independently of each other, bipartite 
binding can be assumed. It should be noted that 
the expression of myosin motor domains in bac-
teria does not produce functional protein as a cer-
tain setup of chaperones is needed for proper 
folding (McNally et al. 1991). In cellular studies 
utilizing siRNA- mediated knockdown of 
GOLPH3, Myo18A localization to the Golgi was 
abolished. Further, a functional Myo18A/
GOLPH3 complex is needed for normal trans-
Golgi appearance and efficient tubule and vesicle 
budding, as well as directed vesicle trafficking 
away from the Golgi ribbon (Dippold et al. 2009). 
To understand whether active force generation by 
Myo18A is required for its cellular function, a 
Myo18A construct with ATP-binding pocket 
mutations (G520S/K521A in the P-loop) was uti-
lized to rescue the Myo18A-knockdown pheno-
type of condensed Golgi. The fact that this rescue 
failed prompted the authors to suggest that force 
generation via the Myo18A motor is needed to 
stretch and shape the Golgi. This interpretation is 
additionally backed up by a study by Tan et al., 
where overexpression of a similar ATP-binding 
pocket mutation (G520D/K521E) in Myo18A 
generates a dominant-negative phenotype similar 
to the depletion of Myo18A (cf. 19.2.4) (Tan 
et  al. 2008). However, the fact that Myo18A 
function can be altered by mutations in the active 
site is in contrast with the aforementioned bio-
chemical studies that could not detect any ATPase 
or motor function for Myo18A from different 
species (cf. 19.2.2). There are at least three pos-

sible explanations for this obvious contradiction. 
Firstly, it is possible that inside the cell, Myo18A 
actually functions as a molecular motor either 
activated by thus far unidentified binding part-
ners or by other mechanisms such as posttransla-
tional modifications, the binding of metabolites, 
or the performance of specific chaperones. 
Secondly, the mutations that have been intro-
duced in the center of the Myo18A globular 
motor domain could impair its proper folding and 
as such, lead to decreased protein stability and 
the observed phenotypes. Thirdly, the mutations 
may not deactivate motor function but rather 
interfere with the proper discrimination of the 
nucleotide state, which is shown to regulate the 
actin-binding properties of human Myo18A (Taft 
et  al. 2013). Additionally, this could also affect 
the functional competence of mixed bipolar fila-
ments of Myo18A and NM2A, which have been 
detected inside living cells (Billington et  al. 
2015), where NM2A provides the motor activity 
for the mixed myosin filaments.

Independent of the exact mechanism of how 
Myo18A performs its function at the Golgi, fur-
ther studies by the same group support its interac-
tion with GOLPH3 and its participation in 
maintaining Golgi morphology and function. In 
secretory tissues, a GOLPH3 paralogue, 
GOLPH3L, was identified that antagonizes 
GOLPH3 function as it binds to the Golgi mem-
brane via PI4P interaction and supports antero-
grade trafficking without binding to Myo18A 
(Ng et al. 2013). Accordingly, GOLPH3L blocks 
PI4P for GOLPH3 binding and thereby sup-
presses Myo18A-mediated anchoring of the 
Golgi to the actin cytoskeleton. In a subsequent 
study it was shown that the nuclear DNA-PK pro-
tein kinase is activated by doxorubicin-induced 
DNA damage to phosphorylate GOLPH3, which 
leads to an increased interaction with Myo18A 
(Farber-Katz et al. 2014). The enhanced interac-
tion impairs vesicle trafficking from the Golgi 
membrane to the plasma membrane and thus 
induces fragmentation of the Golgi as a result of 
DNA damage. It has previously been described 
that GOLPH3 is an oncogene that is frequently 
overexpressed and amplified in human cancers 
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(Scott et  al. 2009; Buschman et  al. 2015; 
Buschman and Field 2018). GOLPH3 acts as an 
oncogenic factor by increasing cell migration. 
Overexpression of GOLPH3 and siRNA- 
mediated knockdown of both GOLPH3 and 
Myo18A show that the entire PI4P/GOLPH3/
Myo18A/F-actin complex is necessary and suffi-
cient to promote Golgi reorientation towards the 
leading edge via the actin cytoskeleton and as 
such is able to enhance directional cell migration 
(Xing et al. 2016).

Although a plethora of experimental evidence 
speaks in favor of a direct role of the Myo18A/
GOLPH3 complex in the maintenance of Golgi 
morphology and function, a recent study pro-
vides data that question the previous results 
(Bruun et al. 2017). Here, Hammer and cowork-
ers used immunofluorescence studies with spe-
cific antibodies and overexpression of 
GFP-tagged proteins and found no proof of 
Myo18A localization to the Golgi or an impact of 
reduced Myo18A levels on Golgi morphology. 
As their study focuses on Myo18Aα, the authors 
consider that unknown splice variants of Myo18A 
may facilitate the Golgi-shaping via GOLPH3. 
However, based on their experimental results, 
they assume that global F-actin disassembly is 
the major reason for the observed Golgi 
morphology.

19.2.4  Myo18A Has Multiple Roles 
in Focal Adhesions, Stress 
Fibers and Lamellipodia

Myo18A has biochemically been defined as an 
actin-binding protein that comprises four actin- 
binding sites per heavy chain dimer (Taft et  al. 
2013). On the cellular level, a few studies have 
analyzed its localization and role in the context of 
different actin structures, specifically focal adhe-
sions, actin stress fibers and lamellar actomyosin 
bundles. Characterization of the subcellular dis-
tribution of overexpressed EYFP-tagged 
Myo18A protein and deletion constructs in fibro-
blasts revealed that the KE motif mediates actin 
fiber co-distribution, whilst the PDZ domain con-

trols the localization of Myo18A to the inner sur-
face of the cell membrane (Mori et  al. 2005). 
FRAP experiments revealed random and rapid 
short-range movement of punctate structures in 
the cytoplasm. The cellular function of Myo18A 
has also been assessed in the context of lamellar 
actomyosin bundles (Tan et al. 2008). Here, a tri-
partite complex of Myo18A with the myosin 
light chain kinase MRCK (myotonic dystrophy- 
related Cdc42-binding kinase) and the leucine- 
rich adapter protein LRAP35a was shown to 
co-localize with lamellar actomyosin filaments. 
In this protein complex, LRAP35a binds and acti-
vates MRCK and simultaneously binds to 
Myo18A, which directs the complex to actomyo-
sin bundles. The activated MRCK subsequently 
phosphorylates the RLC, which is bound to 
Myo18A. In parallel, MRCK also phosphorylates 
NM2A and thereby initiates actomyosin assem-
bly in the lamella to enable cell protrusion and 
cell migration. The results of this study are in line 
with the findings of Billington et al., who applied 
TIRF-SIM microscopy of fluorescently-tagged 
Myo18Aα and Myo18Aβ in combination with 
NM2A and found that these myosins co- assemble 
in living cells (Billington et  al. 2015). These 
results were further confirmed with antibodies 
specific for Myo18A and NM2A. Thus, Myo18A 
can incorporate into NM2 filaments and might 
regulate the assembly and functional properties 
of structures like actomyosin bundles and stress 
fibers. In addition, a direct interaction of Myo18A 
with the PAK2/βPIX/GIT1 (p21-activated kinase 
2/PAK-interacting exchange factor-β/G protein- 
coupled receptor kinase-interactor 1) complex 
was established in a proteomics approach that 
sought to identify new proteins that interact with 
PAK2  in human epidermoid carcinoma cells 
(Hsu et  al. 2010). The interaction of Myo18A 
with PAK2 is indirect and mediated via βPIX/
GIT1 to direct the whole complex to lamellipodia 
and membrane ruffles. Myo18A-depleted cells 
display decreased cell migration, an enlarged 
morphology, and also increased actin stress fiber 
density and focal adhesion formation. It appears 
that Myo18A is essential for lamellipodia target-
ing of the complex, as Myo18A depletion and 
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disruption of its interaction with βPIX both 
induce accumulation of the complex at focal 
adhesions and decrease cell migration (Hsu et al. 
2010, 2014).

19.2.5  Membrane Proteins Identified 
as Myo18A

A striking feature of Myo18A is its implication in 
binding of surfactant protein A (SPA) at the cell 
surface. Chroneos and coworkers identified 
Myo18A as SPA-receptor 210 (SP-R210) using 
mass spectrometry and antibodies specific for the 
C-terminus of Myo18A (Yang et al. 2005). They 
showed that Myo18A overexpression in COS-1 
cells enables SPA binding and that SP-R210- 
directed antibodies detect bacterially-expressed 
Myo18A domains that correspond to the region 
encompassing the IQ motifs and the first half of 
the coiled-coil domain. Intriguingly, these anti-
bodies block the binding of SPA to macrophages 
(Yang et  al. 2005) as well as T-cell-mediated 
immune responses (Samten et al. 2008). Further, 
the stable expression of the C-terminal domain of 
Myo18A in macrophages is also shown to induce 
a dominant-negative inhibition of SP-R210 pro-
tein expression (Szeliga et al. 2005; Yang et al. 
2015). In addition, a single study by a different 
group applied mass spectrometry supported by 
immunoblotting with a Myo18A-specific anti-
body and identified CD245, a surface antigen of 
peripheral blood lymphocytes, as Myo18A (De 
Masson et al. 2016). In line with the aforemen-
tioned studies, both the long and the short iso-
forms (230 and 190 kDa) were detected, and the 
authors suggest a mechanism for Myo18A 
recruitment-mediated activation of NK cell cyto-
toxicity. Although the results of these studies 
were substantiated with numerous independent 
experiments, these findings raise a number of 
obvious questions. Myo18A does not contain 
transmembrane domains and has exclusively 
been detected in the cytosolic compartment of 
cells in all other studies. Further, it is completely 
unclear how Myo18A is externalized to the cell 
surface as a Golgi/ER-mediated process should 

have been detected in other studies. Future 
research may shed light on this unique role for 
Myo18A and unravel the underlying cellular and 
functional mechanisms.

19.2.6  Participation of Myo18A 
in Muscle Development 
and Integrity

A central feature of the other class XVIII myosin, 
Myo18B, is its implication in the process of stri-
ated muscle maturation (cf. 19.3.2). Initial evi-
dence indicating that Myo18A likewise 
contributes to muscle development stems from 
studies in Drosophila and zebrafish. The sole 
class XVIII myosin in Drosophila, Myo18, was 
shown to localize to cell-cell contacts in myo-
cytes during myoblast fusion (Bonn et al. 2013). 
The protein Rolling Pebbles 7, which is an inte-
gral part of a protein complex at myoblast fusion 
pores, was identified as a direct interaction part-
ner essential for Myo18 localization to these 
sites. A possible role of Myo18 at these sites is to 
organize the actin cytoskeleton to widen the 
fusion pore. As deficiency of Myo18 does not 
impact muscle development, it can be speculated 
that other myosins have redundant functions in 
Drosophila. In mature muscles, Drosophila 
Myo18 localizes adjacent to the Z-disc but does 
not directly co-localize with Z-disc markers, 
implying an additional role not connected to 
myoblast development. Two studies shed light on 
the participation of Myo18A in myofiber integ-
rity in zebrafish. It was found that both Myo18Aα 
and Myo18Aβ are expressed in somite borders 
during zebrafish development (Cao et al. 2014). 
Knockdown of Myo18A or overexpression of the 
PDZ module was shown to disrupt myofiber 
integrity. Accordingly, it was suggested that 
Myo18A mediates adhesion of myofibers to the 
cell membrane, permitting their stable attach-
ment to the extracellular matrix. In a follow-up 
study by the same group, yeast two-hybrid 
screening and co-immunoprecipitation identified 
p190Rho-guanine nucleotide exchange factor 
(p190RhoGEF) and Golgin45 as novel binding 
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partners for the PDZ module of Myo18A during 
zebrafish development (Cao et  al. 2016). These 
experiments also confirmed the direct interaction 
of Myo18A with LURAP (LRAP35A, (Tan et al. 
2008)). Knockdown of Myo18A alone or in com-
bination with the aforementioned three binding 
partners severely disrupts myofiber integrity dur-
ing development supposedly via a combined 
effect on the localization of dystrophin via a 
Myo18A-mediated impact on the actin cytoskel-
eton and/or via Myo18A-mediated support of 
Golgi morphology and trafficking (Cao et  al. 
2016).

A recent study identified a new class XVIII 
myosin isoform in mouse myocytes and human 
heart, termed Myo18Aγ (Horsthemke et  al. 
2019). Myo18A-directed antibodies were used to 
define the Myo18A isoform expression pattern in 
mouse ventricular myocytes and detected a pro-
tein of a molecular mass of ~267 kDa, which is 
not compatible with either Myo18Aα or 
Myo18Aβ. RNA-Seq confirmed that this protein 
constitutes a novel isoform of Myo18A, which 
has not been described previously. This isoform 
comprises an alternate N-terminal extension, as 
well as an extended C-terminus (Fig.  19.1). 
Overexpression of EYFP-tagged Myo18Aγ led 
to its accumulation within the A-band of sarco-
meres in mouse ventricular myocytes whilst 
Myo18A-knockout mice displayed disorganized 
sarcomeres.

19.2.7  Disease Implications 
of Myo18A in Cancer and Virus 
Transport

In terms of disease, Myo18A has predominantly 
been investigated in cancer, where it is described 
to be part of fusion genes. However, it is also pro-
posed to play a role in virus assembly and 
secretion.

An exon array analysis study identified alter-
native splicing of MYO18A in non-small cell lung 
cancer, which caused in-frame variations in the 
protein sequence (Langer et  al. 2010). Further, 
the MYO18A gene was identified as a partner in 

the three-way chromosomal translocation of stem 
cell leukemia-lymphoma syndrome (Walz et  al. 
2005). Here, exon 32 of MYO18A is fused with 
exon 9 of FGFR1 (fibroblast growth factor recep-
tor 1), which creates a constitutively-active tyro-
sine kinase that stimulates cell growth and 
proliferation. This leads to thrombocytopenia 
with decreased number and size of megakaryo-
cytes and increased monocyte, eosinophil, and 
basophil cell numbers, establishing an unusual 
myelodysplastic/myeloproliferative disease 
(Walz et  al. 2005). An additional fusion gene, 
MYO18A-PDGFRB (platelet-derived growth fac-
tor receptor beta), was detected by long-distance 
inverse PCR in eosinophilia-associated atypical 
myeloproliferative neoplasms (Walz et al. 2009). 
Fusion of exon 40 of MYO18A with exon 10 of 
PDGFRB creates a large protein (2661 aa) that 
retains most of Myo18A (98%) and contains the 
C-terminal 59% of PDGFRB. The proposed acti-
vation mechanism is based on the dimerization or 
oligomerization of the PDGFRB part by the 
Myo18A coiled-coil domain. In addition, a three- 
way translocation of the highly promiscuous 
oncogene MLL, a histone methyltransferase, and 
the reciprocal partner gene MYO18A was 
described in acute myeloid leukemia (Ussowicz 
et  al. 2012). As the fusion gene is in frame, it 
translates into a functional fusion protein that 
encompasses the N-terminal 362 amino acids of 
Myo18A and the C-terminal 2607 amino acids 
(of 3969) of MLL, producing a chimeric protein 
that preserves methyltransferase activity and 
contains the N-terminal PDZ domain of 
Myo18A.  However, the consequence of this 
fusion on the localization, regulation, or activity 
of the resulting protein is not yet known. An addi-
tional cancer-related role for Myo18A, not linked 
to gene fusion events, was proposed for its abun-
dance in prostate cancer cell lines (Peckham 
2016). Here, increased levels of four unconven-
tional myosins, Myo1b, Myo9b, Myo10, and 
Myo18A, were reported (Makowska et al. 2015). 
Conversely, knockdown of Myo18A results in re- 
organization of long NM2A-rich stress fibers. 
This is in line with the previously reported ability 
of Myo18A to form mixed filaments with NM2A 
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(Billington et al. 2015). The re-organized stress 
fibers, depleted of Myo18A, locate along the 
length of prostate cancer cells, which results in 
reduced directionality persistence in cell migra-
tion (Makowska et  al. 2015). These findings 
 suggest a contribution of increased Myo18A lev-
els to prostate cancer metastasis.

Using a systems biology approach to follow 
the fate of organelles during human cytomegalo-
virus (HCMV) infection, Myo18A was found to 
localize to the plasma membrane in primary 
human fibroblasts (Jean Beltran et  al. 2016). 
Following viral infection, Myo18A is translo-
cated to the viral assembly complex and supports 
virus production by an as of yet unknown mecha-
nism. The authors speculate that a Myo18A- 
mediated tethering of virus-loaded vesicles to 
NM2-containing myosin filaments provides the 
molecular basis for vesicle movement. A role for 
Myo18A in the virus secretion process was 
described for the hepatitis C virus (Bishé et  al. 
2012). Silencing of GOLPH3 or Myo18A inhib-
its hepatitis C virus secretion and leads to virion 
accumulation inside the cell. These findings are 
in line with a role of Myo18A in Golgi budding 
via GOLPH3 interaction (Dippold et  al. 2009) 
and in virus secretion pathways (Jean Beltran 
et al. 2016).

19.3  Myosin-18B

19.3.1  Molecular and Cell Biology

The existence of a second class XVIII myosin 
family member, Myo18B, was first reported by 
Berg et al. in 2001 following partial annotation of 
the human MYO18B gene (Berg et  al. 2001). 
MYO18B maps on human chromosome 22q12.1 
between the GRK3 and SEZ6L genes, in an area 
of ~322 kb (25,742,133 – 26,063,847) and pro-
duces an mRNA transcript of 8577 bp from 43 
coding exons and a 5′ non-coding exon (NCBI, 
NM_032608.6). The 7704 bp ORF encodes for a 
2567-amino acid protein with a molecular mass 
of ~285 kDa that shares ~90% identity with the 
~288  kDa homologue produced in mouse 

(Nishioka et  al. 2002; Salamon et  al. 2003). 
According to the NCBI database, an additional 
7707-bp mRNA transcript has been curated for 
the human MYO18B gene, which lacks the 5′ 
non-coding region and includes three nucleotides 
that encode an additional glutamine residue at 
position 1020 within the protein sequence [NCBI, 
NM_001318245.1]. However, no data are cur-
rently available to validate or differentiate the 
occurrence or function of these two proteins.

Northern blot and PCR analyses have demon-
strated that unlike Myo18A, which is ubiqui-
tously expressed in most mammalian cells and 
tissues, Myo18B transcript expression is highly 
tissue specific. The highest level of expression is 
observed in cardiac and skeletal striated muscles, 
although Myo18B contributes as little as 0.005% 
of the total mRNA content in skeletal muscle 
(Nishioka et al. 2002; Salamon et al. 2003; Ajima 
et al. 2008). In addition, Myo18B mRNA is also 
found at low levels in other organs and tissues, 
including the testis, bone marrow, thymus, mam-
mary glands, lungs (both fibroblastic and epithe-
lial cell types), kidney, pancreas, placenta, 
prostate and brain. Whilst BLAST analyses have 
indicated that three potential splice isoforms 
exist in murine and human tissues, there is cur-
rently no experimental evidence demonstrating 
that MYO18B is susceptible to alternative mRNA 
splicing (Salamon et al. 2003).

Myo18B comprises a central region with a 
generic myosin configuration (Fig. 19.3). Within 
this core structure is a 767-amino acid motor 
domain (residues 565-1332), which encompasses 
both nucleotide- and actin-binding sites. 
Sequence analysis reveals that much like 
Myo18A, with which it shares ~40% protein 
identity, Myo18B also harbors amino acid substi-
tutions in evolutionarily-conserved residues 
within the P-loop, switch-1, and switch-2; the 
regions essential for generating ATP-dependent 
force and movement along actin filaments 
(Fig. 19.2). Whilst these alignments indicate that 
Myo18B lacks motor ATPase activity, the precise 
function of the motor domain remains to be deci-
phered through biochemical analyses. Following 
the motor domain is a 69-amino acid neck region 
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(residues 1333-1402), which contains two myo-
sin light chain-binding IQ motifs stretching from 
amino acids 1343-1353 (FQAACKGFLSR) and 
1369-1379 (IQKNVAVFLAV). At the present 
time, there is no information available regarding 
the interaction of Myo18B with either ELC or 
RLC.  The generic region is completed with a 
coiled-coil tail domain between residues 1403- 
2085, which is essential in other myosins, includ-
ing Myo18A, for heavy chain dimerization. 
Exhaustive domain analyses predict that this tail 
region also incorporates an ERM (ezrin-radixin- 
moesin) domain for plasma membrane interac-
tions (residues 1458-1576), an AAA domain for 
association with chaperone-like ATPase proteins 
(residues 1434-1917 amino acids), and a putative 
A-motif for nucleotide binding at position 1818- 
1825 (Salamon et al. 2003). However, the func-
tional capabilities of each of these proposed 
domains remains to be assessed. Flanking the 
core region are large N-terminal and C-terminal 
extensions, which encompass 564 and 480 amino 
acids, respectively. Unlike the Myo18Aα 
N-terminal extension, which contains a well- 
defined KE-rich region and a PDZ domain, the 
N-terminal extension of Myo18B does not 
resemble any known protein sequence. With the 
exception of a putative nuclear localization 
sequence (NLS) at residues 2377-2387, the 

C-terminal extension also bares no similarity 
with known protein domains (Salamon et  al. 
2003).

Whilst the biochemical properties of Myo18B 
remain to be elucidated, cellular localization 
studies and experiments with truncated overex-
pression constructs provide some insight into the 
function of this unique protein. Using overex-
pression constructs as well as N-terminal- and 
C-terminal-specific antibodies, this protein has 
been localized to a number of specific sites within 
both nonmuscle and muscle cell types (c.f. 
19.3.2). In nonmuscle cells specifically, Myo18B 
has been shown to localize in a punctate pattern 
throughout the cytoplasm, in membrane protru-
sions, and within stress fibers (Inoue et al. 2006; 
Ajima et  al. 2007; Jiu et  al. 2019). In this last 
locality, Myo18B is thought to assemble into a 
compact configuration at the end of NM2 bipolar 
bundles, where it aids in the fusion and coales-
cence of adjacent myosin stacks to facilitate acto-
myosin bundle maturation (Jiu et al. 2019). This 
is evident in CRISPR/Cas9-mediated MYO18B 
knockout osteosarcoma cells, where a subset of 
stress fibers known as transverse arcs are unable 
to assemble into thick mature ventral stress fibers. 
Defective stress fiber maturation in these cells 
leads to abnormal morphogenesis, contractility, 
and reduced migration. Utilizing a series of over-

Myosin-XVIIIB

IQsN-term extension C-term extensionCoiled-coilMotor domain

NLSERMP-loop

2567 aa
~285 kDaHs Myo18B

Fig. 19.3 Schematic representation of the domain struc-
ture of human Myosin-18B illustrating the 564-amino 
acid N-terminal extension, generic motor domain, neck 
region containing two myosin light chain binding IQ 

motifs, coiled-coil tail domain predicted to enable dimer-
ization, and C-terminal extension, which contains a puta-
tive nuclear localization sequence (NLS) at residues 
2377–2387
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expression domain constructs, both the 
N-terminal extension and coiled-coil tail domains 
were identified as being essential for the integra-
tion of Myo18B within stress fibers. The 
N-terminal extension alone localizes to stress 
fibers and actin bundles (Ajima et al. 2008; Jiu 
et al. 2019), suggesting that this unique protein 
domain may harbor essential actin-interaction 
sites, as seen within the N-terminal extension of 
Myo18A (Isogawa et al. 2005; Taft et al. 2013). 
Punctate and cytoplasmic localization of an over-
expression construct lacking the N-terminal 
extension further supports the pivotal role for the 
N-terminus in mediating actin interac-
tions.  Unlike the N-terminus, deletion of the 
C-terminal extension has no effect on stress fiber 
localization and overexpression of a 
C-terminal deletion construct is able to rescue the 
CRISPR/Cas9-mediated MYO18B-knockout 
phenotype in osteosarcoma cells. Interestingly, 
Myo18A overexpression is shown to partially 
rescue the Myo18B-knockout phenotype, 
although it is not intrinsically upregulated to 
compensate for reduced Myo18B protein levels.

Aside from actin, two other interaction part-
ners have been identified and validated for 
Myo18B through yeast two-hybrid screening 
studies. In the first study, Sug1, a component of 
the 19S regulatory complex of the 26S protea-
some was identified and the interaction was vali-
dated in COS-7 and C2C12 cells (Inoue et  al. 
2006). Colocalization analysis in HeLa cells 
revealed that cytoplasmic punctate Myo18B 
staining in nonmuscle cells partially overlaps 
with Sug1 staining. Accordingly, it was validated 
that Myo18B is susceptible to polyubiquitination 
and Sug1-mediated proteasomal degradation, 
although the precise mechanisms and physiologi-
cal relevance of these findings remain undeter-
mined. In a second report, the C-terminal tail of 
Myo18B was found to interact with the C-terminal 
half of Homer2, a post-synaptic adaptor protein, 
at membrane protrusions and stress fibers (Ajima 
et al. 2007). Expression of Homer2 was shown to 
enhance the ability of Myo18B to suppress 
anchorage-independent growth (cf. 19.3.3); how-
ever, the precise mechanisms mediating this 
effect are unresolved.

19.3.2  Myo18B in Striated Muscle 
Development and Assembly

In accordance with the strong expression profile 
of MYO18B in cardiac and skeletal muscles, a 
considerable portion of the literature on Myo18B 
is specifically focused on understanding its func-
tion in striated muscle tissues. At the level of the 
gene, MYO18B is distinct from many  other 
human sarcomeric myosin genes, as it does not 
map to chromosomes 14 and 17, where cardiac 
and skeletal myosin heavy chain genes are clus-
tered, but instead localizes to chromosome 22 
(Salamon et al. 2003). Gene expression profiling 
studies in mice reveal that Myo18B expression is 
upregulated following the onset of myogenic dif-
ferentiation, the process by which myotubes 
mature from myoblast precursors under the con-
trol of myocyte enhancer factor-2 (MEF2) tran-
scription factors (Salamon et  al. 2003; Ajima 
et al. 2008). A single study in Atlantic cod also 
indicates that the expression of this gene in skel-
etal muscle is linked to the transcription pattern 
of clock genes (Lazado et al. 2014). In the immor-
talized C2C12 mouse myoblast cell line, expres-
sion peaks at differentiation day 3 and remains 
constant throughout myotube maturation 
(Salamon et  al. 2003). In mouse embryos, this 
translates to strong expression of MYO18B 
mRNA in heart tissue at embryonic days 9.5–
11.5 and within myotomes and muscle mass at 
embryonic day 13.5 (Ajima et al. 2008).

Whilst a number of studies have reported that 
Myo18B adopts a regularly-spaced striated dis-
tribution pattern within sarcomeric structures in 
mature myocytes, its precise subcellular distribu-
tion throughout differentiation and within sarco-
meres remains controversial. The first study 
examining Myo18B localization by Salamon 
et  al. utilizing stable c-myc-tagged overexpres-
sion constructs and an N-terminal rabbit poly-
clonal antibody reported several distinct 
localization patterns. Specifically, Myo18B was 
observed in the cytoplasm in undifferentiated 
myoblasts, within the nucleus in undifferentiated 
myoblasts and select differentiated myotubes, 
and was prominently incorporated into A-bands 
within mature sarcomeric structures (Salamon 
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et al. 2003). However, a follow-up study utilizing 
two antibodies raised against C-terminal residues 
(amino acids 2448-2518) found no indication of 
Myo18B within the nucleus and observed that it 
localized with α-actinin at Z-discs rather than 
with muscle myosin-2  in A-bands (Ajima et  al. 
2008). Aspects of both of these initial studies 
were reproduced in a third publication assessing 
GFP-tagged Myo18B localization in zebrafish. In 
this instance, Berger et  al. reported that exoge-
nous Myo18B is integrated into sarcomeric 
A-bands 3 days post fertilization (dpf), where it 
alternates with α-actinin (Berger et  al. 2017). 
They also report that they do not observe a 
nuclear localization pattern for Myo18B; how-
ever, it is unclear if their analysis adequately 
assesses localization in undifferentiated 
myoblasts.

Regardless of the discrepancies in localization 
analyses, these studies firmly demonstrate that 
Myo18B is an essential component of muscle 
contractile machinery. In mice, homozygous 
knockout of Myo18B was found to be embryoni-
cally lethal with major defects evident at embry-
onic day 10.5 (Ajima et  al. 2008). Knockout 
embryos had severe cardiac defects, including 
dilated pericardial cavities and internal hemor-
rhage or resorption, and ultrastructural analysis 
revealed severe abnormalities in the organization 
and alignment of myosin thick and actin thin fila-
ments in muscle tissue. This gave the first indica-
tion that Myo18B is required for the development 
and maintenance of myofibril structure. Two 
recent studies linking mutations in the zebrafish 
myo18B gene with defective muscle integrity, 
cardiac deformities and reduced motile capacity 
have further demonstrated the essential role for 
Myo18B in sarcomere assembly (Berger et  al. 
2017; Gurung et al. 2017). In this model organ-
ism, myo18B is expressed exclusively in fast- 
twitch muscle fibres 1 dpf, is found within the fin 
and heart 2 dpf, and is present in the head and 
extraocular muscles 3 dpf. Accordingly, mechan-
ical force measurements in zebrafish baring 
allelic deletions and mutations in myo18B reveal 
that this protein is essential for force generation 
in fast-twitch muscles and not slow-twitch mus-
culature (Berger et  al. 2017). Ultrastructural 

analysis of fast-twitch muscle tissue in these 
mutant fish (3 dpf) by transmission electron 
microscopy demonstrates that the registered 
alignment of thick and thin filaments into sarco-
meric structures does not occur in the absence of 
functional Myo18B.

To date, two studies have implicated MYO18B 
mutations in human myopathies. In the first 
instance, Malfatti et al. reported that a homozy-
gous missense mutation in MYO18B 
(c.6496G  >  T, p.Glu2166∗) was linked with 
nemaline myopathy, a rare and severe congenital 
muscle disorder characterized by the presence of 
nemaline bodies (rods) within patient skeletal 
muscle (Malfatti et  al. 2015). In this instance, 
mRNA expression was not affected by the muta-
tion; however, the resulting protein was trun-
cated within the C-terminal extension and the 
full- length protein could not be detected with a 
C-terminal antibody. The patients presented with 
dysmorphic features, clinodactyly, severe hypo-
tonia, muscle weakness, and cardiomyopathy. In 
the second published case study, two patients 
presenting with a novel form of Klippel-Feil 
anomaly that included myopathy and distinct 
facial features were found to have the same 
homozygous nonsense mutation in MYO18B 
(c.6905C > A), which induced a premature stop 
codon at residue 2302 (Alazami et  al. 2015). 
This mutation induced nonsense-mediated 
mRNA decay with almost no MYO18B mRNA 
identified in patient lymphoblastic cells. 
Consistent with the mouse and zebrafish models 
of Myo18B knockdown and knockout, ultra-
structural analysis revealed that loss of func-
tional Myo18B in these patients culminated in 
an apparent loss of thick and thin filament band-
ing in muscle biopsies, further demonstrating the 
essential role for Myo18B in sarcomere 
assembly.

19.3.3  MYO18B in Cancer 
Progression

Initial studies characterizing the MYO18B gene 
in cancer stemmed from the observation that 
allelic losses on chromosome 22q are frequently 
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detected in human tumors. This suggested that an 
essential tumor suppressor gene is present within 
this chromosomal region. A series of studies by 
the work group of Jun Yokota demonstrated that 
MYO18B is effectively inactivated in lung, ovar-
ian, and colorectal cell lines and primary tumor 
samples by homozygous deletions, mutations, 
and/or epigenetic silencing (Nishioka et al. 2002; 
Tani et al. 2004; Yanaihara et al. 2004; Nakano 
et  al. 2005). Specifically, hypermethylation of 
CpG sites in the MYO18B promoter region and 
deacetylation of histone H3 and histone H4 all 
significantly inactivate MYO18B in these cancer 
subsets. In accordance with the initial hypothesis 
that MYO18B functions as a tumor suppressor 
gene, Myo18B overexpression or restoration was 
also found to impede tumor progression by sup-
pressing anchorage-independent growth.

The tumor suppressive role for Myo18B is 
further supported by the handful of studies that 
have identified MYO18B mutations in various 
cancers. This includes patients with melanoma 
and pancreatic ductal adenocarcinoma (Bleeker 
et al. 2009), two siblings with familial lung can-
cer (Kukita et al. 2016), and a single patient with 
neuroendocrine cancer (Bhatla et al. 2016). Two 
additional reports further strengthen the link 
between MYO18B epigenetic modifications and 
cancer. Specifically, reduced MYO18B expres-
sion due to hypermethylation was linked to a 
reduced response to platinum-based chemothera-
pies in ovarian cancer cases (Tomar et  al. 
2017), and increased MYO18B expression due to 
hypomethylation in T-cell acute leukemia was 
associated with better patient prognosis (Haider 
et  al. 2019). Both reports support a tumor sup-
pressive role for MYO18B in cancer.

To date, a single study published in 2018 by 
Zhang et al. has reported a tumor promoting role 
for MYO18B in hepatocellular carcinoma pro-
gression (Zhang et  al. 2018). Specifically, 
increased MYO18B expression in a large TCGA 
(The Cancer Genome Atlas) cohort and an inde-
pendent validation cohort correlated with 
advanced disease and worse overall survival. In 

support of this, Myo18B knockdown by siRNA 
reduced cell proliferation, decreased tumor col-
ony formation over time, slowed 2D-wound heal-
ing, and significantly decreased 3D-invasion in 
Transwell assays. This is in line with the effect of 
CRISPR/Cas9-mediated Myo18B knockout in 
osteosarcoma cells, which significantly impaired 
the ability for cells to undergo 3D-invasive migra-
tion, likely due to the defective maturation of 
NM2 stress fibers (Jiu et al. 2019). In the case of 
hepatocellular carcinoma cells, it was shown that 
Myo18B knockdown significantly affected sig-
naling components essential for proliferation, 
apoptosis, and migrations. Specifically, knock-
down suppressed the phosphorylation of PI3K, 
AKT, and mTOR, and resulted in an evident 
decrease in p70S6K expression.

19.3.4  MYO18B in Other Disease 
Contexts

In addition to the role of MYO18B in cancer and 
myopathies, this gene has also been linked to 
other diseases. One of the most significant find-
ings was a report by Ludwig et al., which found 
that single nucleotide polymorphisms in MYO18B 
are indicative and causative of mathematical dis-
ability (Ludwig et al. 2013). The authors reported 
that people carrying a MYO18B risk-genotype 
displayed significantly lower depth in an area of 
the brain involved in numerical processing, the 
intraparietal sulcus (IPS). These results have 
however been questioned by a follow-up study, 
which reports that no link between MYO18B and 
mathematical disability could be found in four 
independent validation cohorts (Pettigrew et  al. 
2015). In addition, MYO18B single nucleotide 
variants have also been associated with schizo-
phrenia in a genome-wide association study 
(Takata et al. 2013), and a heterozygous variant 
in MYO18B was identified in a single case of 
infant death, where the fetus had significant 
deformities, which included a muscle phenotype 
(Armes et al. 2018).
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19.4  Perspectives

In the 20 years since class XVIII myosins were 
first discovered, there have been significant 
advances in resolving their functions at both the 
molecular and cellular levels. However, it is clear 
that we have only just begun to unravel the prop-
erties of members of this new branch within the 
myosin family, characterized by their unique N- 
and C-terminal extensions, as well as their appar-
ent lack of active ATPase-driven motor function. 
A number of obvious questions remain to be 
addressed. This includes whether the two pro-
teins in this family, Myo18A and Myo18B, have 
overlapping functions within common subcellu-
lar localities. This has been addressed in a single 
study by Jiu et  al., where overexpression of 
Myo18A could slightly compensate for Myo18B 
knockout in stress fiber maturation; however, 
knockout did not induce an intrinsic compensa-
tory increase in Myo18A (Jiu et al. 2019). With 
regard to surfactant protein A receptor, it is 
important to address how this cytoplasmic solu-
ble protein is translocated and anchored to the 
plasma membrane. Further, does the PDZ 
domain, which is known to mediate membrane 
association, play a role in this function? With 
regard to Myo18B, it is clear that an in-depth bio-
chemical analysis of the protein’s subdomains is 
required to completely understand the function of 
Myo18B in stress fiber maturation and sarcomere 
assembly. Furthermore, as a putative NLS has 
been identified within the C-terminal extension 
and a nuclear localization has been reported in 
myocytes, it would be of great interest to resolve 
whether Myo18B has a nuclear function. Whilst 
Salamon et al. proposed that Myo18B may func-
tion as a transcriptional regulator of myogenic 
differentiation (Salamon et al. 2003), this remains 
to be resolved in follow-up studies.
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Abstract

The birth of widely available  genomic data-
bases at the turn of the millennium led to the 
identification of many previously unknown 
myosin genes and identification of novel 
classes of myosin, including MYO19. Further 
sequence analysis has revealed the unique 
evolutionary history of class XIX myosins. 
MYO19 is found in species ranging from ver-
tebrates to some unicellular organisms, while 
it has been lost from some lineages containing 
traditional experimental model organisms. 
Unique sequences in the motor domain sug-
gest class-specific mechanochemistry that 
may relate to its cellular function as a 
mitochondria- associated motor. Work over the 
past 10 years has demonstrated that MYO19 is 
an actin-activated ATPase capable of actin- 
based transport, and investigation of some of 

the conserved differences within the motor 
domain indicate their importance in MYO19 
motor activity. The cargo-binding MyMOMA 
tail domain contains two distinct mechanisms 
of interaction with mitochondrial outer mem-
brane components, and perturbation of 
MYO19 expression leads to alterations in 
mitochondrial movement and dynamics that 
impact cell function. This chapter summarizes 
the current state of the field and highlights 
potential new directions of inquiry.
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20.1  Introduction

Myosin-XIX (MYO19) was discovered as a con-
sequence of early genome sequencing initiatives 
cataloging  myosin sequences in common 
research organisms: human, mouse, C. elegans, 
D. melanogaster, A. thaliana, S. cerevisiae, S. 
pombe, and D. discoideum (Berg et al. 2001). At 
the time, it was one of 9 uncharacterized myosins 
predicted by sequence analysis. Fourteen unchar-
acterized myosins in total were identified as 
members of a superfamily of 39 human myosin 
genes. As it shared at most ~35% sequence iden-
tity with other myosin motor domains and 
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 phylogenetic analysis indicated that it did not 
group with other known classes, it was suggested 
that it might represent a novel class and was not 
assigned a class designation.

Early reports indicated that it was vertebrate- 
specific (Quintero et al. 2009), as orthologs could 
be identified in mouse, chicken, Xenopus, and 
zebrafish. As more species were sequenced, the 
evolutionary history of MYO19 gained more res-
olution. MYO19 is found in species ranging from 
vertebrates to unicellular holozoans (Sebe-Pedros 
et  al. 2014). It is also found in platyhelminths, 
arthropods, mollusks, annelids, echinoderms, 
cnidarians, hemichordates, and chordates 
(Kollmar and Muhlhausen 2017; Odronitz and 
Kollmar 2007) (Fig.  20.1). Expressed sequence 
tag analysis, northern blot analysis, and western 
blot analysis all indicate that MYO19 is expressed 
at varying levels across many tissue and cell 
types (Quintero et  al. 2009). With respect to 
experimental approaches, it is in some ways 
unfortunate that MYO19 has been lost from lin-
eages leading to two common model systems 
(Fig.  20.1), as studies in whole organisms like 
flies and roundworms could greatly enhance our 
knowledge of the role of MYO19 in the physio-
logical function of particular tissues and organs.

20.2  Sequence and Structure

Full-length MYO19 protein consists of an 
N-terminal motor domain, a neck region contain-
ing three IQ motifs and a short MYO19-specific 
mitochondrial outer membrane association 
(MyMOMA) tail domain (Fig. 20.2). Most ortho-
logs are ~1000 amino acids in length with human 
MYO19 consisting of 970 amino acids. The 
motor domain of MYO19 contains a Walker-A 
ATPase domain. The P-loop, switch I, and switch 
II motifs in myosin motors are responsible for 
coordinating to the phosphates of ATP (Smith 
and Rayment 1996) and (along with other regions 
of the motor domain) participating in the mecha-
nochemical linkage between ATP hydrolysis, 
actin binding, lever arm position, and force gen-
eration (Cope et al. 1996). MYO19 has a number 
of class-specific differences in its motor domain 

hypothesized to impact motor activity (Adikes 
et al. 2013), and one of the most well-conserved 
is at the amino acid position following the P-loop. 
While most other myosins have a valine or glu-
tamic acid immediately following the P-loop, the 
most common residue at that position among 
MYO19 paralogs is the bulkier tryptophan. 
Echinoderms, cnidarians, hemichordates and 
chordates all contain tryptophan at that position, 
while a subset of class XIX myosins from arthro-
pods contain a phenylalanine at this position, 
which is also bulky (Fig. 20.1). Based on its size 
and position, interactions between the ring struc-
ture of the side-chain and the ring structure of the 
nucleotide could influence nucleotide binding or 
nucleotide release. Platyhelminthes (E), mol-
lusks (V), annelids (V) and a subset of arthropods 
(C or E) have residues more commonly found in 
other myosins at that position. Other well- 
conserved differences exist within the core of the 
MYO19 motor domain, such as the GNAKT 
motif in switch I. This residue is often a lysine in 
many myosin families, but it is much more vari-
able across MYO19 orthologs. Cysteine often 
exists in that position in mammalian MYO19, 
whereas in other lineages, glutamine, alanine, or 
glycine are present. As the functional signifi-
cance is difficult to predict from sequence analy-
sis and modeling, biochemical and kinetic 
analyses may be required to reveal the role that 
such class-specific structures play in myosin 
function. It remains to be seen whether individual 
amino acids contribute significantly to the mech-
anochemical properties of MYO19, or if the suite 
of conserved differences function as an ensemble 
to influence the properties of the motor.

Potentially significant conserved differences 
exist within the MYO19 motor domain that are 
distinct from other myosin classes. MYO19 con-
tains the actin-binding interface loops and subdo-
mains, loop 2, loop 3, loop 4, helix-turn-helix and 
hypertrophic cardiomyopathy (HCM) loop. The 
net charges of each of these loops differ from 
those found in other myosins, and these differ-
ences have been hypothesized to influence the 
high affinity of Myo19 for actin (Adikes et  al. 
2013). Additionally, the converter domain con-
tains two short insertions totaling 30–35 amino 
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Fig. 20.1 Myosin XIX orthologs have been identified in 
many species. An unrooted phylogenetic tree of 78 Myo19 
orthologs from invertebrates, including flatworms 
Platyhelminthes (green), arthropods Arthropoda (purple), 
mollusks Mollusca (light purple), annelids Annelida 

(orange), echinoderms Echinodermata (blue) and Cnidaria 
(cyan), to hemichordates Hemichordata (grey) and chor-
dates Chordata (black). The sequence for the P-Loop is 
shown to the right for each species; most contain a bulky 
W or F immediately following the P-Loop (69/78)
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acids. These insertions are located approximately 
within the converter  domain itself, while the 
“reverse gear” insertion in MYO6 is located after 
the converter (Adikes et al. 2013; Menetrey et al. 
2005). Studies using recombinant MYO19 in in 
vitro gliding assays indicate that unlike MYO6 
(Wells et al. 1999), MYO19 is a plus-end directed 
motor (Lu et al. 2014). Threaded models indicate 
that the MYO19 insertions may be located in 
close proximity to the end of the relay helix, 
potentially influencing the coordination of ATP 

hydrolysis and lever-arm position (Lu et  al. 
2014), but such hypotheses will need to be exam-
ined through structural studies.

The Myo19 neck contains three IQ motifs 
(Quintero et  al. 2009), and when recombinant 
human MYO19 was generated in the presence of 
calmodulin, MYO19 co-purified with calmodulin 
at the stoichiometries expected for the number of 
IQ motifs present in the construct (Adikes et al. 
2013). However, the consensus sequences of the 
MYO19 IQ motifs (IQ1, AXXIQXXWRR; IQ2, 
AAXXIQAAXRSWLXIXXH; IQ3, 
AAXXIKXXWXXWRXXLA) (Lu et  al. 2014) 
indicate that they are divergent from calmodulin- 
binding IQ motifs found in other myosins 
(IQXXXRGXXXR) (Cheney and Mooseker 
1992). When MYO19 expressed in Sf9 cells is 
mixed with kidney extract, MYO19 copurifies 
with other regulatory light chains such as RLC9, 
RLC12a or RLC12b. Coexpression assays dem-
onstrate that IQ motifs 1 and 3 have a higher 
affinity for RLC9, while IQ motif 2 binds RLC9 
and RLC12b approximately equally (Lu et  al. 
2014). Taken together, these data indicate that the 
IQ motif occupancy may depend on the light- 
chain expression profile of the cell type and tis-
sue where MYO19 is expressed.

The most C-terminal region of the full-length 
MYO19 protein consists of a sequence of ~150 
amino acids that is enriched for basic residues. 
Sequence analysis was not particularly useful in 
identifying the function of this domain, as homol-
ogy searches did not identify other proteins or 
genes in the database with similar sequences 
(Quintero et  al. 2009). However, this region, 
known as the MYO19-specific mitochondria 
outer membrane association domain 
(MyMOMA), is well conserved within the 
MYO19 family (Adikes et al. 2013). In addition 
to contributing to the overall high pI of the 
MyMOMA domain (~9.1  in human MYO19), 
many of the basic residues are conserved across 
species and have been shown to play a role in the 
interaction with mitochondrial membranes 
(Bocanegra et  al. 2019; Hawthorne et  al. 2016; 
Shneyer et al. 2016).

Of interesting note, according to NCBI data-
bases, MYO19 may have multiple isoforms in 
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Fig. 20.2 Structural architecture of Myosin XIX. (a) 
Human MYO19 consists of a motor domain, neck region 
with three IQ motifs, and a short tail domain. (b) Some data 
exist indicating that certain species may contain multiple 
splice isoforms of MYO19, including human, mouse, and 
chicken. (c) A Phyre-threaded model (Kelley et al. 2015) 
where the regions of the motor domain excluded from vari-
ous isoforms are highlighted: human isoform 1 (purple and 
blue), mouse isoform 2 (green) and chicken isoform 2 
(blue). The expression patterns and potential functional 
roles of these truncated isoforms remain to be elucidated
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human, mouse, and chicken (Fig. 20.2). In addi-
tion to a full-length isoform containing a com-
plete motor domain, neck and tail, the other 
isoforms lack some region of the motor domain. 
Which region is missing varies from species to 
species. In humans and chicken, the region 
encompassing loop 2 is missing, while the iso-
form in mice lacks the N-terminal half of the 
motor domain (Fig. 20.2). There is experimental 
evidence for alternative splicing leading to other 
myosins with altered motor domain structures 
that are expressed in cells and tissues (Sousa 
et  al. 2006); however, data do not yet exist on 
whether MYO19 alternate splice-forms are 
expressed, and their cellular roles have yet to be 
determined.

20.3  Motor Domain Biochemistry

In addition to sequence homology of the core 
motor domain to other members of the myosin 
superfamily, the motor domain of MYO19 also 
contains enzymatic activity that is a hallmark of 
most of the members of the myosin superfam-
ily – an actin-activated ATPase activity (Adikes 
et al. 2013). The intrinsic in vitro ATPase activity 
in the absence of actin is relatively low (~0.03 s−1, 
Table 20.1), as has been demonstrated by multi-
ple research groups (Adikes et al. 2013; Lu et al. 
2014; Usaj and Henn 2017). The maximal rate of 
actin-activated ATPase activities reported varies 
slightly from 2.7 to 4.2 s−1 for constructs contain-
ing all 3 IQ-motifs, an increase of more than 

50-fold (Adikes et al. 2013; Lu et al. 2014; Usaj 
and Henn 2017). These differences may be due to 
the experimental conditions, the species of the 
myosin, the expression system, and/or the purifi-
cation methods used. Some variability in maxi-
mal steady-state ATPase rate would be expected 
due to the number of IQ motifs present in the 
construct (Adikes et al. 2013; Lu et al. 2014). The 
concentration of actin at which MYO19 dis-
played half its maximal ATPase activity, KATPase, 
ranged from 12 to 20 μM. Lu et al. also demon-
strated a mild sensitivity of motor activity of the 
1-IQ construct to ionic strength and that the pres-
ence of RLC9 and RLC12b as regulatory light- 
chains enhanced the steady-state ATPase rate of 
the 3-IQ construct. However, phosphorylation of 
RLC9 or RLC12b did not seem to impact the 
ATPase activity or gliding velocity of MYO19 
constructs. MYO19 ATPase activity and actin 
gliding velocity were strongly inhibited by 
increasing concentrations of ADP, a property of 
high duty ratio motors where ADP release is the 
rate-limiting step (Lu et al. 2014).

MYO19 is capable of translocating actin fila-
ments in vitro at velocities ranging from 50 to 
200  nm/s (Adikes et  al. 2013; Lu et  al. 2014). 
This four-fold difference in apparent rate may be 
due to the method used to attach the motor 
domain to the coverslip. While Adikes et al. used 
antibodies to the most-C-terminal portion of their 
construct to capture MYO19 on the coverslip sur-
face, Lu et  al. biotinylated their construct and 
then used biotinylated BSA and streptavidin to 
attach the motor to the coverslip. Lu et  al. also 

Table 20.1 Kinetic parameters of the MYO19 motor domain measured in vitro

V0 (s-1) Vmax (s-1) KATPase (μM)
Velocity 
(nm/s)

Human MYO19-1IQ (Adikes et al. 2013) 0.034 ± 0.002 2.2 ± 0.2 20.1 ± 3.7
Human MYO19-3IQ (Adikes et al. 2013; 
Ušaj and Henn 2017)

0.03 ± 0.01, 0.06 ± 
0.02

2.7 ± 0.2, 
3.1 ± 0.1

26.5 ± 5.4, 
11.6 ± 1.2

218 ± 39, 
na

Human MYO19-3IQW140V (Shneyer et al. 
2017)

0.10 ± 0.05 4.1 ± 0.4 56.7 ± 10.9

Mouse MYO19-1IQ (Lu et al. 2014) 0.032 ± 0.001 6.75 ± 0.33 15.2 ± 4.0 27.1 ± 1.2
Mouse MYO19-3IQ (Lu et al. 2014) 0.035 ± 0.001 4.20 ± 0.72 20.0 ± 6.8 46.8 ± 4.7

These data are summarized from (Adikes et al. 2013; Lu et al. 2014; Shneyer et al. 2017; Usaj and Henn 2017)
V0 indicates the rate of intrinsic ATPase activity, Vmax is the maximal actin-activated ATPase rate, KATPase is the actin 
concentration at which the ATPase rate is 50% of the maximal value, and Velocity is the rate at which actin filaments 
were translocated in in vitro gliding assays
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demonstrated that the directionality of MYO19 
was towards the plus-end of actin and that sam-
ples with high MYO19 motor density tended to 
shred the actin filaments, lending evidence to the 
hypothesis that MYO19 is a high-duty ratio 
motor (Lu et al. 2014).

Adikes et  al. used actin-cosedimentation 
assays to indicate that MYO19 populates high 
actin affinity states during its ATPase cycle as 
measured under steady-state conditions. MYO19 
has a Kactin for cosedimentation lower than the 
KATPase for ATPase rate, which is a property of 
high duty ratio motors (Howard 2001). They also 
hypothesized that MYO19 might be a high duty 
ratio motor, suggesting that amino acid differ-
ences near the P-loop and in the actin-binding 
loops might contribute to the particular mechano-
chemical properties of MYO19 (Adikes et  al. 
2013).

Some of the first evidence describing the 
amino acid sequences responsible for MYO19’s 
high duty ratio came from two reports by the 
Henn research group using the sequence for the 
human MYO19 motor domain expressed in sus-
pension cultures of HEK293 cells (Shneyer et al. 
2017; Usaj and Henn 2017). ATP binding to the 
acto-MYO19 motor domain involves an isomeri-
zation step from a “closed” to an “open” state 
prior to ATP binding and actin dissociation. 
Transient kinetic analysis also demonstrated that 
MYO19 has a very high affinity for ADP, which 
contributes to ADP release as a component of the 
rate-limiting steps for ATP hydrolysis and prod-
uct release. Phosphate release was shown to be 
sufficiently rapid to not contribute to limiting the 
ATPase cycle when actin is present. Kinetic 
models that incorporated the measured steady-
state and transient kinetic parameters also indi-
cated that MYO19 is a high duty ratio motor 
where continuous movement along actin fila-
ments might require assembly of monomeric 
motors into functional ensembles as would occur 
when multiple motors are bound to a single 
cargo (Usaj and Henn 2017). Mutation of the 
class XIX- specific tryptophan, W140, to valine 
resulted in a 25% increase in the maximal 
steady-state actin- activated ATPase rate, with 
changes to individual kinetic parameters. 

MYO19W140V showed a four- fold decrease in the 
second-order association rate constant of ATP 
for acto-MYO19, a ten-fold decrease in ADP 
affinity, a five-fold increase in KATPase, and a 
lower duty ratio, indicating that W140 is involved 
in establishing the enzymatic activities that 
relate to particular cellular roles in mitochon-
drial transport (Shneyer et al. 2017).

20.4  MyMOMA Domain 
Biochemistry

The initial identification of mitochondria as the 
cargo of MYO19 was demonstrated via immu-
nostaining of primate cells for endogenous 
MYO19 using an antibody generated against a 
short peptide sequence found C-terminal to the 
third IQ motif (Quintero et  al. 2009). Ectopic 
expression of human MYO19 truncations 
revealed that the C-terminal ~150 amino acids 
were necessary and sufficient for GFP-tagged 
MYO19 constructs to localize to mitochondria, 
as constructs containing the motor domain and 
IQ motifs failed to localize to mitochondria, 
while constructs consisting of the tail domain did 
localize to mitochondria. Quintero et al. demon-
strated that the interaction between MYO19 and 
the mitochondrial outer membrane was unlikely 
to be via a C-terminal α-helical transmembrane 
insertion, as constructs tagged with GFP at the 
C-terminus localized to mitochondria (Quintero 
et  al. 2009). FRAP analysis revealed that 
mitochondria- localizing MYO19 constructs that 
contained the MyMOMA domain exchanged 
extremely slowly with other cellular pools, sug-
gesting a strong interaction between MYO19 and 
the mitochondrial outer membrane. Additionally, 
endogenous MYO19 could be released from 
mitochondria-enriched fractions by treatment 
with high pH buffer, indicating that the mecha-
nism of binding was at least partially based on 
electrostatic interactions (Hawthorne et al. 2016; 
Shneyer et al. 2016).

The ~150 amino acids C-terminal to the third 
IQ motif make up the MyMOMA domain, and in 
addition to having a high pI of approximately 9.1 
(human), there are many well-conserved basic 
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residues within this domain (Hawthorne et  al. 
2016) (Fig.  20.3). Using sequence analysis to 
identify regions of low conservation within the 
tail, Hawthorne et  al. generated truncation con-
structs of the MYO19 tail in an attempt to iden-
tify the minimal region necessary for 
mitochondrial localization. Constructs contain-
ing amino acids 853–935 of human MYO19 were 
able to localize to mitochondria (Hawthorne et al. 
2016). In addition, these constructs also dis-
played slow FRAP recovery kinetics, similar to 
constructs containing the full MyMOMA 
domain. Sequential mutation of amino acids that 
are well-conserved in mouse and human revealed 
that amino acids R882 and K883 are important in 
establishing the membrane specificity of MYO19 
binding, as their paired mutation to alanine 
results in an interesting phenotype where GFP- 
tagged MYO19RK882-883AA constructs localized to 
the endoplasmic reticulum rather than to mito-
chondrial membranes (Hawthorne et al. 2016).

Shneyer and colleagues verified that MYO19 
resides on the cytosol-facing side of the mito-
chondrial outer membrane, as treatment of iso-
lated mitochondria with proteases resulted in the 
digestion of MYO19 in the absence of detergent 
(Shneyer et al. 2016). These assays also indicated 
that the C-terminus of MYO19 is accessible to 
the cytosol consistent with monotopic insertion 
of MYO19 into the mitochondrial outer mem-
brane. Using proteomics and sequence analysis 
approaches, they were able to predict a putative 
monotopic α-helical insertion motif within amino 

acids 860–890 of the human MYO19 sequence. 
Expression of MYO19860–890-GFP resulted in 
mitochondrial localization, and expression of 
constructs lacking this sequence displayed sig-
nificantly reduced mitochondrial localization. 
Mutation of R882 and K883 to serine in this con-
struct also resulted in a switch to ER localization 
(Shneyer et  al. 2016). Peptides matching this 
sequence (851–895) incubated with small unila-
mellar liposomes with similar lipid composition 
to the mitochondrial outer membrane displayed 
similar binding characteristics to what was 
observed with the GFP-tagged constructs in cells 
and what was observed with endogenous 
MYO19 in cell-based assays – resistance to high 
salt extraction and strong affinity for binding the 
membranes.

Recent reports suggest a connection between 
MYO19 and MIRO proteins (Bocanegra et  al. 
2019; Lopez-Domenech et al. 2018; Oeding et al. 
2018). MIRO1 and MIRO2 are a divergent family 
of small GTPases found on the mitochondrial 
outer membrane (Reis et  al. 2009). They have 
been shown to play roles in microtubule-based 
mitochondrial traffic (Babic et al. 2015; Fransson 
et al. 2006; Russo et al. 2009) and in mitochon-
drial fission/fusion dynamics (Misko et al. 2010). 
Multiple groups have demonstrated potential 
MYO19/MIRO interactions using promiscuous 
biotinylation/proteomics approaches (Bocanegra 
et al. 2019; Oeding et al. 2018). Embryonic fibro-
blasts derived from MIRO1/MIRO2 double- 
knockout mice show significantly decreased 

Fig. 20.3 The MyMOMA domain of the MYO19 tail 
facilitates mitochondrial interactions. (a) The ~150 
amino acids C-terminal to the third IQ motif make up the 
MyMOMA domain. The region encompassing resides 
853–935 localizes to mitochondria. A putative monotopic 
α-helical insertion motif lies within amino acids 860–890 
(teal domain). Additionally, R882 and K883 are impor-

tant in establishing the membrane specificity of MYO19 
binding. The region encompassing residues 898–970 has 
been shown to interact with MIRO proteins. (b) 
Schematic of MYO19 mitochondrial interactions: inser-
tion of the central region of MyMOMA into the mito-
chondrial outer membrane and C-terminal region 
interaction with MIRO
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levels of MYO19 (Lopez-Domenech et al. 2018) 
as do cultured mammalian cells knocked down 
for MIRO1 and MIRO2 via shRNA (Oeding et al. 
2018). This loss of MYO19 levels is likely due to 
degradation of MYO19 via ubiquitination and 
proteasome-mediated degradation. The MIRO- 
interacting region is contained within the 
C-terminal ~72 amino acids (based on human 
sequence) and is distinct from the monotopic 
membrane insertion (Oeding et al. 2018). Ectopic 
expression of MIRO constructs enhances local-
ization of fluorescently tagged MYO19898–970 
constructs, although inconsistencies exist 
between published reports as to whether the 
N-terminal GTPase domain of MIRO is sufficient 
to mislocalize MYO19898–970 constructs 
(Bocanegra et  al. 2019; Oeding et  al. 2018). 
FRAP kinetics indicate that the MIRO/
MYO19898–970 interaction exchanges faster than 
the interaction of the mitochondrial outer mem-
brane  with the monotopic insertion motif, and 
MIRO interaction may be dependent on the 
nucleotide state of the N-terminal MIRO domain 
(Bocanegra et  al. 2019). Well-conserved basic 
residues on MYO19 and acidic residues on MIRO 
may be involved in mediating MYO19/MIRO 
interactions. Constructs lacking the MIRO- 
interacting region but still containing the 
membrane- insertion motif were likely able to 
localize at the membrane when overexpressed, 
saturating proteasome-mediated degradation 
pathways, which allowed for the slower mem-
brane insertion events to occur. Bocanegra and 
colleagues hypothesized that MIRO interactions 
provide an initial, weak interaction between 
MYO19 and the mitochondrial outer membrane, 
which then facilitates membrane insertion 
(Bocanegra et al. 2019).

20.5  MYO19 and Cell Physiology

20.5.1  Ectopic Expression of MYO19 
Influences Mitochondrial 
Motility and Shape

The majority of MYO19 immunofluorescence 
signal colocalizes with mitochondria under typi-

cal cell culture conditions (Quintero et al. 2009). 
Ectopic expression of fluorescently-tagged 
MYO19 results in a variety of phenotypes 
depending on the construct being expressed, 
expression level of the tagged protein, and the 
cell type in which the protein is expressed 
(Adikes et  al. 2013; Hawthorne et  al. 2016; 
Lopez-Domenech et al. 2018; Oeding et al. 2018; 
Quintero et al. 2009; Rohn et al. 2014; Shneyer 
et  al. 2016, 2017). Expression of full-length 
GFP-MYO19 in A549 pulmonary epithelial cells 
results in mitochondrial localization of the GFP- 
fluorescence and increased dynamics of the mito-
chondrial network (Quintero et  al. 2009). The 
increase in mitochondrial dynamics was shown 
to be actin-dependent as treatment with actin- 
depolymerizing drugs halted mitochondrial 
movements. Expression of constructs lacking the 
motor domain or constructs containing a putative 
rigor-binding mutant did not lead to increased 
mitochondrial motility, indicating that motor 
activity plays a role in the observed phenotype 
(Adikes et  al. 2013; Quintero et  al. 2009). In 
some instances, expression of constructs lacking 
the motor domain behaved in an dominant- 
negative fashion, interfering with MYO19 func-
tion (Oeding et al. 2018; Shneyer et al. 2016).

Under conditions where mitochondrial motil-
ity was enhanced, many of the mitochondria 
moved with a leading end, and the leading end 
was wider than the trailing end; this shape distor-
tion was also shown to be actin-dependent 
(Quintero et  al. 2009). As the tadpole-shaped 
moving mitochondria resembled polymerization- 
induced Listeria motility, Quintero and col-
leagues attempted to address whether 
MYO19-mediated mitochondrial motility was 
driven by polymerization-mediated pushing, but 
no obvious actin accumulations associating with 
mitochondria were observed via the 
 currently- available technology – wide-field epi-
fluorescence (Quintero et al. 2009). Refinement 
of fluorescence microscopy approaches led to the 
discovery of mitochondria-associated actin 
clouds that influence the organelle sizes present 
in the mitochondrial network (Moore et al. 2016). 
A more careful investigation of the geometry of 
the actin associated with mitochondria during 
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MYO19- mediated motility using modern imag-
ing approaches is now possible and worth 
investigating.

Certain stress conditions result in additional 
cellular localizations of MYO19 (Shneyer et al. 
2016, 2017). Glucose starvation and oxidative 
stress result in the formation of actin-filled pro-
trusions known as filopodia. MYO19 localizes to 
a subset of these structures in stressed U-2OS 
osteosarcoma cells. MYO19 localized more 
strongly to filopodia induced by cells ectopically 
expressing an unregulated GFP-mDia2 than to 
filopodia induced by GFP-MYO10 expression 
(Shneyer et al. 2017). Motor activity is necessary 
for tip-localization of fluorescently-tagged 
MYO19 as rigor mutation or the W140V muta-
tion, which decreases the duty ratio, did not 
localize to filopodial tips (Shneyer et al. 2017). 
Mitochondria markers colocalize with MYO19 
at stress-induced filopodial tips, suggesting that 
MYO19 might be transporting mitochondria to 
actin-protrusions (Shneyer et  al. 2016). It 
remains to be seen if MYO19 is involved in the 
potential organelle transport between cells via 
tunneling nanotubes (Babenko et  al. 2018; 
Sartori-Rupp et al. 2019), another actin-rich cel-
lular protrusion capable of connecting two dif-
ferent cells.

20.5.2  Depletion of MYO19 Protein 
Reveals Cellular Function(s)

Loss of MYO19 leads to observable phenotypes 
in mitochondrial position and distribution, and in 
some instances altered cellular physiology. 
Interfering RNA approaches revealed a less dis-
persed mitochondrial distribution in HeLa cells 
(Oeding et  al. 2018) and hTert-RPE1 cells 
(Capmany et  al. 2019), but not in U2-OS cells 
(Shneyer et  al. 2016). Knockdown of MYO19 
also led to decreased numbers of filopodia in 
HeLa cells (Rohn et al. 2011) as well as decreased 
filopodial number and inhibition of MYO19 
transport into stress-induced filopodia in U2-OS 
cells (Shneyer et al. 2016).

A siRNA screen of the “actinome” identified 
MYO19 as a novel regulator of cell division in 

HeLa cells as MYO19 knockdown led to an 
increase in the percentage of multinucleate cells 
(Rohn et al. 2011). Closer investigation revealed 
that in addition to an increase in the percentage of 
multinucleate cells present in a population, 
MYO19 knockdown resulted in an increase in the 
population of cells failing at cytokinesis (Rohn 
et al. 2014) (Fig. 20.4). The cytokinesis failure/
multinucleate cell phenotype could be pheno-
copied by inhibiting mitochondrial fission via 
treatment with the drug mDivI. Additionally, the 
cytokinesis phenotype in MYO19 siRNA cell 
samples could be partially rescued by knock-
down of a component of the mitochondrial fusion 
machinery, MFN2. Taken together, these data 
suggest that the mitochondrial particle size pres-
ent in the network was interfering with cytokine-
sis, potentially via physical interference with the 
cytokinetic ring closure.

A second phenotype was observed in MYO19 
siRNA-treated cells that did complete cytokine-
sis – there was an asymmetry in the mitochon-
drial dosage of each daughter cell (Rohn et  al. 
2014) (Fig. 20.4). This asymmetry was unlikely 
due to mitochondrial network particle size as co- 
treatment with siRNA targeting MFN2 did not 
rescue the asymmetry in mitochondrial inheri-
tance between daughter cells. However, ectopic 
expression of mouse GFP-MYO19 refractory to 
the MYO19 siRNA did rescue the asymmetry in 
mitochondrial distribution between daughter 
cells, supporting the hypothesis that MYO19 
motor activity contributes to the proper spatial 
arrangement necessary for symmetric partition-
ing of mitochondria during mitosis. Asymmetric 
mitochondrial distribution was also observed in 
MEF isolated from MIRO1/2 double knockout 
mice (Lopez-Domenech et al. 2018), which have 
diminished levels of MYO19. Ectopic expression 
of MYO19 also rescued the asymmetry in mito-
chondrial distribution in these cells as well. The 
long-term consequence of uneven mitochondrial 
distribution into daughter cells following cell 
division has yet to be investigated. It has not yet 
been determined whether there is a specific sub-
set of mitochondria whose motility is being 
mediated via MYO19 during cell division 
(Katajisto et al. 2015).

20 Myosin XIX



448

20.6  Future Directions 
and Connections to Health 
and Physiology

Little is known about the physiology and patho-
logical consequences associated with MYO19 
function. It is interesting to note that MYO19 has 
been identified as a potential gene associated with 
skeletal muscle development. One study looking 
at genetic differences among horse breeds sug-
gested that variants of MYO19 could play a role in 
muscle development in halter horses (Avila et al. 
2018). Additionally, two individual studies, one 
on thoroughbred horses and another on young 
human males, analyzed transcriptome data before 
and after a period of extended high intensity train-
ing and found MYO19 to be significantly upregu-
lated (Bryan et al. 2017; Miyamoto- Mikami et al. 
2018). This suggests a potential physiological 
role in mammals that is worthy of investigation.

Due to the large amounts of sequencing data 
currently available, new areas of research are 
being defined. Examination of MYO19 sequence 
variations in different types of cancers revealed 
that MYO19 sequence differences are highly rep-
resented in certain cancers (Hudson et al. 2010), 
namely gall bladder/cholangiocarcinoma (31/71 

donors affected), melanoma (two studies: 32/100 
and 56/183), pulmonary carcinoma (45/170), and 
leiomyosarcoma (14/67). Gene fusions are a 
well-known mechanism for oncogene activation 
in some cancers. Using RNA sequencing, Edgren 
et  al. found a fusion between MYO19 and the 
spindle- and kinetochore-associated complex 
subunit 2 (SKA2) in breast cancer cell lines 
(Edgren et  al. 2011), suggesting that SKA2- 
MYO19 could play a role in oncogene activation. 
Additional case- and genome-wide association 
studies have identified MYO19 as a potential 
gene involved in ovarian cancer, pancreatic duc-
tal adenocarcinoma, and breast cancer, among 
others (Choi et  al. 2015; Kohutek et  al. 2017; 
Novak et  al. 2015; Permuth et  al. 2016; Zhang 
et al. 2017). Copy number variations in chromo-
some 17q where MYO19 is deleted has also been 
linked to cancer (Jalali et  al. 2015), as well as 
neurological and psychiatric diseases such as epi-
lepsy (Catarino et al. 2011), ADHD (Martin et al. 
2014), autism, schizophrenia (Moreno-De-Luca 
et al. 2010), and developmental disorders (Hinkes 
et al. 2012; Roberts et al. 2014; Sandbacka et al. 
2013; Tsuiko et al. 2016). Although the particular 
MYO19 misfunction caused by these mutations 
or the physiological consequence is not readily 
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Fig. 20.4 Loss of MYO19 leads to cytokinetic failure 
and asymmetric inheritance of mitochondria. Summary of 
results from Rohn et  al. (2011, 2014). MYO19 knock-
down leads to an increase in multinucleate cells due to 

cells failing cytokinesis. Additionally, many cells are 
unable to distribute mitochondria equally between daugh-
ter cells, leading to asymmetric inheritance of 
mitochondria
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apparent, the high frequency of MYO19 muta-
tions in multiple pathophysiologies warrants fur-
ther investigation. As future researchers combine 
traditional cell biological approaches with mod-
ern informatic and quantitative methods, our 
deeper understanding of this unique and interest-
ing myosin class will illuminate our understand-
ing of cell physiology, motor protein function, 
and motor protein evolution.
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