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Introduction

Myosins constitute a large and diverse superfamily of motor 
proteins that bind actin filaments to produce force and tension. 
The overall domain organization of the family is characterized 
by a motor domain, which binds to F-actin, a neck domain com-
posed of variable numbers of IQ motifs that bind light chains, 
and a tail domain of variable length and function.1 The founding 
member of the myosin superfamily is the class II or conventional 
myosin, whose actin-activated ATPase activity was described 
over 70 y ago.2 Class II myosins are the primary contractile pro-
teins in smooth, skeletal and cardiac muscles, and also perform 
similar functions in eukaryotic nonmuscle cells. The myosin-II 
molecule is a hexamer composed of two myosin-II heavy chains 
(MHC-II), two essential light chains (ELCs) that stabilize the 
neck domain and two regulatory light chains (RLCs) that stabi-
lize the neck and regulate motor activity.1 This hexameric mol-
ecule is generally referred to as the myosin-II monomer. With 
respect to the domain structure of the myosin-II molecule, each 
individual heavy chain consists of (1) a globular N-terminal 
motor or head domain (~800 amino acids) that contains the ATP 
and actin binding sites; (2) a neck domain (~50 amino acids) 
composed of two IQ motifs that bind one ELC and one RLC; 
(3) a coiled coil or rod domain (~1100 amino acids) composed 
of heptad repeats; and (4) a short C-terminal segment, termed 
the tailpiece of ~34–47 amino acids in length (Fig. 1). The rod 
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Nonmuscle myosin-II is an actin-based motor that converts 
chemical energy into force and movement, and thus functions 
as a key regulator of the eukaryotic cytoskeleton. Although it is 
established that phosphorylation on the regulatory light chain 
increases the actin-activated MgATPase activity of the motor 
and promotes myosin-II filament assembly, studies have begun 
to characterize alternative mechanisms that regulate filament 
assembly and disassembly. These investigations have revealed 
that all three nonmuscle myosin-II isoforms are subject to ad-
ditional regulatory controls, which impact diverse cellular pro-
cesses. In this review, we discuss current knowledge on mech-
anisms that regulate the oligomerization state of nonmuscle 
myosin-II filaments by targeting the myosin heavy chain.
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domain mediates the association of the two myosin-II heavy 
chains through the formation of a long, parallel α-helical coiled 
coil and it is this interaction that underlies the hexameric orga-
nization of the myosin monomer. In addition to directing the 
assembly of the hexameric myosin monomer, intermolecular 
interactions between the coiled coils of myosin-II molecules are 
crucial for the formation of myosin-II filaments. The assembly of 
myosin-II bipolar filaments occurs via both parallel and anti-par-
allel intermolecular interactions between myosin-II monomers. 
For nonmuscle myosin-II, these filaments are composed of ~28 
hexameric units (i.e., monomers), and are considerably smaller 
than those observed in skeletal and smooth muscle.3,4

In vertebrates, there are three nonmuscle myosin heavy 
chain genes (Myh9, Myh10 and Myh14) that encode NMHC-
IIA, NMHC-IIB and NMHC-IIC, respectively.5-9 The three 
NMHC-II isoforms are highly conserved with 79% amino acid 
identity between NMHC-IIA and NMHC-IIB, 65% iden-
tity between NMHC-IIA and NMHC-IIC, and 68% identity 
between NMHC-IIB and NMHC-IIC, with the majority of the 
amino acid differences occurring within the C-terminal tail-
piece. Despite the overall sequence similarity between the heavy 
chains, the three NMHC-II isoforms have different actin-acti-
vated MgATPase activities and duty ratios (the fraction of time 
that the myosin motor is bound to an actin filament),10-13 exhibit 
distinct patterns of tissue and cell expression,9,14 and have non-
redundant as well as overlapping functional roles in vivo (for a 
review see refs. 15, 16). In addition, the myosin-II isoforms can 
exhibit distinct subcellular distributions, which are mediated by 
the C-terminal ~180 amino acids of the myosin-II heavy chain 
that includes the C-terminal end of the coiled coil and the tail-
piece.17,18 These observations highlight the importance of the 
myosin-II tail in modulating the spatiotemporal localization of 
myosin-II molecules and further suggest that regulation via the 
tail could modulate myosin-II localization and/or activity. In this 
review, we discuss the regulation of myosin-II filament assembly 
with a particular emphasis on mechanisms that target the heavy 
chains of nonmuscle myosin-II.

Regulation of Filament Assembly by RLC 
Phosphorylation

In the fully dephosphorylated state, the myosin-II molecule 
adopts a compact, folded structure referred to as 10S myosin 
based on its sedimentation coefficient, which differs from that of 
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present in all type II myosins (termed the extended ACD) (Fig. 
3, ACD1).38 The extended ACD lacks the 28-residue periodic-
ity of positive and negative charge that is characteristic of most 
of the myosin-II coiled coil, and instead exhibits a unique elec-
trostatic profile that is composed of short alternating segments 
of negative and positive charge (Fig. 3). The extended ACD 
also contains a high proportion of solvent exposed large apolar 
residues.38 Deletion studies have confirmed the requirement of 
the extended ACD for both the in vitro and in vivo assembly 
of nonmuscle myosin-II filaments.17,39-41 In addition, studies on 
myosin-IIB have identified a second ACD (ACD2), which is 
poorly conserved among sarcomeric myosin-II molecules, that is 
upstream of the extended ACD (ACD1) (Fig. 3).39 Electrostatic 
interactions between these two regions of the myosin-II heavy 
chain are thought to regulate both parallel and anti-parallel inter-
actions between myosin-II monomers during filament assembly, 
although this has yet to be formally tested.

In addition to ACD1 and ACD2, the C-terminal tailpiece, 
which is ~34–47 amino acids in length depending on the 
NMHC-II isoform, is also critical for filament assembly. In 
vitro studies with myosin-II constructs comprising two-thirds of 
the coiled coil domain, which contain all known heavy chain 
assembly determinants, and in vivo studies with GFP-tagged 
full-length NMHC-IIA, demonstrated that deletion of the 35 
amino acid tailpiece from myosin-IIA enhances myosin-II assem-
bly.32,41 Similar to myosin-IIA, deletion of the myosin-IIB tail-
piece increases assembly, whereas removal of the tailpiece reduces 
myosin-IIC assembly.41 These investigations, as well as tailpiece 
swapping studies, have established the C-terminal tailpiece as 
an important mediator of isoform-specific nonmuscle myosin-II 
filament assembly.41,42 In addition, studies on myosin-IIC have 
shown that in conjunction with the C-terminal region of the 
extended ACD (ACD1), the tailpiece directly binds the coiled 
coil to mediate the association between myosin-IIC molecules.43 
Whether the tailpiece has a similar function in myosin-IIA and 
myosin-IIB will require further investigation.

Regulation of Filament Assembly by Heavy Chain 
Phosphorylation

Although heavy chain phosphorylation was observed more 
than 30 y ago in vertebrates,44-46 RLC phosphorylation has been 
considered the primary mechanism for controlling myosin-II fil-
ament assembly in vivo. In Dictyostelium it is well established that 
heavy chain phosphorylation induces an assembly-incompetent, 
bent monomeric conformation that inhibits filament oligomeriza-
tion.47,48 In contrast, the structural and biological consequences 
of heavy chain phosphorylation in vertebrates are still being 
defined. Nonetheless biochemical and cellular studies have sug-
gested that heavy chain phosphorylation provides another physi-
ologically relevant regulatory mechanism for myosin-II assembly.

The majority of myosin-II heavy chain phosphorylation sites 
are located at the C-terminal end of the heavy chain, in the coiled 
coil and tailpiece regions (Fig. 4). Multiple kinases phosphory-
late these sites, including the transient receptor potential melas-
tatin 7 (TRPM7),49,50 members of the protein kinase C (PKC) 

the extended myosin-II monomer (6S myosin).19,20 The inactive 
monomer is characterized by asymmetric head-head interactions 
in the two-headed myosin molecule that block the interaction of 
one head with F-actin and of the second head with nucleotide 
(Fig. 2).21,22 Electron microscopy studies indicate that folding of 
the coiled coil rod domain into three segments, which permits 
head-tail interactions, stabilizes the compact monomer conforma-
tion and prevents filament assembly.19,23-27 While under certain in 
vitro conditions nonphosphorylated myosin-II can polymerize, 
these filaments are highly susceptible to MgATP, which disas-
sembles them into folded monomers.19,23,28 Phosphorylation on 
Ser19 of the regulatory light chain (RLC) by myosin light chain 
kinase or Rho kinase relieves the autoinhibited state and pro-
motes the assembly competent, extended 6S conformation.29,30 In 
addition, RLC phosphorylation decreases the critical monomer 
concentration required for filament assembly and protects against 
MgATP-induced filament disassembly, thus providing a mecha-
nism for filament stabilization in vivo, where intracellular ATP 
concentrations are high.28,31 Lastly, there is increasing evidence 
that interconversion between these two conformers regulates the 
assembly of smooth muscle and nonmuscle myosin-II filaments 
in vivo.32-34 For example, a myosin-IIA mutant that is incapable 
of forming a stable 10S monomer shows poor localization to the 
edge of spreading cells as compared with wild-type myosin-IIA 
and over-assembles in the central cell body.32 These data suggest 
that the 10S conformer contributes to both the proper localiza-
tion and assembly of myosin-IIA.

Heavy Chain Requirements for Filament Assembly

While RLC phosphorylation regulates the conformation of 
the myosin-II monomer, it is the α-helical coiled coil rod domain 
and C-terminal tailpiece that mediate the assembly of myosin-
II into filaments. The myosin-II rod domain is characterized by 
a 28 amino acid repeat along the length of the α-helical coiled 
coil that produces a pattern of alternating positive and negative 
charges that mediate the axial staggering between myosin-II mol-
ecules within a filament.35,36 In skeletal myosin-II, a 29-residue 
sequence near the C-terminus of the coiled coil was identified as 
a critical region for myosin-II filament assembly.37 This assembly 
competence domain or ACD is part of a longer conserved region 

Figure 1. Domain organization of myosin-II. Each myosin-II heavy chain 
is composed of an N-terminal motor domain, a neck domain that binds 
one essential light chain (yellow) and one regulatory light chain (green), 
a coiled coil rod domain and a C-terminal tailpiece. The head domain 
contains the ATP binding site and the actin binding domain. The two my-
osin-II heavy chains dimerize via interactions between the rod domains, 
which form an α-helical coiled coil. This hexameric assembly is referred 
to as the myosin-II monomer.
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the C-terminal end of the coiled coil.59 In addition, it phosphory-
lates multiple serines in the myosin-IIB coiled-coil and tailpiece,51 
and two threonines in the myosin-IIC tailpiece.41 Biochemical 
studies with myosin-IIB rod domain constructs containing four 
Asp substitutions in the tailpiece suggest that PKC phosphory-
lation increases the critical concentration for myosin-IIB fila-
ment assembly.60 Additional studies suggest that PKC-mediated 
phosphorylation on the myosin-IIC tailpiece inhibits filament 
assembly by disrupting intermolecular interactions between the 
tailpiece and coiled coil.61

Cellular studies have shown that phorbol esters induce 
NMHC-IIA Ser1916 phosphorylation in platelets and 
T-lymphocytes,62,63 and Ser1916 phosphorylation is upregulated 
during the TGF-β-induced epithelial to mesenchymal transition 
of mouse mammary epithelial cells.64 In mast cells, myosin-IIA 
Ser1916 phosphorylation is mediated by protein kinase CβII 
and is associated with the onset of degranulation.56 For myosin-
IIB, aPKCζ mediates phosphorylation on Ser1937 via a signal-
ing pathway that involves the EGF receptor and p21-activated 
kinase.65 These studies demonstrate PKC-mediated regulation of 
myosin-II activity under a number of physiological and patholog-
ical stimuli. Future studies will be required to identify the PKC 
isoforms that mediate myosin-II phosphorylation during these 
different cellular processes and to determine whether phosphory-
lation on all identified PKC sites or a subset of sites is sufficient 
for the regulation of assembly.

family,41,51,52 and casein kinase 2 (CK2) (Fig. 4).41,51,52 A common 
feature of these phosphorylation events is that phosphorylation on 
the tailpiece, as well as the coiled coil domain, inhibits filament 
formation in vitro. Consistent with these data, receptor agonist-
mediated myosin-II heavy chain phosphorylation is associated 
with myosin-II disassembly and cytoskeletal reorganization in 
vivo.53-57

TRPM7 and TRPM6, which are bifunctional proteins com-
posed of a transient receptor potential (TRP) cation channel 
fused to a C-terminal intracellular α-kinase domain, phosphory-
late all three NMHC-II isoforms on the coiled coil domain. 
While TRPM7 and TRPM6 phosphorylation of myosin-IIA 
is restricted to the coiled coil, these kinases also phosphorylate 
myosin-IIB and myosin-IIC on several sites in the tailpiece.49 
Although the biochemical effects of TRPM7-mediated phos-
phorylation on the tailpiece have yet to be investigated; phos-
phorylation on Thr1800, Ser1803 and Ser1808 of the myosin-IIA 
coiled coil reduces filament assembly in vitro and diminishes the 
incorporation of myosin-IIA into the actin cytoskeleton in vivo.50 
Cellular studies have shown that TRPM7 regulates cell polariza-
tion and migration by mediating the production of Ca2+ flickers 
that promote Ca2+- and kinase-dependent cytoskeletal rearrange-
ments, including the reorganization of myosin-II assemblies.55,58

Phosphorylation of all three nonmuscle myosin-II isoforms by 
protein kinase C inhibits myosin-II filament assembly in vitro. 
PKC phosphorylates myosin-IIA on a single site (Ser1916) near 

Figure 2. Conformation of 10S and 6S myosin-II. The myosin-II motor and neck domains are shown in blue and the associated essential and regulatory 
light chains (ELCs and RLCs) are shown in yellow and green, respectively. In the absence of RLC phosphorylation, head-tail interactions stabilize the 
compact, assembly-incompetent 10S conformation. Phosphorylation on Ser19 of the RLC promotes unfolding of the tail to the assembly competent, 
extended 6S conformation. The conversion to the extended conformation also triggers the MgATPase activity of the motor and myosin-II assembly into 
bipolar filaments. Filament assembly requires both parallel and anti-parallel interactions between myosin-II monomers.
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may be an important regulatory control for the acquisition of an 
invasive phenotype.

In vitro, casein kinase 2 (CK2) directly phosphorylates S1943 
on myosin-IIA. In addition to phosphorylating myosin-IIA, CK2 
phosphorylates myosin-IIB on four serines in the tailpiece,51 and 
myosin-IIC on a single threonine in the coiled coil and on two 
serines in the tailpiece.41 CK2 phosphorylation of myosin-IIB 
inhibits filament assembly in vitro,51 and studies with Asp substi-
tutions at the CK2 sites indicate that phosphorylation increases 
the critical concentration for assembly.60 In addition, phosphomi-
metic substitutions of the CK2 sites in the NMHC-IIC tailpiece 
inhibit myosin-IIC filament assembly and induce a diffuse cellu-
lar distribution consistent with filament disassembly.41 Although 
the CK2 site on myosin-IIA (S1943) is highly phosphorylated in 
breast tumor cells during cell spreading and integrin-fibronectin 
engagement, neither pharmacological nor siRNA-mediated inhi-
bition of the α and α’ CK2 subunits significantly reduces S1943 
phosphorylation.61 While there is no information on the contri-
bution of CK2 to the in vivo phosphorylation of myosin-IIB and 
myosin-IIC, these observations raise the question as to whether 
CK2 is the in vivo heavy chain kinase for myosin-IIA.

Regulation of Filament Assembly via Interactions 
with Regulatory Proteins

In addition to light and heavy chain phosphorylation-mediated 
regulation of myosin-II filament assembly, there is accumulating 
evidence that interactions with a range of regulatory proteins can 
modulate the subcellular localization and organization of myosin-
II assemblies. Several proteins have been reported to bind and regu-
late nonmuscle myosin-II filament assembly, including lethal giant 
larvae,69 myosin binding protein H,42 S100A470,71 and S100P.72 
Interestingly, the myosin-II binding proteins identified to date all 
promote the unassembled form of nonmuscle myosin-II. These 
observations are intriguing as recent studies suggest that activated 
(e.g., RLC Ser19-phosphorylated), but unassembled myosin-II 
plays a role in initiating focal complex formation and lamellipodial 
protrusion.73 Myosin-II regulatory proteins may provide a mecha-
nism for maintaining a monomeric pool of activated myosin-II. 
This would allow for the tight spatiotemporal control of myosin-II 
assembly, and as a consequence, myosin-II-mediated contractility.

Lethal(2)giant larvae (Lgl). Lgl, a tumor suppressor first 
identified in Drosophila, regulates apical-basal polarization and 
the asymmetric division of Drosophila progenitor cells.74-77 Lgl 
mutant progenitors fail to differentiate and continue to prolifer-
ate, resulting in hyperplasia and dysplasia.78,79 Mammals express 
two Lgl homologs, Lgl1 and Lgl2, whose loss is associated with 
the disruption of cell polarity and epithelial architecture, and 
uncontrolled proliferation.80,81 The overall organization of the 
Lgl proteins is conserved in eukaryotes. The protein is composed 
of an N-terminal domain containing two WD40 β-propellers 
and an Lgl-specific C-terminal domain of unknown function.69,82

Biochemical studies have shown that Lgl is a component of 
a multi-protein complex that is associated with the membrane 
cytoskeleton.83,84 Lgl interacts with nonmuscle myosin-II, and 
aPKCζ-mediated phosphorylation of Lgl disrupts the Lgl/

Phosphorylation of the myosin-IIA heavy chain on S1943 
is one of the most widely observed posttranslational modifica-
tions detected for this isoform in vivo. EGF stimulation induces 
transient S1943 myosin-IIA phosphorylation in multiple cell 
types,43,57,66 and is associated with reduced myosin-IIA assem-
bly.57 In addition, S1943 phosphorylation is upregulated during 
integrin engagement on fibronectin.61 Myosin-IIA phosphoryla-
tion on Ser1943 also regulates the association of individual myo-
sin IIA molecules with lytic granules in Natural killer cells,67 and 
a reduction in S1943 phosphorylation mediates myosin-IIA fila-
ment assembly during durotaxis (the crawling from soft to stiff 
matrices) in mesenchymal stem cells.68 Consistent with in vitro 
biochemical studies demonstrating that S1943 phosphorylation 
inhibits myosin-IIA filament assembly,52 FRAP studies showed 
that a myosin-IIA S1943D phosphomimetic exhibits increased 
filament turnover and reduced assembly compared with wild-
type myosin-IIA.68 Breast tumor cells expressing myosin-IIA 
S1943E or S1943D phosphomimetic mutants exhibit increased 
migration and EGF-stimulated lamellipod extension as com-
pared with cells expressing wild-type myosin-IIA.57 Conversely, 
a study with a non-phosphorylatable mutant of myosin-IIA 
(S1943A) demonstrates that inhibition of tailpiece phosphoryla-
tion results in myosin-IIA over-assembly at the lamellar margin 
of spreading cells and inhibits cell migration.57,64 The involve-
ment of S1943 phosphorylation in the temporal and spatial 
control of myosin-IIA assembly during cell migration and the 
observation that S1943 phosphorylation is induced during the 
epithelial to mesenchymal transition64 and is elevated in human 
glioblastoma samples,66 suggests that S1943 phosphorylation 

Figure 3. Assembly competence domains in nonmuscle myosin-II. (A) 
Alignment of the human nonmuscle myosin-II heavy chains (Myh9: 
NP_002464; Myh10: NP_005955.3; and Myh14: NP_001070654). The posi-
tively and negatively charged residues in ACD1 (extended ACD) and 
ACD2 are highlighted blue and red, respectively. The beginning of the 
C–terminal tailpiece is denoted by the yellow highlighted proline. (B) 
Structural model of the NMHC-IIA coiled coil (residues Glu1705-Leu1926). 
The protein surface is colored according to the electrostatic potential. 
Positively charged regions are blue, negatively charged regions are red, 
and neutral regions are white. The regions corresponding to ACD1 and 
ACD2 are denoted with a line.
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Biochemical studies have shown that S100A4 binds with low 
nanomolar affinity to isolated peptides derived from the myosin-
IIA heavy chain and preferentially depolymerizes myosin-IIA 
filaments.109-113 S100A4 is also reported to bind with high affin-
ity to peptides from the myosin-IIC heavy chain, but the abil-
ity of S100A4 to disassemble myosin-IIC filaments has not been 
investigated.113 Consistent with the in vitro regulation of myosin-
IIA assembly by S100A4, S100A4−/− macrophages over-assemble 
myosin-IIA filaments, which results in lamellipodial instabil-
ity and reduced persistence during chemotaxis.104 In addition, 
studies in mammary adenocarcinoma cells demonstrate that the 
S100A4/myosin-IIA interaction mediates the cellular location of 
pseudopodial protrusions during chemotaxis.103

The recent X-ray and NMR structures of the S100A4/myosin-
IIA complex revealed that a single NMHC-IIA polypeptide wraps 
around the S100A4 dimer to form contacts with the canonical 
target binding pocket in each S100A4 monomer (Fig. 5).112-114 
These structural studies demonstrate that the S100A4 binding site 
encompasses NMHC-IIA residues 1893–1943, and is composed 
of the C-terminal region of ACD1 and the N-terminal region 
of the tailpiece. A particular attribute of the S100A4/NMHC-
IIA interaction is that myosin-IIA heavy chain residues at the 
a and d positions of the coiled coil heptad repeat, which medi-
ate interactions between the two strands of the coiled coil, also 
mediate S100A4 binding. These findings suggest a mechanism in 
which S100A4 binding induces local unwinding of the myosin-
IIA coiled coil that disrupts intermolecular interactions between 
adjacent myosin-IIA molecules and promotes filament disassem-
bly. Although S100A4 binds with high affinity (e.g., nanomolar) 
to single myosin-IIA peptides, binding to dimeric rod domain 
constructs and full-length myosin-IIA appears to be weaker.71,109 
These data suggest that some of the binding energy associated 

myosin-II interaction and induces 
Lgl dissociation from the membrane 
cytoskeleton.84-87 Phosphorylation by 
aPKC in the Lgl domain promotes 
an autoinhibitory intramolecular 
interaction between the N-terminal 
and Lgl domains that prevents the 
interaction of Lgl with its bind-
ing partners such as myosin-II.87 
Lgl1 has been reported to associate 
with both myosin-IIA and myosin-
IIB.88,89 Consistent with Lgl bind-
ing to the coiled coil region between 
ACD1 and ACD2, Lg1 blocks the 
assembly of myosin-IIA filaments in 
vitro and regulates myosin-IIA local-
ization in vivo.89,90

S100A4. S100A4 (also known 
as FSP1, metastasin (mts1), pEL98, 
CAPL, p9Ka and calvasculin) is a 
member of the S100 family of small 
EF-hand proteins,91,92 and is a well 
characterized metastasis factor.93 
The protein is a symmetric homodi-
mer whose monomers contain four α-helices. Two α-helices from 
each S100A4 monomer (1, 4, 1', and 4') form a tight X-type four-
helix bundle that constitutes the dimer interface.94 In addition, 
there are two EF-hand Ca2+-binding loops per S100A4 monomer: 
an N-terminal pseudo EF-hand (EF1) consisting of 14 residues 
and a C-terminal canonical EF-hand (EF2) consisting of 12 resi-
dues.91,92 Calcium binding to the C-terminal EF-hand induces a 
large conformational rearrangement in helix 3, resulting in the 
exposure of a large hydrophobic pocket that forms the binding 
site for target proteins (Fig. 5).95-97 One important consequence 
of this structural rearrangement, which is unique to the S100 
family, is that S100A4 target binding is Ca2+-dependent.71 Given 
the two binding sites present in a S100 dimer, family members 
typically bind two target molecules.

S100A4 expression is associated with enhanced cell migra-
tion in multiple cell types and detailed phenotypic studies have 
demonstrated that S100A4 enhances chemotactic migration by 
maintaining cell polarization and inhibiting cell turning.98-104 
Consistent with a role in cell migration, proteomic and localiza-
tion studies have shown that S100A4 is enriched in the pseu-
dopodia of crawling cells and the active Ca2+-bound form of 
S100A4 localizes to the leading edge of migrating cells.93,105,106 
Notably, the equilibrium dissociation constants (K

D
) for the 

Ca2+:S100A4 interaction are relatively weak in the absence of 
a protein target (EF1 = 54 μM; EF2 = 3.3 μM); but increase 
approximately 10-fold in the presence of target (EF1 = 3.6 μM; 
EF2 = 0.26 μM).95 The localized calcium flickers observed at the 
leading edge of migrating cells provide a possible mechanism for 
restricted S100A4 activation.58,107,108 Moreover, target-mediated 
enhancement of Ca2+-binding to S100A4 would allow for high 
intracellular S100A4 concentrations (e.g., 3–5 μM104) without 
the disruption of intracellular of Ca2 + dynamics.

Figure 4. Myosin-II filament assembly is regulated by phosphorylation on the heavy chain. NMHC-IIA, 
NMHC-IIB and NMHC-IIC are phosphorylated on the coiled coil and C-terminal tailpiece by the transient 
receptor potential melastatin 7 (TRPM7, orange residues), protein kinase C (PKC, purple residues), and 
casein kinase 2 (CK2, blue residues). The proline indicates the start of the C-terminal tailpiece. Phosphory-
lation on either the coiled coil domain or the tailpiece inhibits myosin-II filament formation in vitro.
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with regulatory proteins should reveal how these regulatory mech-
anisms are integrated to control overall cell physiology.

Conclusions

Biochemical and cellular studies have established that regu-
lation via the myosin-II heavy chain provides a mechanism for 
modulating the assembly of myosin-II filaments. The identifica-
tion of missense mutations and small in frame deletions in the 
myosin-IIA heavy chain coiled-coil and C-terminal tailpiece (e.g., 
E1841K and R1933stop), which result in an autosomal dominant 
disorder manifested by leukocyte inclusions, thrombocytopenia 
and giant platelets,115,116 underscores the physiological need for 
regulated myosin-II assembly. Although we have a basic under-
standing of the contribution of heavy chain phosphorylation to 
the control of filament assembly, the structural consequences of 
these phosphorylation events and how they affect intramolecular 
interactions in the myosin-II monomer and intermolecular inter-
actions within a myosin-II filament needs further investigation. 
In addition, biochemical evaluation of myosin-II heavy chain 
phosphorylation has primarily used assembly-competent myosin-
II rod domain constructs that lack the motor domain and associ-
ated light chains. As a consequence, we do not have information 
on how heavy chain phosphorylation regulates myosin-II filament 
assembly in the context of RLC phosphorylation. Likewise, while 
several myosin-II heavy chain kinases have been identified from in 
vitro studies, our knowledge of the kinases that regulate myosin-II 
phosphorylation in vivo is still incomplete. Lastly, there have been 
no investigations into the vertebrate nonmuscle myosin-II heavy 
chain phosphatases. A complete understanding of the role of 
myosin-II heavy chain phosphorylation in cellular physiology will 
require the identification and characterization of these molecules.

The identification of myosin-II regulatory proteins has opened 
an exciting new area of myosin-II regulation. While it is clear 
that regulatory proteins modulate myosin-IIA oligomerization, 
proteins that preferentially regulate myosin-IIB and myosin-IIC 
filament assembly have yet to be described. In humans, there are 
21 S100 family members that exhibit both cell and tissue-spe-
cific expression.92,117,118 The recent report of a second S100 family 
member, S100P,72 as a myosin-IIA regulator raises the possibility 
that other S100 proteins may selectively modulate the assembly 
of myosin-IIB and myosin-IIC. A major goal for the future is 
the discovery new myosin-II regulatory proteins as well as the 
biochemical, structural and cellular characterization of how these 
proteins regulate myosin-II function and cell physiology.

Acknowledgments

The authors regret the omission of some studies due to space 
limitations. We thank KA Taylor (Florida State University) for 
providing the refined model of the 10S myosin head, and JM 
Backer and SC Almo (Albert Einstein College of Medicine) for 
helpful suggestions and reading the manuscript. This work was 
supported by National Institutes of Health grant PO1 CA100324.

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were disclosed.

with the formation of the S100A4/myosin-IIA complex is used to 
unzip the myosin-IIA coiled coil, which would result in a lower 
apparent dissociation constant. A complete mechanistic char-
acterization of S100A4-mediated myosin-IIA disassembly will 
require future investigations on the energetic coupling of S100A4 
binding and local myosin-IIA coiled coil unzipping.

Although the S100A4 binding site on the myosin-IIA heavy 
chain encompasses the Ser1916 phosphorylation site, structures 
of the S100A4/myosin-IIA complex demonstrate that the Ser1916 
side chain points away from the S100A4/myosin-IIA bind-
ing interface; consistent with biochemical studies showing that 
phosphorylation on this site does not affect S100A4 binding.52 In 
contrast, phosphorylation on S1943, which is located outside the 
S100A4 binding site in the tailpiece, inhibits S100A4 binding. 
These observations suggest a possible mechanism in which incor-
poration of a negatively charged phosphate group on the tailpiece 
facilitates a conformational rearrangement that supports intramo-
lecular interactions between the tailpiece and coiled coil domain 
to prevent S100A4 binding. Given that both S100A4 and heavy 
chain phosphorylation promote myosin-IIA filament disassembly, 
and that S1943 heavy chain phosphorylation also inhibits S100A4 
binding, this raises the interesting question as to how these two 
regulatory pathways might function in vivo. One possibility is that 
these are independent mechanisms, which operate in distinct sub-
cellular compartments. Alternatively, these two pathways could 
function in a synergistic manner. For example, S100A4 binding 
could increase the substrate specificity of the heavy chain kinase for 
the myosin-IIA heavy chain. Phosphorylation would then mediate 
S100A4 dissociation from the heavy chain, and permit recycling 
of S100A4 for additional rounds of myosin-IIA depolymerization. 
Continued investigation into the molecular details of myosin-II 
filament disassembly by covalent modification and/or interactions 

Figure 5. S100A4 structures. Ribbon diagrams of apo-S100A4 (1M31), 
Ca2+-S100A4 (2Q91) and three S100A4/myosin-IIA peptide complex struc-
tures; S100A4/MIIA1893–1935 (3ZWH), S100A4/MIIA1897–1935 (2LNK) and S100A4/
MIIA1908–1923 (4ETO). The S100A4 monomers are shown in dark and light 
blue, and the myosin-IIA peptide in orange. The Ca2+ ions are denoted as 
gray spheres. The dimer interface is composed of helices 1, 4, 1', and 4'. 
Ca2+-binding results in reorientation of helix 3 to expose a hydrophobic 
cleft that mediates interactions with the myosin-IIA target peptide.
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