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ABSTRACT: Previous studies suggested that heavy chain phosphorylation regulates non-muscle myosin-II
assembly in an isoform-specific manner, affecting the assembly of myosin-IIB, but not myosin-IIA. We
re-examined the effects of heavy chain phosphorylation on myosin-IIA filament formation and also
examined mts1 binding. We demonstrated that heavy chain phosphorylation by either protein kinase C
(PKC) or casein kinase 2 (CK2) inhibits the assembly of myosin-IIA into filaments. PKC phosphorylation
had no affect on mts1 binding, but CK2 phosphorylation decreased the affinity of mts1 for the myosin-
IIA rod by approximately 6.5-fold. Mts1 destabilized PKC-phosphorylated myosin-IIA filaments and
inhibited the assembly of myosin-IIA monomers with maximal inhibition of assembly and promotion of
disassembly occurring at a molar ratio of one mts1 dimer per myosin-IIA rod. At this molar ratio, mts1
only weakly disassembled CK2-phosphorylated myosin-IIA filaments and weakly inhibited the assembly
of CK2-phosphorylated myosin-IIA monomers. These observations demonstrate that CK2 phosphorylation
of the myosin-IIA heavy chain protects against mts1-induced filament disassembly and inhibition of
assembly, and suggest that heavy chain phosphorylation provides an additional level of regulation for the
mts1-myosin-IIA interaction.

Vertebrate non-muscle cells express at least three myosin-
II heavy chain isoforms denoted as A-C (1-4). Most tissues
express all three isoforms (4); however, some cell types
selectively express a single isoform. For example, platelets,
lymphocytes, neutrophils, and brush border cells express only
myosin-IIA (5), whereas testis and neuronal tissue are highly
enriched in myosin-IIB (4, 6). In addition, within a single
cell type, myosin-IIA and myosin-IIB exhibit distinct patterns
of localization (5, 7), suggesting that the two isoforms have
unique functional roles in vivo. Consistent with this proposal,
myosin-IIA and myosin-IIB display distinct enzymatic
properties (8-10).

The enzymatic activity of smooth muscle and vertebrate
non-muscle myosin-II is regulated by phosphorylation on the
regulatory light chain (RLC).1 Phosphorylation of Ser19
enhances the actin-activated ATPase activity of myosin-II
(11) and is essential for the movement of actin filaments
(12). In addition, heavy chain phosphorylation is thought to
regulate non-muscle myosin-II assembly in an isoform-
specific manner. In vitro, PKC phosphorylates myosin-IIA
on a single serine near the C-terminal end of the coiled coil
and myosin-IIB on multiple serines in the nonhelical tailpiece
(13, 14), whereas casein kinase II phosphorylates both
isoforms on the nonhelical tailpiece (15, 16). Previous studies
have suggested that heavy chain phosphorylation by either

PKC or casein kinase II inhibits myosin-IIB assembly;
however, in these studies, myosin-IIA assembly was unaf-
fected by heavy chain phosphorylation (13, 16).

Mts1 or S100A4, which is a member of the S100 family
of Ca2+-binding proteins, has been shown to preferentially
bind and regulate the monomer-polymer equilibrium of
myosin-IIA (17). Although mts1 is expressed in normal
tissues, high levels of expression are observed in highly
motile cells such as macrophages, lymphocytes, and neu-
trophils (18). In addition, mts1 overexpression in tumor cells
has been shown to confer a metastatic phenotype (19, 20).
The mts1 binding site maps to residues 1909-1924 in the
C-terminal end of the coiled coil of the myosin-IIA heavy
chain (17, 21). Furthermore, contained within the mts1
binding site is the PKC phosphorylation site at Ser1917 (14)
and adjacent to the mts1 binding site is the CK2 phospho-
rylation site at Ser1944 (13). Several studies have shown
that mts1 binding inhibits phosphorylation of the myosin-
IIA heavy chain by both PKC and CK2 (21, 22). This
observation has led to the proposal that myosin-IIA heavy
chain phosphorylation may be a mechanism for modifying
the binding of myosin-II regulatory molecules such as mts1.

To further characterize the regulation of myosin-IIA by
mts1, we examined the effects of heavy chain phosphory-
lation on mts1 binding. Our studies demonstrate that heavy
chain phosphorylation modulates myosin-IIA filament as-
sembly and also show that CK2 phosphorylation of the
myosin-IIA heavy chain protects against mts1-induced fila-
ment disassembly and inhibition of assembly. These findings
suggest that heavy chain phosphorylation provides an ad-
ditional level of regulation for the mts1-myosin-IIA interac-
tion.
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EXPERIMENTAL PROCEDURES

Molecular Modeling and Electrostatic Surface Potential
Calculations.Residues 1730-1928 from the two-stranded
coiled-coil domains of the human non-muscle myosin-IIA
and myosin-IIB heavy chains were modeled using the crystal
structure of theSaccharomyces cereVisiaeSpc42p coiled coil
(V. N. Malashkevich, unpublished results). The central part
of the Spc42p coiled coil was extended to the desired length
using O (23) and LSQKAB (24), and the structures of
residues 1730-1928 of the myosin-IIA and myosin-IIB
heavy chains were modeled using the threading algorithm
from PDB VIEWER (25). The models were subjected to
molecular dynamics using the simulated annealing protocol
in CNS (26). Of several models with different initial
velocities, those with the lowest free energy were selected
for further analysis. The electrostatic potentials of the
myosin-IIA and myosin-IIB rods were analyzed using PDB
VIEWER and GRASP (27). The heptad repeat was identified
using Paircoil (28).

Protein Purification.Recombinant human mts1 was puri-
fied as described previously (29). Recombinant human
myosin-IIA rods and the GST-myosin-IIA fusion of residues
1900-1961 (GST-MIIA 1900-1961) were purified as described
by Li et al. (17).

Chemical Cross-Linking of GST-MIIA1900-1961. To exam-
ine the oligomeric state of the GST-myosin-IIA fusion, the
bifunctional cross-linking reagent disuccinimidylsuberate
(DSS) (Pierce) was added to final concentration of 10 mM
to the GST-MIIA 1900-1961 or GST control in phosphate-
buffered saline [0.137 M NaCl, 2.68 mM KCl, 0.01 M Na2-
HPO4, and 1.76 mM KH2PO4 (pH 7.5)]. The reaction
mixtures were incubated for 1 h at room temperature and
reactions stopped by the addition of Laemmli sample buffer
(30) and heating. Parallel samples were incubated with
dimethyl sulfoxide alone as a negative control. The untreated
and cross-linked samples were subjected to SDS-PAGE and
Coomassie-stained. DSS treatment of purified GST-
MIIA 1900-1961 or GST alone resulted in the appearance of
prominent bands at∼70 and∼55 kDa, which correspond to
GST dimers (Figure 1). These observations indicate that

GST-MIIA 1900-1961 does not form large oligomeric as-
semblies.

PKC and CK2 Phosphorylation of the Myosin-IIA Rods
and GST-MIIA1900-1961. The myosin-IIA rods or GST-
MIIA 1900-1961 (15-30 µM dimers) were preincubated with
140 nM PKCR (Panvera) in a buffer containing 100µg/mL
phosphatidylserine, 20µg/mL 1,2-dioleoyl-sn-glycerol (Avan-
ti Polar Lipids), 20 mM Tris-HCl (pH 7.5), 200 mM NaCl,
0.5 mM DTT, 2 mM ATP, and a 1:250 dilution of
phosphatase inhibitor cocktails I and II (Sigma Chemical Co.)
at room temperature for 20 min. The phosphorylation reaction
was initiated by the addition of MgCl2 to a concentration of
5 mM and CaCl2 to a concentration of 0.3 mM. Phospho-
rylation reactions were allowed to proceed for approximately
2 h at 30°C with periodic mixing to prevent the myosin-
IIA filaments from precipitating.

For CK2 phosphorylation, the myosin-IIA rods or GST-
MIIA 1900-1961 (6-23 µM dimers) were incubated with 5000
units of CK2 (New England BioLabs) in 20 mM Tris-HCl
(pH 7.5), 200 mM NaCl, 0.2 mM DTT, 0.5 mM ATP, 10
mM MgCl2, and a 1:250 dilution of phosphatase inhibitor
cocktails I and II, as described above, at 30°C for 2 h.

To determine the extent of phosphate incorporation,
parallel aliquots of the phosphorylation reaction were
incubated with [γ-32P]ATP. At different times, 4µL of the
reaction mixture was spotted onto 1 cm× 1 cm P81
phosphocellulose paper squares. The squares were washed
extensively with 75 mM phosphoric acid and assessed for
incorporation of 32P using a Beckman LS scintillation
counter. In addition, the extent of GST-MIIA 1900-1961

phosphorylation was monitored by glycerol-PAGE using
the method of Perrie and Perry (31).

Following the phosphorylation reactions, PKC and CK2
were removed by successive cycles of assembly and disas-
sembly of the myosin-IIA rods. An immunoblot with a
PKCR/â antibody (Calbiochem) did not detect any remaining
kinase in the cycled myosin-IIA. Phosphorylated, cycled
myosin-IIA rods were used in assembly and mts1 binding
assays.

Filament Assembly.Myosin-IIA rods (3µM) were incu-
bated overnight at 4°C in 20 mM Tris-HCl (pH 7.5), 1 mM
DTT, and 0.02% NaN3 with varying concentrations of NaCl
(from 0 to 500 mM) and 2 mM EDTA or 2 mM MgCl2.
The mixtures were centrifuged at 80 000 rpm (175000g) for
10 min at 25°C in a TL-100 ultracentrifuge (Beckman). After
ultracentrifugation, samples of the supernatants and pellets
were separated on a 12% Tris-Tricine SDS-polyacrylamide
gel, and the staining intensity of the myosin-IIA rods was
compared with a standard curve of purified myosin-IIA rods
run on the same gel. Wet gels were scanned, and the amount
of polymerized myosin-IIA rods was quantified using Im-
ageQuant version 5.0. The solubility data were plotted as a
function of NaCl concentration and fit to the Hill equation
to compare the steepness and midpoint of the curves for
unphosphorylated and phosphorylated rods.

To examine the assembly properties of mixtures of PKC-
phosphorylated and unphosphorylated myosin-IIA rods, 1:0,
1:1, 1:2, 1:4, and 0:1 molar ratios of PKC-phosphorylated
to unphosphorylated myosin-IIA rods (total rod concentration
of 3 µM) were evaluated in the sedimentation assay described
above in the presence of 150 mM NaCl and 2 mM MgCl2.
The amount of myosin-IIA rod monomers recovered in the

FIGURE 1: Chemical cross-linking of GST-MIIA 1900-1961. Coo-
massie-stained SDS-PAGE of untreated and cross-linked GST-
MIIA 1900-1961and the GST control. Monomeric GST-MIIA 1900-1961
and the GST control have apparent molecular masses of∼33.5 and
∼26.8 kDa, respectively. The addition of the bifunctional cross-
linker DSS resulted in the appearance of prominent bands at∼70
and 55 kDa, consistent with the formation of GST dimers. Minor
bands with apparent molecular masses of∼140 and∼120 kDa were
detected in the cross-linked samples, indicating insignificant
tetramer assembly.
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supernatant was determined by densitometry of the Coo-
massie-stained gel. The distribution of PKC-phosphorylated
protein was monitored by immunoblot analysis with a
phosphoserine PKC substrate antibody (Cell Signaling) and
quantified using ImageQuant version 5.0.

Cosedimentation Assays.For mts1-myosin-IIA rod bind-
ing assays, 3µM (final concentration) unphosphorylated or
phosphorylated myosin-IIA rods were incubated in a reaction
mixture containing 0-200 µM mts1 dimer in 20 mM Tris-
HCl (pH 7.5), 20 mM NaCl, 2 mM MgCl2, 0.3 mM CaCl2,
1 mM DTT, and 0.02% NaN3 for 1 h atroom temperature.
The mixtures were centrifuged at 80 000 rpm (175000g) for
10 min at 25°C in a TL-100 ultracentrifuge (Beckman).
Samples of supernatants and pellets were separated on a 12%
Tris-Tricine SDS-polyacrylamide gel. Wet gels were scanned
and quantified using ImageQuant version 5.0. The staining
intensity of mts1 was compared with a standard curve of
purified recombinant human mts1 run on the same gel. The
equilibrium binding constant was estimated by a nonlinear
least-squares fit using an equation which takes into account
ligand depletion{MR ) 0.5(Kd + Rtot + Mtot) ( [-(Kd +
Rtot + Mtot)2 - 4MtotRtot]1/2, where MR is the mts1‚myosin-
II complex concentration,Rtot is the total myosin-II concen-
tration, andMtot is the total mts1 concentration (32)}.

Glutathione Bead Pelleting Assay.Unphosphorylated or
phosphorylated GST-MIIA 1900-1961 (3 µM) or control GST
(3 µM) was bound to glutathione-Sepharose and incubated
with 0-40 µM mts1 dimer in 20 mM Tris-HCl (pH 7.5), 50
mM NaCl, 2 mM MgCl2, 0.3 mM CaCl2, 0.5 mM DTT,
0.02% NaN3, and 0.5 mg/mL BSA for 1 h at room
temperature. The mixtures were centrifuged at 5000g for 2
min and the supernatants removed. The glutathione-
Sepharose pellets were washed five times with binding
buffer, resuspended in Laemmli sample buffer (30), and
analyzed on a 12% Tris-Tricine SDS-PAGE gel. Wet gels
were scanned and quantified using ImageQuant version 5.0
as described above.

Inhibition of Filament Assembly by Mts1.Unphosphory-
lated or phosphorylated monomeric myosin-IIA rods (3µM)
were added to a reaction mixture containing 0-36 µM mts1
dimer in 20 mM Tris-HCl (pH 7.5), 300 mM NaCl, 2 mM
MgCl2, 0.3 mM CaCl2, 1 mM DTT, and 0.02% NaN3 and
incubated for 15 min at room temperature. An aliquot of
the mix was removed for SDS-PAGE, and the remaining
reaction mixture was diluted to yield final concentrations of
1.5 µM myosin-IIA rods, 0-18 µM mts1 dimer, and 150
mM NaCl as described previously (17). The reaction
mixtures were incubated for 1 h at room temperature and
centrifuged at 80 000 rpm for 10 min at 25°C in a TL-100
ultracentrifuge (Beckman). Samples of the supernatants and
pellets were separated on a 12% Tris-Tricine SDS-poly-
acrylamide gel, and the amount of protein recovered in the
supernatants was determined by densitometry as described
above and quantified using ImageQuant version 5.0.

Promotion of Filament Disassembly by Mts1.Assembled
myosin-IIA rods (3µM) were added to a reaction mixture
containing 0-36 µM mts1 dimer in 20 mM Tris-HCl (pH
7.5), 150 mM NaCl, 2 mM MgCl2, 0.3 mM CaCl2, 1 mM
DTT, and 0.02% NaN3 for 1 h at room temperature. A
sample of the mix was taken for SDS-PAGE analysis, and
the remaining mixtures were centrifuged as described above.
Samples of the supernatants and pellets were separated on a

12% Tris-Tricine SDS-polyacrylamide gel, and the amount
of protein recovered in the supernatants was determined by
densitometry as described above and quantified using Im-
ageQuant version 5.0.

RESULTS

Molecular Modeling of the ACD and Extended ACD.To
examine the mechanisms that may contribute to the regula-
tion of myosin-IIA assembly, a model was constructed of
residues 1730-1928, which encompasses the extended ACD
(residues 1858-1920) from the C-terminal end of the
R-helical coiled coil (Figure 2A-C). Despite the fact that
the myosin-II rod is predicted to form a two-stranded coiled
coil, there are several factors that can significantly reduce
the stability of the coiled coil. Kwok and Hodges (33)
demonstrated that clusters of three or more Leu, Ile, Val,
Met, Phe, or Tyr residues in thea and d positions of the
heptad repeat stabilize coiled coils, whereas clusters of other
amino acids destabilize coiled-coil structures. Within the
ACD, a cluster of three stabilizing residues (Leu1873,
Leu1876, and Leu1880) is followed by a cluster of four
destabilizing residues (Ala1883, Ala1887, Ala1890, and
Arg1894) (Figure 2A,B), suggesting that this region of the
coiled coil is flexible, consistent with its proposed role in
regulating filament assembly. On the basis of the observa-
tions that native and in vitro myosin filaments display an
approximately 14 nm axial shift and that the rod exhibits a
striking pattern of alternating charged residues, electrostatic
interactions are thought to mediate parallel and antiparallel
alignment of myosin-II monomers during filament assembly
(34-37). The electrostatic potential features within the
modeled sequences of myosin-IIA and myosin-IIB (Figure
2C,D) are notably alike, suggesting similar assembly mech-
anisms. However, the mts1 binding site in myosin-IIA has
more negative potential, which may account for the dif-
ferential effects of mts1 binding on myosin-IIA and myosin-
IIB assembly and disassembly (17). In addition, we noted
that the PKC phosphorylation site (S1917) is adjacent to a
region that contains a large number of basic residues.

Phosphorylation of the Myosin-IIA HeaVy Chain. We
established conditions for stoichiometric phosphorylation of
the myosin-IIA rods with either PKC or CK2. PKC incor-
porated 2.1 mol of phosphate per mole of myosin-IIA rods
(1.0 mol of phosphate per myosin heavy chain polypeptide)
(Figure 3A). For CK2, the final extent of phosphate
incorporation was 2.2 mol of phosphate per mole of myosin-
IIA rods (1.1 mol of phosphate per myosin heavy chain
polypeptide) (Figure 3B). These stoichiometries are consis-
tent with Ser1917 and Ser1944 being the sole sites of PKC
and CK2 phosphorylation on the myosin-IIA heavy chain,
respectively (14, 15, 38).

Effects of HeaVy Chain Phosphorylation on Myosin-IIA
Filament Assembly.Previous studies demonstrated that
phosphorylation by PKC or CK2 strongly inhibited the
assembly of myosin-IIB, but not myosin-IIA (13, 16).
However, since these studies did not utilize stoichiometrically
phosphorylated myosin-IIA, we decided to re-examine the
effects of heavy chain phosphorylation on myosin-IIA
filament formation with a myosin-IIA rod construct that we
previously demonstrated to be assembly competent (17). Our
current studies indicate that phosphorylation of the heavy
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chain by either PKC or CK2 significantly inhibits filament
formation. At pH 7.5 in the presence of 2 mM MgCl2 and
150 mM NaCl (physiological salt concentration), approxi-
mately 85% of the unphosphorylated myosin-IIA rods were
assembled. In contrast, only 40 and 35% of the PKC- and
CK2-phosphorylated rods, respectively, assembled under
identical conditions (Figure 4A). Furthermore, at salt con-
centrations below 50 mM NaCl, greater than 90% of the
unphosphorylated and CK2-phosphorylated myosin-IIA rods
assembled, whereas only 60% of the PKC-phosphorylated
rods formed filaments, demonstrating that PKC phosphory-
lation impaired the assembly of the myosin-IIA rods. When
assembly was performed in the absence of MgCl2, both the

unphosphorylated and phosphorylated rods displayed in-
creased solubility, with only 60% of the unphosphorylated
and 25% of the PKC- and 25% of the CK2-phosphorylated
rods forming filaments in the presence of 150 mM NaCl
(Figure 4B). An examination of the Hill coefficients indicates
that in the presence and absence of magnesium, heavy chain
phosphorylation significantly affects the steepness of the
curve with PKC phosphorylation having a more pronounced
effect than CK2 phosphorylation (Table 1). In addition, a
comparison of the midpoints shows that in the presence of
magnesium the assembly of CK2-phosphorylated rods is
more sensitive to the NaCl concentration than unphospho-
rylated and PKC-phosphorylated myosin-IIA rods.

FIGURE 2: Molecular model of the myosin-IIAR-helical coiled coil. (A) Residues 1730-1961 of the myosin-IIA heavy chain sequence
with the heptad repeat shown below the sequence. Two areas of interest are framed and magnified within the molecular model in panel B:
the ACD (residues 1869-1897 in purple) and the extended ACD (residues 1858-1920 in blue), and the mts1 binding site (residues 1909-
1924). The PKC phosphorylation site at Ser1917 and the CK2 phosphorylation site at Ser1944 are depicted with arrows. (B) Molecular
model of residues 1730-1928 from the coiled coil. The PKC phosphorylation site at Ser1917 is colored gold. The ACD and the extended
ACD (left magnified window) are highlighted in purple and blue, respectively. This area contains nine destabilizing residues (gray) in the
a andd positions of the heptad repeat. The PKC phosphorylation site and the mts1 binding site (right magnified window) are adjacent to
an area of relatively negative electrostatic potential. (C) Molecular surface presentation of the electrostatic potential of residues 1730-1928
of the myosin-IIAR-helical coiled coil. Blue and red represent regions of positive and negative potential, respectively ((3 kT/e- range).
(D) Molecular surface presentation of the electrostatic potential of residues 1730-1928 of the myosin-IIBR-helical coiled coil. Note the
relatively more negative potential within the mts1 binding area of myosin-IIA.
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Next, we examined the effect of unphosphorylated rods
on the assembly of PKC-phosphorylated rods at physiological
salt concentrations in the presence of magnesium. Stoichi-
ometrically phosphorylated myosin-IIA rods were mixed with
unphosphorylated myosin-IIA rods at varying molar ratios,
and the percent recovery of the myosin-IIA fragments in the
supernatant after assembly was determined (Figure 5).
Immunoblot analysis with a phosphoserine antibody revealed

that a molar excess of unphosphorylated rods does not
influence the assembly of PKC-phosphorylated rods since
∼70% of the PKC-phosphorylated rods were recovered in
the supernatants regardless of the amount of unphosphory-
lated rods in the assembly reaction mixture (Figure 5B). The
presence of PKC-phosphorylated rods did not affect the
assembly of the unphosphorylated rods as∼20% of the
unphosphorylated rods were detected in the supernatant under
all conditions that were examined. These observations
indicate that PKC-phosphorylated and unphosphorylated
myosin-IIA rods assemble independently of one another
under these experimental conditions.

Binding of Mts1 to Phosphorylated Myosin-IIA.Previous
studies showed that a molar excess of mts1 inhibits both
PKC and CK2 phosphorylation of the myosin-IIA heavy
chain (21, 22). To evaluate if heavy chain phosphorylation
affects the equilibrium binding of mts1, we utilized a GST
fusion containing residues 1900-1961 of the human myosin-
IIA heavy chain, which we showed previously contains the
mts1 binding site (17). PKC incorporated 1.8 mol of
phosphate per mole of GST-MIIA 1900-1961 dimer (0.9 mol
of phosphate per myosin heavy chain polypeptide), and CK2
incorporated 3.6 mol of phosphate per mole of GST-
MIIA 1900-1961dimer (1.8 mol of phosphate per myosin heavy
chain polypeptide) (Figure 3A,B). No phosphate incorpora-
tion was detected for GST alone by either kinase. In addition,
we found that the extent of GST-MIIA 1900-1961 phospho-
rylation could be monitored by glycerol-polyacrylamide gel
electrophoresis (Figure 3C). Phosphate incorporation in-
creased the electrophoretic mobility of GST-MIIA 1900-1961

in a manner similar to that observed for the regulatory light
chain of myosin-II (31). The incorporation of up to three
phosphate groups could be easily distinguished using this
gel electrophoresis system.

Using a quantitative glutathione-Sepharose pull-down
assay, we observed that CK2 phosphorylation inhibited the
equilibrium binding of mts1 to the myosin-IIA heavy chain,
as compared to unphosphorylated GST-MIIA 1900-1961 and
PKC-phosphorylated GST-MIIA 1900-1961 (Figure 6). The
equilibrium dissociation constant for the binding of mts1 to
unphosphorylated GST-MIIA 1900-1961 and PKC-phospho-
rylated GST-MIIA 1900-1961could not be determined as these
binding curves could not be distinguished from a stoichio-
metric titration of the GST-myosin-IIA fusion and mts1;
however, we were able to determine an approximateKd of
4.78 ( 2.86 µM for the binding of mts1 to CK2-phospho-
rylated GST-MIIA 1900-1961. When GST-MIIA 1900-1961was
phosphorylated by both PKC and CK2, mts1 had the same
affinity for the myosin-IIA heavy chain as for just the CK2-
phosphorylated material, indicating that only CK2 phospho-
rylation regulates the interaction of mts1 with the myosin-
IIA heavy chain and that the effects of PKC and CK2
phosphorylation are not coupled. The stoichiometry of
binding was not affected by heavy chain phosphorylation as
mts1 bound to unphosphorylated and PKC-, CK2-, and PKC/
CK2-phosphorylated GST-MIIA 1900-1961 with stoichiom-
etries of approximately 1 mol of mts1 dimer per mole of
myosin-IIA peptide.

To confirm and extend this analysis, we evaluated the
equilibrium binding of mts1 to unphosphorylated and PKC-
and CK2-phosphorylated myosin-IIA rods in a cosedimen-
tation assay (Figure 7 and Table 2). These binding studies

FIGURE 3: Time course of phosphorylation of the myosin-IIA rods
and GST-MIIA 1900-1961 with PKC or CK2. (A) PKC phosphory-
lation or (B) CK2 phosphorylation of the myosin-IIA rods and
GST-MIIA 1900-1961was monitored using [γ-32P]ATP as described
in Experimental Procedures: (9) myosin-IIA rods, (0) GST-
MIIA 1900-1961, and (b) GST. (C) Glycerol-PAGE and Coomassie
staining of GST-MIIA 1900-1961phosphorylated with PKC or CK2.
Incorporation of phosphate groups increases the electrophoretic
mobility of the GST-myosin-IIA fusion on a glycerol gel. Marks
indicate the mobility of the GST fusion with zero, one, two, or
three phosphates.
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were performed at a low ionic strength (i.e., 20 mM NaCl),
which are conditions that enhance the stability of the myosin-
II filaments and will prevent their disassembly by mts1 (17).
As in our binding studies utilizing GST-MIIA 1900-1961, we
observed that CK2 phosphorylation decreased the affinity
of mts1 for the myosin-IIA heavy chain (∼6.5-fold) as

compared to unphosphorylated and PKC-phosphorylated
myosin-IIA rods. The stoichiometry of binding to unphos-
phorylated and PKC- and CK2-phosphorylated rods was
0.38, 0.72, and 0.26 mol of mts1 dimer per mole of dimeric
myosin-II rod, respectively. Similar binding stoichiometries
were observed for CK2-phosphorylated and unphosphory-
lated filaments (17), whereas enhanced binding was detected
for PKC-phosphorylated filaments. This increase likely
occurs due to the reduced assembly properties of PKC-
phosphorylated filaments and may reflect looser packing of
PKC-phosphorylated filaments.

Effects of HeaVy Chain Phosphorylation on Mts1-Mediated
Regulation of the Myosin-II Monomer-Polymer Equilibrium.
Next we examined the role of heavy chain phosphorylation
in modulating mts1-mediated inhibition of filament assembly
at physiological salt concentrations. In the absence of mts1,
∼45% of the PKC- and CK2-phosphorylated myosin-IIA
rods were present in the supernatant (Figures 8 and 9),
consistent with our observation that heavy chain phospho-

FIGURE 4: Assembly properties of PKC- and CK2-phosphorylated myosin-IIA rods. The assembly of unphosphorylated and phosphorylated
myosin-IIA rods (3µM) was monitored using a standard sedimentation assay. Assembly in the presence of (A) MgCl2 or (B) EDTA: (b)
unphosphorylated myosin-IIA rods, (9) PKC-phosphorylated myosin-IIA rods, and (O) CK2-phosphorylated myosin-IIA rods. Values represent
the mean and the standard deviation of the mean for three to five independent experiments. The solid lines represent the best fit to the Hill
equation.

FIGURE 5: Co-assembly of unphosphorylated and PKC-phosphorylated myosin-IIA rods. The effect of PKC-phosphorylated rods on the
assembly of unphosphorylated rods was examined in a sedimentation assay. (A, top) Coomassie-stained SDS-polyacrylamide gel showing
mixes and supernatants from the assembly assay: lane 1, 3µM PKC-phosphorylated myosin-IIA rods; lanes 2-4, 1:1, 1:2, and 1:4 molar
ratios of PKC-phosphorylated to unphosphorylated myosin-IIA rods (total rod concentration of 3µM), respectively; and lane 5, 3µM
unphosphorylated myosin-IIA rods. (Middle) Ponceau S-stained nitrocellulose showing pellets and supernatants from the assembly assay.
(Bottom) Immunoblot analysis of pellets and supernatants from the assembly assay with a phosphoserine antibody to monitor the distribution
of the PKC-phosphorylated myosin-IIA rods. (B) The amount of myosin-IIA monomers recovered in the supernatant was determined by
densitometry of the Coomassie gel and shown in panel A. Values represent the mean and the standard deviation of the mean for three
independent experiments.

Table 1: Summary of the Dependence of Myosin-IIA Rod
Assembly on the Sodium Concentrationa

myosin-IIA rods nH midpoint (mM)

MgCl2
unphosphorylated 5.9( 0.5 192.3( 2.9
PKC-phosphorylated 2.8( 0.4 199.5( 11.1
CK2-phosphorylated 3.9( 0.4 126.4( 3.8

EDTA
unphosphorylated 4.4( 0.2 159.1( 1.5
PKC-phosphorylated 2.6( 0.2 173.1( 6.1
CK2-phosphorylated 3.6( 0.3 119.4( 2.5

a Values represent the mean and the standard deviation of the mean
for three to five independent experiments.
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rylation partially impedes filament formation (Figure 4). The
addition of mts1 further inhibited the assembly of PKC-
phosphorylated rods. At a molar ratio of 1 mts1 dimer per
myosin-IIA rod, we observed maximal inhibition of assembly
with ∼80% of the PKC-phosphorylated myosin-IIA remain-
ing in the supernatant (Figure 8A), which is identical to mts1-
mediated effects on the assembly of unphosphorylated rods
(17). In contrast, mts1 had only a minor effect on the
assembly of CK2-phosphorylated filaments with∼55% of
the rods present in the supernatant at a molar ratio of 1 mts1
dimer per myosin-IIA rod (Figure 8B). We also assessed

whether heavy chain phosphorylation had any effect on the
destabilization of myosin-IIA filaments by mts1. At a molar
ratio of 1 mts1 dimer per myosin-IIA rod, we observed
maximal disassembly of PKC-phosphorylated filaments with
∼90% of the myosin-IIA in the supernatant (Figure 9A),
which is comparable to the extent of disassembly observed
for unphosphorylated filaments (17). Disassembly of CK2-
phosphorylated filaments was modest with only∼55% of
the rods present in the supernatant at a molar ratio of 1 mts1
dimer per myosin-IIA rod (Figure 9B). These biochemical
studies demonstrate that CK2 phosphorylation protects
against mts1-induced inhibition of filament assembly and
mts1-induced destabilization of myosin II filaments, and also
suggest that phosphorylation on the CK2 site of the myosin-
IIA heavy chain may provide an additional level of regulation
for the mts1-myosin-IIA interaction in vivo.

DISCUSSION

The assembly of non-muscle myosin-II is regulated by
phosphorylation on the regulatory light chain (39), as well
as by phosphorylation on the heavy chain (13, 16). Previous
studies utilizing myosin-II rod fragments provided evidence
that PKC and CK2 phosphorylation on the heavy chain
regulates filament assembly of vertebrate myosin-II and that
this effect is isoform-specific. Phosphorylation by either PKC
or CK2 was reported to strongly inhibit the assembly of
myosin-IIB, whereas it did not obviously affect myosin-IIA
filament formation (13, 16). Our studies, which utilized a
longer myosin-IIA rod fragment, demonstrate for the first
time that phosphorylation of the myosin-IIA heavy chain
significantly inhibits filament formation. This discrepancy
is likely a consequence of the substoichiometric level of
phosphate incorporation onto the myosin-IIA heavy chain
in earlier studies with 0.5 and 0.75 mol of phosphate per
myosin heavy chain polypeptide for PKC and CK2, respec-
tively (13), as compared to 1.0 mol of phosphate per myosin
heavy chain polypeptide for PKC and 1.1 mol of phosphate
per myosin heavy chain polypeptide for CK2 in this study.
Thus, it appears that the extent of inhibition of myosin-IIA
assembly depends on the level of incorporation of phosphate
into the PKC and CK2 sites. This is consistent with our
observation that at substoichiometric levels of phosphate
incorporation, myosin-IIA filament formation was affected
to a lesser extent than for stoichiometrically phosphorylated
myosin-IIA (unpublished observations). Our findings that
inhibition of myosin-IIA assembly requires stoichiometric

FIGURE 6: Binding of mts1 to phosphorylated GST-MIIA 1900-1961.
A glutathione bead copelleting assay was performed using unphos-
phorylated and PKC- and CK2-phosphorylated GST-MIIA 1900-1961.
(A) A Coomassie-stained SDS-polyacrylamide gel showing samples
of GST-MIIA 1900-1961immobilized on glutathione-Sepharose and
bound mts1. Assays were performed using a pH 7.5 buffer
containing 50 mM NaCl, 2 mM MgCl2, and 0.3 mM CaCl2. Lanes
1-3 are assays utilizing 1, 2.5, and 5µM mts1 dimer in the
incubation mixture, respectively. (B) The amount of mts1 dimer
bound per mole of GST-MIIA 1900-1961 was determined for each
mts1 concentration. Values represent the mean and the standard
deviation of the mean for three independent experiments. The solid
lines represent the best fit to the quadratic equation that considers
ligand depletion.

FIGURE 7: Binding of mts1 to phosphorylated myosin-IIA rods. Mts1 was cosedimented with unphosphorylated and PKC- and CK2-
phosphorylated myosin-IIA rods in 20 mM NaCl, 2 mM MgCl2, and 0.3 mM CaCl2 (pH 7.5). The number of moles of mts1 dimer bound
per mole of myosin-IIA rod was determined for each mts1 concentration. The solid lines represent the best fit to the quadratic equation that
considers ligand depletion.
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phosphorylation, and that assembly of phosphorylated and
unphosphorylated rods is independent, suggest that heavy
chain phosphorylation may allow for localized control of
filament assembly in vivo and provides a mechanism by
which the cell can fine-tune filament formation depending
on local cellular needs.

In addition to regulating assembly, we provide the first
quantitative evidence that heavy chain phosphorylation also

modulates mts1 binding. Despite the fact that the mts1
binding site overlaps the PKC phosphorylation site on the
myosin-IIA heavy chain, mts1 binding is not affected by
PKC phosphorylation. Consistent with this observation, mts1
inhibition of myosin-IIA assembly and mts1-mediated disas-
sembly of preformed filaments was identical for unphos-
phorylated and PKC-phosphorylated rods. Since structural
studies have shown that hydrophobic interactions largely
mediate the binding of S100 family proteins to single helical
peptides (40-42), we propose that the two chains of the
myosin-IIA coiled coil must “unzip” to provide the appropri-
ate nonpolar binding interface for mts1 and that Ser1917,
the PKC phosphorylation site, is located on the face of the
myosin-IIA helix opposite the mts1 binding site. The
previous observation that mts1 binding inhibits PKC phos-
phorylation likely reflects the relative inaccessibility of

FIGURE 8: CK2 phosphorylation protects against mts1-mediated inhibition of myosin-IIA assembly. Assays were performed using a pH 7.5
buffer containing 150 mM NaCl, 2 mM MgCl2, and 0.3 mM CaCl2. (A) At 1 mol of mts1 dimer per mole of myosin-IIA rod, mts1 strongly
inhibits the assembly of PKC-phosphorylated myosin-IIA monomers in a manner similar to that of unphosphorylated rods. The inset shows
SDS-PAGE of PKC-phosphorylated myosin-IIA assembly monitored in a standard pelleting assay. In the absence of mts1,∼45% of the
myosin-IIA rods are recovered in the supernatant (lanes 1 and 2). At a molar ratio of 8 mts1 dimers per myosin-IIA rod,∼94% of the
myosin-IIA rods are recovered in the supernatant (lanes 3 and 4). (B) Mts1 had only a modest effect on the assembly of CK2-phosphorylated
myosin-IIA monomers. The inset shows SDS-PAGE of CK2-phosphorylated myosin-IIA assembly monitored in a standard pelleting assay.
In the absence of mts1,∼45% of the myosin-IIA rods are recovered in the supernatant (lanes 1 and 2). At a molar ratio of 9 mts1 dimers
per myosin-IIA rod,∼63% of the myosin-IIA rods are recovered in the supernatant (lanes 3 and 4). Values represent the mean and standard
deviation of the mean for three independent experiments.

FIGURE 9: CK2 phosphorylation inhibits mts1-mediated disassembly of myosin-IIA filaments. Assays were performed using a pH 7.5
buffer containing 150 mM NaCl, 2 mM MgCl2, and 0.3 mM CaCl2. (A) For PKC-phosphorylated myosin-IIA rods, maximal promotion of
disassembly was observed at 1 mol of mts1 dimer per mole of myosin-IIA rod, as for unphosphorylated rods. The inset shows SDS-PAGE
of PKC-phosphorylated myosin-IIA disassembly monitored in a standard pelleting assay. In the absence of mts1,∼50% of the myosin-IIA
rods are recovered in the supernatant (lanes 1 and 2). At a molar ratio of 5 mts1 dimers per myosin-IIA rod,∼96% of the myosin-IIA rods
are recovered in the supernatant (lanes 3 and 4). (B) Mts1 had only a modest effect on the stability of CK2-phosphorylated myosin-IIA
filaments. The inset shows SDS-PAGE of CK2-phosphorylated myosin-IIA disassembly monitored in a standard pelleting assay. In the
absence of mts1,∼40% of the myosin-IIA rods are recovered in the supernatant (lanes 1 and 2). At a molar ratio of 6 mts1 dimers per
myosin-IIA rod,∼58% of the myosin-IIA rods are recovered in the supernatant (lanes 3 and 4). Values represent the mean and standard
deviation of the mean for three independent experiments.

Table 2: Effect of Heavy Chain Phosphorylation on Mts1 Bindinga

myosin-IIA rods Kd (µM)

unphosphorylated 2.62( 1.41
PKC-phosphorylated 1.77( 0.91
CK2-phosphorylated 21.86( 4.40

a Values represent the mean and the standard deviation of the mean
for three to six independent experiments.
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Ser1917 to PKC due to steric interference when mts1 is
bound to the myosin-IIA rod.

To our surprise, phosphorylation on the CK2 site, which
is located 20 residues downstream of the mts1 binding site
in the tailpiece, inhibits mts1 binding. Moreover, CK2
phosphorylation protects against mts1-induced inhibition of
filament assembly and mts1-induced destabilization of
myosin-IIA filaments. We envision two possible mechanisms
by which phosphorylation on the CK2 site could modulate
mts1 binding (Figure 10). In the first model, inhibition of
mts1 binding occurs due to molecular interactions within a
single myosin-IIA monomer. Phosphorylation induces a
conformational change in the tailpiece that either is transmit-
ted to the C-terminal end of the coiled coil to inhibit mts1
binding or allows the tailpiece to fold back and interfere with
mts1 binding via intramolecular interactions between the
tailpiece and helical rod. Our observation that mts1 displays
a reduced affinity for CK2-phosphorylated GST-MIIA 1900-1961,
which is a single polypeptide chain, indicates that intramo-
lecular interactions can, in part, modulate mts1 binding. In
the second model, intermolecular interactions between
adjacent myosin-II monomers would regulate mts1 binding.
Electron micrographs have shown that nonsarcomeric myosin-
II molecules pack with an 14 nm parallel stagger relative to
one another and also interact with an antiparallel partner via
an ∼14 nm overlap at the tip of the tail (43). These
observations suggest that the tailpiece on one myosin-II
monomer can interact with the C-terminal end of the coiled
coil of the adjacent parallel monomer as well as with the
C-terminus of the antiparallel partner. Thus, conformational
changes that occur in the tailpiece upon phosphorylation
could mediate mts1 binding on adjacent monomers.
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