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In mammalian nonmuscle cells, the mechanisms controlling the localized formation of myosin-II filaments are not well
defined. To investigate the mechanisms mediating filament assembly and disassembly during generalized motility and
chemotaxis, we examined the EGF-dependent phosphorylation of the myosin-IIA heavy chain in human breast cancer
cells. EGF stimulation of MDA-MB-231 cells resulted in transient increases in both the assembly and phosphorylation of
the myosin-IIA heavy chains. In EGF-stimulated cells, the myosin-IIA heavy chain is phosphorylated on the casein kinase
2 site (S1943). Cells expressing green fluorescent protein-myosin-IIA heavy-chain S1943E and S1943D mutants displayed
increased migration into a wound and enhanced EGF-stimulated lamellipod extension compared with cells expressing
wild-type myosin-IIA. In contrast, cells expressing the S1943A mutant exhibited reduced migration and lamellipod
extension. These observations support a direct role for myosin-IIA heavy-chain phosphorylation in mediating motility
and chemotaxis.

INTRODUCTION

Enhanced migration is a fundamental characteristic of tumor
cells and is thought to contribute to invasion and metastasis.
Acquisition of a migratory state together with the loss of
cell–cell adhesions allows cancer cells to detach from the
primary tumor and transverse surrounding blood or lym-
phatic vessels (Chambers et al., 2002). Chemotactic migration
contributes to the metastatic process; however, the mecha-
nisms that mediate the complex interplay of cytoskeletal
rearrangement and extracellular matrix interactions are not
fully understood (Yamaguchi et al., 2005). Direct motility
involves protrusive activity at the leading edge of the cell
and adhesion of the leading lamellipod to extracellular ma-
trix components. These events are followed by the develop-
ment of contractile force that permits the detachment of focal
contacts at the rear of the cell, and retraction of the tail
toward the leading lamella. Although recent studies impli-
cate type II myosin in both posterior tail retraction and
anterior protrusion (Lo et al., 2004; Betapudi et al., 2006;
Kolega, 2006), the regulatory mechanisms mediating myo-
sin-II function during cytoskeletal remodeling have not been
identified.

Nonmuscle myosin-II is a hexameric complex comprised
of two heavy chains (NMHC-II), two essential light chains,

and two regulatory light chains (Bresnick, 1999). In verte-
brates, there are three NMHC-II isoforms (NMHC-IIA,
NMHC-IIB, and NMHC-IIC), which exhibit distinct patterns
of expression that are tissue and cell type dependent
(Golomb et al., 2004). Despite a high level of conservation,
the NMHC-II isoforms have different enzymatic activities
(Kovacs et al., 2003; Rosenfeld et al., 2003; Wang et al., 2003),
exhibit distinct patterns of localization within a single cell
type (Maupin et al., 1994; Kolega, 1998), and interact with
different proteins (Kriajevska et al., 1994; Huang et al., 2003;
Obungu et al., 2003; Clark et al., 2006), suggesting that the
isoforms have unique functional roles in vivo. This idea is
supported by gene disruption and cell biological studies
demonstrating that for many cellular processes, the NMHC-II
isoforms cannot compensate for one another (Tullio et al., 1997;
Conti et al., 2004; Lo et al., 2004; Meshel et al., 2005; Cai et al.,
2006; Jana et al., 2006).

In mammalian cells, phosphorylation on Ser-19 of the
myosin-II regulatory light chain is a commonly invoked
mechanism for the regulation of assembly in vivo, as in vitro
studies demonstrate that light chain phosphorylation pro-
motes filament assembly (Scholey et al., 1980). However,
there is considerable biochemical evidence for the regulation
of nonmuscle myosin-II assembly via heavy-chain phos-
phorylation. Specifically, heavy-chain phosphorylation by
protein kinase C (PKC) and casein kinase 2 (CK2) has been
characterized for myosin-IIA and IIB. PKC phosphorylates
NMHC-IIA on Ser1916, which is near the C-terminal end of
the coiled-coil, and myosin-IIB on multiple serines in the
tailpiece (Conti et al., 1991; Murakami et al., 1998). CK2
phosphorylates NMHC-IIA on Ser1943 in the tailpiece and
NMHC-IIB on several serines in the tailpiece (Murakami et
al., 1998). Heavy-chain phosphorylation by either PKC or
CK2 reduces the assembly of both myosin-II isoforms into
filaments (Murakami et al., 1995; Murakami et al., 1998;
Dulyaninova et al., 2005).
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In addition to phosphorylation, myosin-IIA assembly is
regulated via the binding of the metastasis factor, mts1 or
S100A4 (Garrett et al., 2006). S100A4 preferentially binds to
nonmuscle myosin-IIA in a Ca2�-dependent manner and
promotes the monomeric, unassembled state of myosin-IIA
(Li et al., 2003). Phosphorylation on Ser1943 of the NMHC-
IIA by CK2 inhibits S100A4 binding and protects against
S100A4-induced inhibition of filament assembly and
S100A4-mediated depolymerization of myosin-IIA filaments
(Li et al., 2003; Dulyaninova et al., 2005). Thus heavy-chain
phosphorylation and Ca2� binding regulate the S100A4/
myosin-IIA interaction.

To examine the mechanisms controlling myosin-IIA as-
sembly that contribute to the motility of breast carcinoma
cells, we evaluated the contribution of NMHC-IIA phos-
phorylation to the chemotactic response of human breast
cancer cells. Our studies show that EGF stimulation of
MDA-MB-231 cells results in phosphorylation of the
NMHC-IIA on the CK2 site (S1943). Expression of NMHC-
IIA mutants that mimic constitutively phosphorylated or
nonphosphorylatable analogs of the NMHC-IIA affects cell
migration into a wound, EGF-stimulated lamellipod exten-
sion, and turnover of focal adhesion structures. These ob-
servations support a direct role for NMHC-IIA phosphory-
lation in mediating cell motility and chemotaxis.

MATERIALS AND METHODS

Myosin-IIA Constructs
pTRE-GFP-NMHC-IIA (Wei and Adelstein, 2000) containing the corrected
human full-length nonmuscle myosin-IIA heavy chain was a gift from Dr.
Robert Adelstein (National Heart, Lung, and Blood Institute, Bethesda, MD)
and Dr. Thomas Egelhoff (Case Western Reserve University, Cleveland, OH).
Inconsistencies in the human NMHC-IIA sequence were resolved recently.
The corrected NMHC-IIA encodes a protein 1960 residues in length and the
numbering used in this article reflects the corrected sequence. Our previously
published work used the numbering from an older version of the NMHC-IIA
sequence (1961 residues). A DNA fragment encoding residues 1–1960 from
nonmuscle myosin-IIA heavy chain was subcloned into the HindIII and SalI
sites of pEGFP-C3 (Clontech, Palo Alto, CA) and will be referred to as green
fluorescent protein (GFP)-NMHC-IIA hereafter. Using the Quick Change XL
site-directed mutagenesis kit (Stratagene, La Jolla, CA), Ser1943 was substi-
tuted with alanine, aspartic, or glutamic acid in both the full-length GFP-
NMHC-IIA and myosin-IIA rods (Li et al., 2003). All constructs were con-
firmed by DNA sequencing. mCherry was PCR-amplified from pRSET-Bm
(Shaner et al., 2004) and cloned into the AgeI and HindIII sites of pEGFP-
NMHC-IIA-C3 to create the pmCherry-NMHC-IIA expression vector.

Cell Culture
The MDA-MB-231 human breast cancer cell line was obtained from the
American Type Culture Collection (Manassas, VA) and maintained as mono-
layer cultures in DMEM supplemented with 10% fetal bovine serum (FBS) at
37°C with 5% CO2. For 32P-labeling, MDA-MB-231 cells were plated at 40–
50% confluence. After �20 h, the medium was replaced with phosphate-free
DMEM. After 30 min, the phosphate-free medium was replaced with phos-
phate-free medium containing 0.5% FBS and 200 �Ci/ml [32P]orthophosphate
(NEN Life Sciences, Boston, MA). After 14–16 h of radiolabeling, mitotic cells
were removed by selective detachment and the attached cells were stimulated
with 30 ng/ml EGF (Invitrogen, Carlsbad, CA) for 0–20 min. For phos-
phoamino acid and phosphopeptide mapping studies, MDA-MB-231 cells
were starved and radiolabeled overnight in phosphate-free DMEM contain-
ing 0.5% FBS and 330 �Ci/ml [32P]orthophosphate and stimulated with 30
ng/ml EGF for 3 min.

Transfections
Wild-type GFP-NMHC-IIA or S1943 mutants were introduced into MDA-MB-
231 cells by electroporation (Amaxa Biosystems, Gaithersburg, MD). Stable
MDA-MB-231 transfectants were generated by selection in 800 �g/ml G418
(Invitrogen) and could be maintained in culture with 400 �g/ml G418 for
approximately 1 mo before they began to lose fluorescence. TransIT-HelaM-
ONSTR reagent (Mirus, Madison, WI) was used for transient tranfections
after careful optimization of transfection parameters. Cells were examined in
lamellipod extension assays and immunofluorescence studies 24–48 h after
transfection as described below.

Antibodies
Affinity-purified, rabbit polyclonal antibodies to the C-termini of myosin-IIA
and myosin-IIB were generated as described previously (Li and Bresnick,
2006). A polyclonal antibody directed against the alpha subunit of CK2 was
kindly provided by Dr. U. Thomas Meier (Albert Einstein College of Medi-
cine, Bronx, NY; Litchfield et al., 1994). Paxillin and phosphospecific paxillin
pY118 antibodies were from Chemicon International (Temecula, CA) and
Biosource (Camarillo, CA; cat 44–722), respectively. The �-actin and vinculin
antibodies were purchased from Sigma (St. Louis, MO). Phospho-regulatory
light chain (RLC) antibodies (T18/S19 and S19) were purchased from Cell
Signaling Technology (Beverly, MA).

Immunoprecipitation
For immunoprecipitation of the endogenous myosin-II heavy chains, 32P-
labeled and EGF-stimulated cells were washed three times with ice-cold
phosphate-buffered saline (PBS) and resuspended in lysis buffer composed of
50 mM Tris-HCl, pH 7.4, 400 mM NaCl, 1% NP-40, 2.5 mM EGTA, 10 mM
MgCl2, 1 mM DTT, 1 mM PMSF, 5 �g/ml each of chymostatin, leupeptin,
pepstatin A, and a 1:100 dilution of phosphatase inhibitor cocktail I (micro-
cystine LR, cantharidin, and (�)-p-bromotetramisole) and phosphatase inhib-
itor cocktail II (sodium vanadate, sodium molybdate, sodium tartrate, and
imidazole; Sigma). The cell extracts were incubated on ice for 20 min, and the
lysate was clarified by centrifugation at 4°C for 15 min at 14,000 � g. The
supernatant was diluted 1:1 in 20 mM Tris-HCl, pH 7.4, 2.5 mM EGTA, 1 mM
dithiothreitol (DTT), 1 mM phenylmethylsulfonyl fluoride (PMSF) with pro-
tease and phosphatase inhibitors as described above. Before the immunopre-
cipitation, rabbit polyclonal antibodies to the C-termini of myosin-IIA and
myosin-IIB were bound to protein A-Sepharose (Sigma) in PBS containing 1
mg/ml bovine serum albumin (BSA). The diluted supernatant was incubated
with the antibody-protein A-Sepharose at 4°C for 2 h. Immune complexes
were collected by centrifugation and washed five times with 20 mM Tris-HCl,
pH 7.4, 150 mM NaCl, 0.5 mM DTT. Laemmli sample buffer, 2� (Laemmli,
1970), was added to the immune complexes, which were boiled, and the
proteins were separated by 6% SDS-PAGE or 12% Tris-Tricine SDS-PAGE to
visualize the myosin heavy chain (MHC) or RLC, respectively. 32P-labeled
myosin-IIA was visualized by autoradiography of the dried gel. Relative
phosphorylation of the myosin-IIA heavy chain was determined by dividing
the values obtained from autoradiography by the values obtained from
densitometry of Coomassie-stained gels.

Stoichiometry of Phosphorylation
To determine the moles of phosphate incorporated per mole NMHC-IIA, the
specific activity of cellular ATP pools in MDA-MB-231 cells was measured
using the 32P labeling conditions described above. Extraction of 32P-labeled
ATP from cell lysates was performed by precipitation with cold 12% trichlo-
roacetic acid. Aliquots of the supernatant were applied to a PEI-cellulose TLC
plate followed by chromatography in phosphate solution as described previ-
ously (Cashel et al., 1969). [32P]ATP was visualized by autoradiography and
quantified using Cerenkov counting. To determine total cellular ATP, cell
extracts were diluted 40 times with distilled water, and the ATP concentration
was quantified using a bioluminescent ATP determination kit (Sigma). The
specific activity of the cellular ATP in MDA-MB-231 cells (3852 � 240 cpm/
pmol ATP) was used to calculate the moles of phosphate incorporated into the
myosin-IIA heavy and light chains. Cells were lysed as described above, and
myosin-IIA was immunoprecipitated from cell supernatants. The moles of
NMHC-IIA in immunoprecipitates from 0 and 3 min after EGF stimulation
was determined by densitometry of Coomassie-stained gels and comparison
to a standard curve of purified myosin-II heavy chain.

Phosphoamino Acid Analysis and Phosphopeptide Mapping
Two-dimensional phosphopeptide mapping and phosphoamino acid analy-
ses were performed using standard methods. Briefly, immunoprecipitates of
32P-labeled endogenous myosin-IIA heavy chains or in vitro PKC or CK2-
phosphorylated myosin-IIA rods were subjected to SDS-PAGE and trans-
ferred to Hybond nitrocellulose membrane (Amersham Pharmacia Biotech,
Piscataway, NJ). The membrane was stained with Ponceau S and autoradio-
graphed, and 32P-labeled protein bands were excised and blocked for 30 min
at 37°C in 0.5% PVP-40 in 100 mM acetic acid. Tryptic digests and phos-
phoamino analysis and two-dimensional phosphopeptide mapping were per-
formed as described previously (Dulyaninova et al., 2004).

Immunoblots
Triton-insoluble fractions of EGF-stimulated MDA-MB-231 cells were pre-
pared by lysis in ice-cold Triton X-100 (Tx-100 buffer; 50 mM Tris-HCl pH 7.4,
100 mM NaCl, 50 mM KCl, 5 mM MgCl2, 0.5% Tx-100, 5 mM DTT, 1 mM
PMSF with protease and phosphatase inhibitors as described above). After 5
min of incubation, soluble and insoluble proteins were separated by centrif-
ugation and Triton-insoluble components were resuspended in 2� Laemmli
sample buffer. To confirm expression of the full-length GFP-MIIA wild-type
and S1943 mutants in MDA-MB-231 cells, whole cell lysates were prepared by
placing monolayers of stable transfectants on dry ice for 10 min and then
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scraping the cells into 2� Laemmli sample buffer, containing 5 �g/ml each of
chymostatin, leupeptin, and pepstatin. Triton-insoluble fractions and total cell
extracts were separated on 6% SDS-PAGE, followed by immunoblotting with
rabbit polyclonal antibodies to the C-termini of myosin-IIA or myosin-IIB.
The relative amount of cytoskeletal myosin-IIA was estimated by densitom-
etry using ImageQuant version 5.0 (Molecular Dynamics, Sunnyvale, CA).

For immunoblots with phospho-RLC antibodies (T18/S19 or S19), total cell
lysates from EGF stimulated cells were prepared by direct addition of ice-cold
10% trichloroacetic acid supplemented with 10 mM DTT to the cell culture
dish. Cell samples were collected by scraping followed by microcentrifuga-
tion. Cell pellets were washed twice with ice-cold acetone containing 10 mM
DTT, air-dried, resuspended in 2� Laemmli sample buffer, sonicated, boiled,
and separated on 15% SDS-PAGE. To normalize for sample loading, the
PVDF membrane was also reacted with a monoclonal actin antibody, and the
relative phosphorylation of the RLC was estimated by densitometry as de-
scribed above.

Myosin-IIA Biochemical Assays
Recombinant human S100A4 was purified as described previously (Vallely et
al., 2002). Recombinant His-tagged human wild-type myosin-IIA rods (resi-
dues 1339–1961), and S1943 mutants were purified as described by Li et al.
(2003). The assembly properties of the myosin-IIA rods and the effect of S1943
substitution on S100A4 binding were characterized in vitro in the presence of
magnesium as described in Dulyaninova et al. (2005). The amount of poly-
merized myosin-IIA rods in assembly assays was quantified using the pro-
gram ImageQuant version 5.0 (Molecular Dynamics). The solubility data were
plotted as a function of NaCl concentration and fit to the Hill equation in
order to compare the midpoint of the curves for wild-type and S1943 mutant
rods. For S100A4 binding assays, the equilibrium binding constant was esti-
mated by a nonlinear least squares fit using an equation that takes into
account ligand depletion, MR � [0.5(Kd � Rtot � Mtot) � [(�(Kd � Rtot �
Mtot))2 � 4(Mtot)(Rtot)]1/2], where MR � [S100A4�myosin-II complex], Rtot �
[total myosin-II] and Mtot � [total S100A4] (Hulme and Birdsall, 1992). For
phosphopeptide mapping and phosphoamino acid analyses, stoichiometri-
cally PKC-phosphorylated or CK2-phosphorylated myosin-IIA rods were
prepared as described previously (Dulyaninova et al., 2005).

To examine the interaction of CK2 with myosin-IIA, Ni2�-agarose contain-
ing bound recombinant His-tagged myosin-IIA rods was incubated with cell
lysates at 4°C. To prepare cell lysates, serum-starved MDA-MB-231 cells were
stimulated with EGF for 3 min and lysed in 50 mM Tris-HCl, pH 7.4, 400 mM
NaCl, 1% NP-40, 0.5 mM EGTA, 10 mM MgCl2, 20 mM �-mercaptoethanol,
5% glycerol, and 1 mM PMSF with protease and phosphatase inhibitors as
described above. Unstimulated cells were used as a control. After 20 min on
ice, the lysate was clarified by centrifugation at 4°C for 20 min at 14,000 � g.
Binding was performed in the presence of 40 mM imidazole. After incubation,
the resin was washed five times with wash buffer containing 50 mM imida-
zole, 50 mM Tris-HCl, pH 7.5, 500 mM NaCl, and 20 mM �-mercaptoethanol.
The bound proteins were subjected to 12% SDS-PAGE followed by immuno-
blotting with CK2� polyclonal antibodies.

Fluorescence Microscopy
To examine the distribution of the myosin-II isoforms in cells under normal
growth conditions, MDA-MB-231 cells were fixed in freshly prepared 3.7%
formaldehyde in PBS for 15 min and permeabilized with 0.5% Tx-100 in fix.
To examine the distribution of myosin-IIA and myosin-IIB in EGF-stimulated
MDA-MB-231 cells, starved cells on Matrigel-coated cover slips (0.8 �g/cm2)
were stimulated for various times and then fixed for 10 min in 3.7% formal-
dehyde in cytoskeleton stabilization buffer (137 mM NaCl, 5 mM KCl, 1.1 mM
Na2HPO4, 0.4 mM KH2PO4, 2 mM MgCl2, 2 mM EGTA, 5 mM PIPES, and 5.5
mM glucose, pH 6.1; Small, 1981). The cells were permeabilized with 0.5%
Tx-100 in stabilization buffer. Cells were reacted with affinity-purified, di-
rectly labeled myosin-IIA and myosin-IIB polyclonal antibodies. The NMHC-
IIA polyclonal antibodies (pAb) was directly labeled with Alexa Fluor 488,
and the NMHC-IIB pAb was directly labeled with Alexa Fluor 555. The
directly labeled NMHC-IIB antibody exhibits some nonspecific staining of the
nucleus. Coverslips were mounted in ProLong Antifade (Molecular Probes,
Eugene, OR). For fluorescence microscopy of the wild-type GFP-NMHC-IIA
or S1943 mutants, transfected MDA-MB-231 cells were fixed in freshly pre-
pared 3.7% formaldehyde in PBS.

To examine the colocalization of wild-type GFP-NMHC-IIA or S1943 mu-
tants with wild-type mCherry-NMHC-IIA, MDA-MB-231 cells were cotrans-
fected with the two plasmids. At 24 h after transfection cells were plated on
Matrigel coated–coverslips, starved, EGF-stimulated for 4–6 min, and then
fixed as described above. Colocalization was analyzed in two to five fields per
cell using the ImageJ plugin JACoP (Bolte and Cordelieres, 2006). A total of
seven S1943A GFP-NMHC-IIA expressing cells (total of 28 fields), nine
S1943D GFP-NMHC-IIA expressing cells (total of 25 fields), and seven wild-
type GFP-NMHC-IIA–expressing cells (total of 26 fields) were analyzed. The
Pearson’s coefficient was expressed as the mean and the SD.

Immunofluorescence and NMHC-IIA colocalization images were acquired
with a PlanApo 60�, 1.4 NA objective (Olympus, Melville, NY) and HiQ
bandpass filters (Chroma Technology, Brattleboro, VT). For wound healing

and lamellipod extension assays, images were recorded using UPlanFl 10�,
0.3 NA and UPlanFl 20�, 0.5 NA objectives, respectively. All images were
acquired using IPLab Spectrum software (Scanalytics, Billerica, MA) and a
CoolSNAP HQ interline 12-bit, cooled CCD camera (Roper Scientific, Tucson,
AZ) mounted on an Olympus IX70 microscope. Images were processed using
Photoshop (Adobe Systems, San Jose, CA) or NIH Image.

Cell Assays
Cell motility was measured in a wound migration assay. Stable transfectants
expressing the wild-type or S1943 GFP-NMHC-IIA mutants were grown to
confluency on culture plates and a wound was made in the monolayer with
a sterile P200 pipette tip (�0.5 mm in width). After wounding, the medium
and debris were removed, plates were washed with PBS, and fresh medium
was added. Phase-contrast images of the wound area were taken just after
wounding, and the wound area was imaged at different times over a 48-h
period. Wound widths were measured at a minimum of four different points
for each wound, and the average rate of wound closure during the first 4 h of
wound healing was calculated. If wound edges were not uniform, the average
width of the wound was measured for a given field.

Adhesion of stable MDA-MB-231 transfectants was assessed in a trypsiniza-
tion assay. Cells stably expressing wild-type GFP-NMHC-IIA or S1943 mu-
tants were seeded overnight on 35-mm dishes in triplicate. Cells were treated
with 400 �l of trypsin-EDTA (Invitrogen) for 1 min, and then 400 �l of cell
culture medium was added to each plate followed by gentle rotation of the
plate for 1 min. Detached cells were collected after the addition of another 400
�l of cell culture medium and 30 s of shaking. 400 �l of trypsin-EDTA was
added to the remaining cells until all the cells were detached, and the second
fraction of cells was harvested with an additional 800 �l of cell culture
medium. Absorbance at 600 nm was determined for both cell fractions, and
the adhesion index was determined by calculating the percentage of total cells
that detached in response to the initial trypsin treatment.

Lamellipod extension of transfected cells was evaluated as the overall
increase in the total area of the cells after EGF stimulation (Segall et al., 1996).
Cells plated on a Matrigel-coated 35-mm MatTek dish were starved overnight
in DMEM containing 0.5% FBS for �16 h. Before stimulation, the medium was
replaced with Leibovitz’s L15 containing 0.5% FBS, and cells were stimulated
with 15 ng/ml EGF. Phase-contrast images were recorded every 20 s for 15
min with a 20� objective and 1.5� magnification, and the cells were main-
tained at 37°C for the duration of the experiment. The movies were assembled
using NIH Image, and individual cells were traced manually. The area before
stimulation was set as 100%, and the relative area change was calculated as a
percentage of the initial cell area.

Unpaired Student’s t tests were performed to assess statistical significance
for all three assays.

RESULTS

Transient Phosphorylation and Assembly of the Myosin-II
Heavy Chain Occurs in Response to EGF Stimulation
The regulation of myosin-II assembly has been studied ex-
tensively in lower eukaryotes (Egelhoff et al., 1993; Brzeska
and Korn, 1996); however, there have been few studies
examining the regulatory mechanisms modulating myo-
sin-II assembly in mammalian cells. To investigate the mech-
anisms controlling filament assembly and disassembly
during generalized motility and chemotaxis in higher eu-
karyotes, we examined the EGF-dependent phosphorylation
of the myosin-II heavy chains in the human breast cancer
cell line, MDA-MB-231. These cells express both the A and B
isoforms of nonmuscle myosin-II, but not myosin-IIC (Beta-
pudi et al., 2006). For myosin-IIA, we observed two peaks of
Triton-insoluble (e.g., assembled) myosin-IIA at 1.5 and 6
min after EGF stimulation (Figures 1, A and B). We also
detected two peaks for myosin-IIB assembly, with the first
peak occurring at 2 min and a broader, second peak occur-
ring at 6 min after EGF stimulation (Figure 1C). EGF stim-
ulation of MDA-MB-231 cells resulted in a transient increase
in phosphorylation of both myosin heavy-chain isoforms.
The peak of NMHC-IIA phosphorylation occurred 2–3 min
after EGF stimulation, with approximately a 35% increase in
the extent of phosphorylation as compared with unstimu-
lated cells (Figure 1B). For NMHC-IIB, the peak of phos-
phorylation was broader and peaked at �4–6 min after
stimulation with approximately a 40% increase in the extent
of phosphate incorporation (Figure 1C). The kinetics of
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NMHC-IIB assembly and phosphorylation that we observed
in MDA-MB-231 cells are comparable to what has been
observed previously in TSU-Pr1 cells (Straussman et al.,
2001; Ben-Ya’acov and Ravid, 2003). We also examined the
phosphorylation status of total RLC in EGF-stimulated cells
(Figure 1D). A single peak of RLC T18/S19 phosphorylation
was detected at 30 s after EGF stimulation with approxi-
mately a 140% increase in phosphate incorporation. Inter-
estingly, the kinetics of S19 phosphorylation differed from
that of T18/S19 phosphorylation. Two sharp peaks of S19
phosphorylation were detected at 1 and 3 min with approx-
imately a 130% increase in phosphorylation for each peak. In
addition there was a third broad peak beginning at 6 min
after EGF stimulation with approximately a 150% increase in
the extent of phosphate incorporation. Notably, the early
peaks of RLC phosphorylation precede the first peaks of
myosin-IIA (1.5 min) and myosin-IIB (2 min) assembly,
whereas the late peak of S19 phosphorylation is coinci-
dent with the second peaks of myosin-IIA and myosin-IIB
assembly.

To correlate the kinetics of myosin-II assembly with sub-
cellular distribution, we examined the localization of the
endogenous myosin II isoforms in MDA-MB-231 cells under
normal growth conditions (Figure 2A). Both myosin-IIA and
myosin-IIB showed a diffuse distribution throughout the
cytoplasm and colocalized along stress fibers in the central
region of the cell (Figure 2Ac). Myosin-IIA was enriched in
cellular protrusions (Figure 2A, arrows), whereas very little
myosin-IIB staining was observed in the cell periphery. Next
we investigated the effect of EGF stimulation on myosin-II
localization (Figure 2B). In unstimulated cells (time 0), both
myosin-IIA and myosin-IIB were mostly cytoplasmic; how-
ever, myosin-IIB was excluded from the cell periphery of
unstimulated cells. At 2 min after EGF stimulation, which
corresponds to the first peak of myosin-IIA and myosin-IIB
assembly, we detected prominent cortical localization of
myosin-IIA (Figure 2C, arrowheads). Cortical localization of
myosin-IIB was observed primarily in cell regions not un-
dergoing active protrusion along with myosin-IIA (Figure
2C, arrows). Six minutes after EGF stimulation, which cor-
responds to the second peak of myosin-IIA assembly and
also encompasses the second, broader peak of myosin-IIB
assembly, prominent stress fibers could be observed for both
myosin-IIA and myosin-IIB with some localization at the cell
cortex (Figure 2B, arrows). Myosin-IIA and myosin-IIB en-
richment in stress fibers was still visible after 10 min of
stimulation, but by 20 min both myosin-IIA and myosin-IIB
redistributed to the cytoplasm with a reduction in stress
fiber staining.

Figure 1. EGF stimulation of MDA-MB-231 cells resulted in tran-
sient increases in both the insolubility and phosphorylation of the
myosin-II heavy chain isoforms. (A) Representative immunoblot of
myosin-IIA in Triton-insoluble fractions at different times after stim-
ulation with EGF. EGF-mediated increases in (B) myosin-IIA and

(C) myosin-IIB insolubility and heavy-chain phosphorylation.
Myosin-II assembly was assessed by isolating Tx-100 –resistant
cytoskeletons from EGF-stimulated cells. To examine the phos-
phorylation status on the myosin-II heavy chain, cells were se-
rum-starved, metabolically labeled with 32P-orthophosphate, and
stimulated with EGF. At different times after stimulation, the
myosin-II heavy chain isoforms were immunoprecipitated and
analyzed by SDS-PAGE and autoradiography. (D) EGF-mediated
increases in total T18/S19 (solid line) or S19 (dotted line) RLC
phosphorylation. Cells were serum-starved and stimulated with
EGF. The phosphorylation status of the RLC in whole cell lysates
was examined by immunoblot with P-T18/S19 and P-S19 anti-
bodies. For all curves, values represent the mean and SE of the
mean for three to four independent experiments.
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Cytosolic Myosin-IIA is Phosphorylated on the Heavy
and Light Chains
The occurrence of NMHC-IIB phosphorylation and its
role in modulating assembly in vivo is well-documented
(Ben-Ya’acov and Ravid, 2003; Even-Faitelson and Ravid,
2006; Rosenberg and Ravid, 2006). The in vivo consequences
of NMHC-IIA phosphorylation have not been examined;
therefore we focused our investigations on this isoform. At
the peak of myosin-IIA heavy-chain phosphorylation (2–3
min after EGF stimulation), we observed a significant reduc-
tion in myosin-IIA associated with the Triton-insoluble frac-
tion (Figure 1, A and B), suggesting that heavy-chain phos-
phorylation may mediate release of myosin-IIA from the
cytoskeleton. In addition to phosphorylation on the heavy-
chain, cytosolic myosin-IIA is also phosphorylated on the
RLC at Thr-18 and Ser-19 (Figure 3, A and B). An examina-
tion of the stoichiometry of phosphorylation of the heavy
chain in myosin-IIA immunoprecipitates showed that in
unstimulated cells (0 min) the phosphate content was 0.45

mol phosphate per mol NMHC-IIA polypeptide chain. By 3
min after EGF stimulation, the phosphate content increased
to 0.59 mol phosphate per mol NMHC-IIA polypeptide
chain, which is consistent with the �35% increase in phos-
phate content observed in our temporal assays (Figure 1B).
Interestingly the phosphate content of the RLC did not
change with 0.16 and 0.18 mol phosphate per mol RLC at 0
and 3 min, respectively.

In EGF-stimulated Cells the NMHC-IIA Is
Phosphorylated on the CK2 Site
To extend our findings regarding the phosphorylation status
of the NMHC-IIA in EGF-stimulated cells, we performed
phosphoamino acid analysis and phosphopeptide mapping
studies on in vivo–phosphorylated myosin-IIA immunopre-
cipitated from MDA-MB-231 cells. Phosphoamino acid anal-
ysis of the NMHC-IIA revealed phosphorylation only on
serine residues (Figure 4B). The NMHC-IIA phosphoryla-
tion sites were mapped by comparing phosphopeptide maps

Figure 2. Localization of the endogenous myosin II
isoforms in MDA-MB-231 cells. (A) Cells in normal
growth medium. Myosin IIA (a and a�) and myosin IIB
(b and b�) were detected by direct immunofluorescence
using isoform-specific polyclonal antibodies. (c and c�)
An overlay of the two images. Arrows indicate cell
protrusions. Bar, 10 �m. (B) Localization of myosin-IIA
and myosin-IIB in EGF-stimulated MDA-MB-231 cells.
Arrows indicate cortical structures Bar, 50 �m. (C) Lo-
calization of myosin-IIA and myosin-IIB 2 min after
EGF stimulation in MDA-MB-231 cells. Bar, 10 �m.
Arrowheads and arrows indicate cellular regions under-
going active protrusions and regions not actively ex-
tending, respectively.
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of the endogenous in vivo phosphorylated myosin-IIA
heavy chain and recombinant myosin-IIA rods phosphory-
lated in vitro by PKC� or CK2 (Figure 4C). Phosphopeptide
maps of in vitro–phosphorylated myosin-IIA rods showed
one major PKC phosphopeptide and one major and two
minor CK2 phosphopeptides (Figure 4C, a and b). The phos-
phopeptide map of the in vivo phosphorylated NMHC-IIA
had a migration pattern that was identical to the phos-
phopeptide map of the CK2 phosphorylated myosin-IIA rod
(Figure 4C, c). In addition, a phosphopeptide map of mix-
tures of the in vivo– and in vitro–derived phosphopeptides
demonstrated that the phosphopeptides from the endoge-
nous myosin-IIA comigrate with the CK2 phosphopeptides
(Figure 4C, d). These observations indicate that the NMHC-
IIA is phosphorylated on the CK2 site after EGF stimulation.

After EGF Stimulation, the Endogenous CK2 Associates
with Myosin-IIA Rods
We utilized a pulldown assay to evaluate whether CK2
associates with myosin-IIA in EGF-stimulated cells. Ni2�-
agarose containing bound, purified His-tagged myosin-IIA
rods was incubated with the whole cell lysates from un-
stimulated or EGF-stimulated MDA-MB-231 cells (3 min).
Protein complexes were evaluated by immunoblotting with
an antibody against CK2�. In unstimulated cells, very little
CK2 was associated with the myosin-IIA rod (Figure 5, left
panel). However the amount of CK2 that coprecipitated with
the myosin-IIA rod increased considerably upon EGF stim-
ulation (Figure 5, right panel). These results suggest a role
for CK2 in mediating phosphorylation of the myosin-IIA
heavy chain in response to EGF stimulation.

Biochemical Characterization and Cellular Localization
of Myosin-IIA CK2 Phosphorylation Site (S1943) Mutants
To examine the biological significance of heavy-chain phos-
phorylation on Ser-1943, first we evaluated the assembly
properties of myosin-IIA S1943 mutants and the effect of
S1943 substitutions on the interaction with S100A4. For these
studies we utilized purified myosin-IIA rods containing ala-

nine, aspartic, or glutamic acid substitutions at the CK2
phosphorylation site (S1943) to mimic constitutively phos-
phorylated or nonphosphorylated NMHC-IIA. Our previ-
ous studies demonstrated that stoichiometric phosphoryla-
tion of the heavy chain by CK2 reduces the assembly of
myosin-IIA, in the presence of magnesium and 150 mM
NaCl only 35% of the CK2-phosphorylated rods assemble
(Dulyaninova et al., 2005). Similarly, �35% of the S1943D

Figure 3. Myosin-IIA is phosphorylated on both the heavy and
light chains. (A) Left, Coomassie-stained gel of myosin-IIA immu-
noprecipitates from unstimulated cells and cells 3 min after EGF
stimulation. Right, corresponding autoradiogram. (B) Immunoblot
of 3-min immunoprecipitate with a P-T18/S19 RLC antibody. Left,
Coomassie-stained gel; middle, corresponding autoradiogram;
right, immunoblot with P-T18/S19 antibody. The migration posi-
tions of the myosin-IIA heavy chain and RLC, and IgG heavy and
light chains are indicated.

Figure 4. The myosin-IIA heavy chain is phosphorylated in vivo
on serine residues at the CK2 site. (A) In vitro sites of NMHC-IIA
phosphorylation. Myosin-IIA is phosphorylated on Ser-1916 near
the C-terminal end of the �-helical coiled coil by PKC and on
Ser-1943 in the tailpiece by CK2. (B) Phosphoamino acid analysis of
the myosin-IIA heavy chain immunoprecipitated from EGF-stimu-
lated cells showed that the heavy chain is phosphorylated on serine
residues. Circles indicate the positions of phosphoamino acid stan-
dards. (C) Two-dimensional tryptic phosphopeptide maps of the
myosin-IIA rod phosphorylated in vitro by (a) PKC alpha or (b)
CK2, (c) endogenous myosin-IIA heavy chain from EGF-stimulated
cells, and (d) mixture of in vitro– and in vivo–derived phosphopep-
tides. Based on the comigration of phosphopeptides from the CK2-
phosphorylated myosin-IIA rod, the myosin-IIA heavy chain is
phosphorylated in vivo on the CK2 site after EGF stimulation.

Figure 5. CK2 associates with myosin-IIA in response to EGF
stimulation. The endogenous CK2 displayed increased association
with His-tagged myosin-IIA rods in EGF-stimulated cells (3 min)
compared with unstimulated cells. The Ni2�-resin alone did not pull
down CK2 from the whole cell lysates (w.c.l.). Protein complexes were
detected by immunoblot with antibody against CK2 alpha subunits.
Five percent of the whole cell lysate was run on the gel.
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and S1943E myosin-IIA rods assemble at 150 mM NaCl
(Figure 6A). A comparison of the midpoints shows that
the assembly of the S1943D/E rods is more sensitive to the
NaCl concentration than wild-type unphosphorylated
and the S1943A myosin-IIA rods (Table 1, Figure 6A).
Moreover, the midpoints of assembly for the S1943D/E
rods are comparable to the midpoint of assembly for
CK2-phosphorylated rods (126.4 � 3.8 mM NaCl; Dulya-
ninova et al., 2005). Thus, substitution of S1943 with as-
partic or glutamic acid affects myosin-IIA assembly in a
similar manner as CK2 phosphorylation.

We also examined the effects of the S1943 substitutions on
the equilibrium binding of S100A4 in a cosedimentation
assay, because CK2 phosphorylation of the myosin-IIA
heavy chain significantly inhibited S100A4 binding (Kd �

�22 �M; Dulyaninova et al., 2005). Interestingly substitution
of S1943 with aspartic or glutamic acid did not affect S100A4

Figure 6. Biochemical characterization and
cellular localization of the myosin-IIA CK2
site (S1943) mutants. (A) The assembly prop-
erties of wild-type, S1943A, S1943D, and
S1943E myosin-IIA rods were monitored in a
standard sedimentation assay. The assembly
of the S1943D or E myosin-IIA rods was com-
parable to those of CK2-phosphorylated rods,
whereas the S1943A rod assembled similarly
to wild-type, unphosphorylated rods. E, un-
phosphorylated myosin-IIA rods; F, S1943A
myosin-IIA rods; Œ, S1943D myosin-IIA rods;
and {, S1943E myosin-IIA rods. The solid
lines represent the best fit to the Hill equation.
(B) Detection of full-length GFP-NMHC-IIA in
MDA-MB-231 cells. Whole cell lysates from
stable transfectants were subjected to immu-
noblot analysis with an antibody against the
C-terminus of the myosin-IIA heavy chain.
The lower bands represent the endogenous
myosin-IIA. (C) Distribution of GFP-NMHC-
IIA constructs was visualized by green fluo-
rescence in transient (top) or stable (bottom)
transfectants in normal growth medium. The
wild-type NMHC-IIA displayed both cyto-
plasmic and stress fiber localization. The
S1943A NMHC-IIA demonstrated increased
assembly as evidenced by the prominent
stress fibers and strong cortical localization
(arrows). The S1943E and S1943D NMHC-
IIA were primarily cytoplasmic with minor
assembly into stress fibers and the cell cor-
tex. Bar, 50 �m. (D) Wild-type mCherry-
NMHC-IIA colocalizes with wild-type,
S1943A, or S1943D GFP-NMHC-IIA in EGF-
stimulated cells. Transient transfectants
were fixed 4 – 6 min after EGF stimulation.
Both S1943A and S1943D GFP-NMHC-IIA
form puncta, which localize with wild-type
mCherry-NMHC-IIA puncta in extending
lamellae. Bar, 10 �m.

Table 1. Effect of S1943 substitutions on myosin-IIA rod assembly

Myosin-IIA rod construct Midpoint (mM)

Unphosphorylated 161.5 � 1.9
S1943A 165.4 � 5.3
S1943D 129.5 � 2.3
S1943E 136.5 � 4.9

Values represent the mean � SD for three independent experiments.
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binding to the myosin-IIA rod (Table 2), indicating that
charge replacement of the phosphorylatable serine does not
mimic all aspects of heavy-chain phosphorylation at the CK2
site.

For in vivo studies, full-length, GFP-tagged NMHC-IIA
constructs containing alanine, aspartic, or glutamic acid sub-
stitutions at the CK2 site were created as well. We expressed
GFP-NMHC-IIA CK2 site mutants in MDA-MB-231 cells to
analyze the effects of the S1943 substitutions on the myosin-
IIA distribution in fixed cells. Immunoblot analysis with an
antibody against the C-terminal 12 residues of the NMHC-
IIA confirmed the expression of the full-length wild-type or
S1943 mutant GFP-NMHC-IIA constructs in MDA-MB-231
cells and showed that they are expressed at comparable
levels to the endogenous NMHC-IIA (Figure 6B). The dis-
tribution of the GFP-NMHC-IIA constructs in asynchro-
nously growing cells was visualized by green fluorescence
(Figure 6C). The localization of the wild-type GFP-NMHC-
IIA was similar to the endogenous myosin-IIA (compare
Figures 2A and 6C). The S1943E and S1943D GFP-NMHC-
IIA showed a primarily cytoplasmic distribution with little
stress fiber or cortical localization. In contrast, substitution
of S1943 with alanine resulted in increased stress fibers and
prominent cortical localization (Figure 6C, arrows). In EGF-
stimulated cells, both the S1943A and S1943D GFP-NMHC-
IIA form puncta in extending protrusions, suggesting that
the alanine and aspartic acid substituted constructs can form
filaments. In cells cotransfected with wild-type mCherry-

NMHC-IIA and either wild-type, S1943A or S1943D GFP-
NMHC-IIA, we observed a high degree of overlap between
the two signals (Pearson’s coefficient of 0.87 � 0.06 for
wild-type, 0.91 � 0.07 for S1943A, and 0.93 � 0.09 for
S1943D), suggesting coassembly of wild-type and S1943A or
S1943D NMHC-IIA in vivo.

The Phosphorylation Status of the CK2 Site Regulates
Directional Migration
To examine the effects S1943 substitutions on cell motility,
we determined the ability of cells stably expressing GFP-
NMHC-IIA constructs to cover a wound. Six independent
experiments were performed for each cell line and a typical
example is shown in Figure 7A. Cells expressing the wild-
type GFP-NMHC-IIA migrated and covered the gap within
30 h, whereas cells expressing the S1943E or S1943D GFP-
NMHC-IIA covered this area in �24 h. For cells expressing
the S1943A GFP-NMHC-IIA, a reduced rate of wound clo-
sure was observed with only �70% of the open area covered
by the cells in a 24-h period. Quantification of wound-
induced migration during the first 4 h of wound healing
showed that the rate of migration for S1943D/E GFP-
NMHC-IIA–expressing cells increased about twofold (40 �
3 and 33 � 3 �m/h) compared with untransfected (21 � 2
�m/h) or wild-type–expressing cells (22 � 3 �m/h; Figure
7B). Cells expressing the S1943A GFP-NMHC-IIA exhibited
approximately a twofold reduction in the rate of migration
(12 � 2 �m/h).

Increased Assembly of Myosin-IIA Promotes More Stable
Focal Adhesions
Because myosin-II functions in the formation of focal adhe-
sions (Chrzanowska-Wodnicka and Burridge, 1996; Conti et
al., 2004), we examined focal adhesions by immunofluores-
cence with a paxillin pY118 antibody in EGF-stimulated
cells. Before EGF stimulation (time 0), untransfected MDA-
MB-231 cells contain numerous mature focal contacts (Fig-
ure 8A). By 2 min after EGF stimulation, the paxillin pY118
phosphotyrosine staining became more diffuse and dis-
persed. At 2–6 min after EGF addition, small, new focal
contacts were visible in lamellae, which continued to in-

Table 2. Effect of S1943 substitutions on S100A4 binding

Myosin-IIA rod construct Kd (�M)

Unphosphorylated 4.8 � 0.9
S1943A 5.4 � 1.0
S1943D 4.7 � 1.0
S1943E 5.1 � 1.0

Values represent the mean � SEM for three to six independent
experiments.

Figure 7. Expression of myosin-IIA S1943 mutants affects cell migration in a wound-healing assay. (A) Confluent monolayers of untrans-
fected or stable MDA-MB-231 transfectants expressing either wild-type GFP-NMHC-IIA or S1943 mutants were wounded at time 0. Bar, 250
�m. (B) The average rate of wound closure during the first 4 h of wound healing was calculated from three independent experiments. Values
represent the mean � SD. Asterisk (*) denotes a statistically significant difference compared with wild-type GFP-NMHC-IIA cells.
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crease in size (Figure 8A, 6 and 15 min). The dissolution and
formation of focal contacts in cells expressing either the
GFP-NMHC-IIA S1943D or S1943E was similar to that ob-
served in untransfected cells (data not shown). However, in
cells expressing the GFP-NMHC-IIA S1943A large focal con-
tacts were observed at 2 min after EGF addition, which
persisted for up to 6 min (Figure 8B).

To examine the stability of focal adhesions in cells ex-
pressing the GFP-MHC-IIA constructs, we assessed the ad-
hesion competence of the stable myosin-IIA transfectants in
a cell detachment assay. Cells expressing the GFP-MHC-IIA

S1943A were �30% more resistant to detachment than wild
type, S1943D- or S1943E-expressing cells (Figure 8C). To
confirm that the increased adhesiveness of S1943A express-
ing cells correlates with elevated tyrosine phosphorylation
of paxillin, we analyzed the paxillin phosphotyrosine con-
tent of EGF-stimulated MDA-MB-231 cell lysates (Figure
8D). When compared with cells expressing wild-type GFP-
NMHC-IIA– or GFP-NMHC-IIA-S1943A–expressing cells
contained elevated levels of pY118 paxillin. In addition, we
observed reduced phosphotyrosine incorporation into pax-
illin in cells expressing either the GFP-NMHC-IIA S1943D or

Figure 8. Stable focal adhesions are observed in GFP-NMHC-IIA S1943A–expressing cells. (A) Dynamic alteration of focal adhesions is
observed in response to EGF stimulation in untransfected MDA-MB-231 cells by immunostaining with a paxillin pY118 phosphotyrosine
antibody. (B) In transient transfectants expressing the GFP-NMHC-IIA S1943A, EGF-stimulated destabilization of pre-existing focal adhe-
sions due to removal of phosphotyrosine is inhibited. Top, paxillin pY118 phosphotyrosine immunostaining; bottom, GFP fluorescence.
Arrows indicate small, new focal contacts that are visible in the extending lamellae of untransfected cells. Bar, 50 �m. (C) Cell detachment
assay on MDA-MB-231 cells stably expressing GFP-NMHC-IIA S1943 mutants. Adhesion was determined by calculating the percentage of
total cells that detached in response to trypsin treatment. Expression of the GFP-NMHC-IIA S1943A resulted in �30% increase in resistance
to detachment as compared with wild-type, S1943D- and S1943E-expressing cells. Asterisk (*) denotes a statistically significant difference
compared with wild-type GFP-NMHC-IIA cells. (D) Immunoblots of GFP-NMHC-IIA stable transfectants 2 min after EGF addition with
antibodies to vinculin, pY118 paxillin, total paxillin, CK2�, or actin. Relative to cells expressing wild-type GFP-MHC-IIA, S1943A cells display
increased pY118 paxillin incorporation, and S1943D/E cells show decreased phosphotyrosine content. The levels of vinculin and CK2 were
not altered in the different transfectants. Actin was used as a loading control.
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S1943E. The levels of total paxillin, vinculin, and CK2 were
not altered in the different transfectants.

Alterations in Myosin-IIA Assembly Affect EGF-mediated
Lamellipod Extension
To evaluate whether the alterations in wound healing in-
duced migration exhibited by GFP-NMHC-IIA mutant-ex-
pressing cells are also observed when responding to a che-
motactic stimulus, we examined lamellipod extension after
bath application of EGF. Untransfected MDA-MB-231 cells
responded typically by a global extension of lamella, which
resulted in a 32% increase in cell area (Figure 9, A and B).
Cells expressing the wild-type GFP-NMHC-IIA displayed a
response that was similar to parental cells; however, GFP-
NMHC-IIA S1943A–expressing cells exhibited minimal la-
mellipod extension, which resulted in a 14% increase in the
initial cell area (Figure 9B). In contrast, cells expressing the
S1943D/E mutants showed significantly enhanced exten-
sion, with total area increases of 61 and 52%, respectively.

DISCUSSION

Results presented here demonstrate that EGF stimulation
induces transient assembly and phosphorylation of NMHC-
IIA and NMHC-IIB in human breast carcinoma cells. In
accordance with data demonstrating that the NMHC-II iso-
forms have unique cellular functions, the kinetics of assem-
bly and phosphorylation differ for the A and B isoforms. In
addition, there are significant differences in the kinetics of
RLC monophosphorylation (P-S19) and diphosphorylation
(P-T18/P-S19). Our analyses show that RLC phosphoryla-
tion precedes or is coincident with the assembly of the two
myosin-II isoforms, consistent with the idea that RLC phos-
phorylation promotes filament assembly.

With respect to NMHC-IIA, the peak of heavy-chain phos-
phorylation occurs temporally between the two peaks of
myosin-IIA assembly. Localization studies indicate that the
peaks of assembly correspond to different cellular distribu-
tions of myosin-IIA, with peak 1 associated with cortical
structures and peak 2 associated with stress fibers. These
observations suggest that NMHC-IIA phosphorylation may
promote the release of myosin-IIA from cortical filaments,
thus providing a mechanism for recycling of myosin-IIA
monomers and the turnover of myosin-IIA filaments. The
physiological relevance of NMHC-IIA phosphorylation is
supported by the high levels of phosphorylation observed 3
min after EGF stimulation (0.59 mol phosphate per mol
NMHC-IIA polypeptide chain). For cytosolic myosin-IIA,
the RLC is phosphorylated as well, albeit at a lower stoichi-
ometry than observed for the heavy chain (0.18 mol phos-
phate per mol RLC). This low stoichiometry is not entirely
unexpected because our kinetic assays indicate that phos-
phate turnover on the RLC is rapid after EGF stimulation. At
this time, it is unclear if concomitant RLC dephosphoryla-
tion and NMHC-IIA phosphorylation contribute to the re-
lease of myosin-IIA from the cytoskeleton since we cannot
determine the phosphorylation status of the heavy and light
chains within the same myosin-IIA molecule.

Phosphopeptide maps of the endogenous myosin-IIA
from EGF-stimulated cells demonstrate that the heavy chain
is phosphorylated on the CK2 site (S1943), which is located
in the C-terminal tailpiece of the heavy chain (Murakami et
al., 1998). CK2 recognizes a minimal consensus sequence of
S/T-X-X-D/E; however, additional acidic residues at posi-
tions �2 to � 7 are needed for efficient phosphorylation of
substrates (Meggio et al., 1994). The amino acid sequence
surrounding the CK2 site on the NMHC-IIA (GDGpS-

Figure 9. Expression of GFP-NMHC-IIA S1943 mutants affects
EGF-induced lamellipod extension. MDA-MB-231 cells, parental or
expressing the GFP-NMHC-IIA constructs, were stimulated with
EGF and changes in cell shape were monitored by phase-contrast
and fluorescence microscopy. (A) Representative phase-contrast
(a–d) and fluorescent (a�–d�) micrographs of an untransfected cell
and cell expressing wild-type GFP-NMHC-IIA responding to che-
moattractant. The cells are shown before EGF stimulation (time 0)
and at several times after EGF treatment. Cell trace in the fluores-
cence panel (a�–d�) demonstrates the extending edge of an untrans-
fected cell. Bar, 50 �m. (B) Quantitation of the changes in cell shape
at 15 min after EGF stimulation. Lamellipod extension of stable or
transient transfectants was evaluated as the overall increase in the
total area of the cells after EGF stimulation. The area before stimu-
lation was set as 100%, and the relative area change was calculated
as a percentage of the initial cell area. Error bar, SE. Asterisk (*)
denotes a statistically significant difference as compared with un-
transfected cells.
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DEEVD) is enriched in the acidic residues that are required
for recognition by CK2. In addition, the observation that the
NMHC-IIA is an in vitro substrate of CK2 (Murakami et al.,
1998; Dulyaninova et al., 2005) and our finding that CK2
displays increased association with myosin-IIA in EGF-stim-
ulated cells suggest that CK2 directly mediates phosphory-
lation of NMHC-IIA in growth factor–stimulated breast can-
cer cells.

We demonstrated previously that phosphorylation of my-
osin-IIA on S1943 reduces filament formation and regulates
the binding of S100A4 (Dulyaninova et al., 2005). In vitro
assembly assays and in vivo expression studies demon-
strated that the alanine, and aspartic/glutamic acid substi-
tutions at this position mimic the assembly properties of
nonphosphorylated and phosphorylated wild-type myosin-
IIA, respectively. Thus with respect to filament assembly,
the monoanionic side chains of aspartic and glutamic acid
reproduce the function of the dianionic phosphate group at
S1943. Interestingly, aspartic and glutamic acid substitutions
do not inhibit S100A4 binding, demonstrating that the ad-
dition of a single charged residue does not fully mimic the
spatial and charge contributions of a dianionic phosphate
group at position 1943.

The studies presented here demonstrate that NMHC-IIA
phosphorylation has pronounced effects on the motility of
MDA-MB-231 cells. The expression of constitutively phos-
phorylated or nonphosphorylatable analogs of the NMHC-
IIA has opposing effects on cell migration and growth fac-
tor–stimulated cell protrusion. Cells expressing NMHC-IIA
S1943D or E displayed enhanced directional migration into a
wound and cell protrusion, whereas cells expressing
NMHC-IIA S1943A exhibited reduced migration and pro-
trusion. Our studies indicate that NMHC-IIA S1943A and
S1943D coassemble with wild-type NMHC-IIA. If heavy-
chain phosphorylation regulates myosin-IIA filament turn-
over, then incorporation of NMHC-IIA S1943A monomers
into filaments would reduce filament turnover, resulting in
the formation stable filaments. Stable myosin-IIA filaments
could allow for increased contractile force, augmented ret-
rograde flow and reduced cell protrusion. Conversely, in-
corporation of NMHC-IIA S1943D or E monomers into fila-
ments would be expected to reduce filament stability, and as
a consequence, decreased contractility. This would inhibit
retrograde flow and allow for enhanced cell protrusion.

Our findings are consistent with published studies dem-
onstrating a role for myosin-II motor function in retrograde
flow and the regulation of protrusion. For example, micro-
injection of NEM-inactivated myosin S1 fragments reduces
F-actin flow and enhances the extension of growth cones in
neurons (Lin et al., 1996). Inhibition of myosin-II activity
with protein kinase inhibitors attenuates F-actin flow in the
cell center of sea urchin coelomocytes (Henson et al., 1999)
and in the lamella of epithelial cells (Gupton et al., 2002), and
treatment of neurons with blebbistatin significantly re-
duces F-actin retrograde flow and increases cell protru-
sion (Medeiros et al., 2006). More recently, studies of
spreading mouse embryonic fibroblasts have indicated
that myosin-IIA, and not myosin-IIB, primarily regulates
retrograde flow (Cai et al., 2006). The studies presented
here indicate that heavy-chain phosphorylation provides
another regulatory mechanism for modulating contractile
force during cell motility and protrusion.

In addition, our studies suggest that the phosphorylation
status of the NMHC-IIA also impacts the turnover of focal
adhesions. We detected more stable focal adhesions in cells
expressing NMHC-IIA S1943A after EGF stimulation as ev-
idenced by paxillin pY118 staining. This observation is con-

sistent with previous studies showing that a reduction in
cytoskeletal contractility induces the disassembly of focal
adhesions (Chrzanowska-Wodnicka and Burridge, 1996).
Although our analyses did not reveal any gross alterations
in focal adhesions in cells expressing NMHC-IIA S1943D or
E, we detected reduced Y118 phosphorylation of paxillin in
these cells after EGF stimulation. These findings suggest that
reduced myosin-IIA filament assembly or filament instabil-
ity also affects focal adhesions either at the level of adhesion
assembly or in their rate of turnover. Taken together, these
studies support a direct role for NMHC-IIA phosphory-
lation in modulating myosin-IIA assembly during cell
migration.
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