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To better understand the mechanism controlling nonmuscle myosin II (NM-II) assembly in mammalian cells, mutant
NM-IIA constructs were created to allow tests in live cells of two widely studied models for filament assembly control.
A GFP-NM-IIA construct lacking the RLC binding domain (�IQ2) destabilizes the 10S sequestered monomer state and
results in a severe defect in recycling monomers during spreading, and from the posterior to the leading edge during
polarized migration. A GFP-NM-IIA construct lacking the nonhelical tailpiece (�tailpiece) is competent for leading edge
assembly, but overassembles, suggesting defects in disassembly from lamellae subsequent to initial recruitment. The
�tailpiece phenotype was recapitulated by a GFP-NM-IIA construct carrying a mutation in a mapped tailpiece phosphor-
ylation site (S1943A), validating the importance of the tailpiece and tailpiece phosphorylation in normal lamellar myosin
II assembly control. These results demonstrate that both the 6S/10S conformational change and the tailpiece contribute to
the localization and assembly of myosin II in mammalian cells. This work furthermore offers cellular insights that help
explain platelet and leukocyte defects associated with R1933-stop alleles of patients afflicted with human MYH9-related
disorder.

INTRODUCTION

The aim of our studies is to characterize the mechanism
controlling nonmuscle myosin II (NM-II) filament turnover.
NM-II isoforms play critical roles in many cellular processes
during growth and development, ranging from stabilization
of cell polarity, to cell migration, to cell division (Conti and
Adelstein, 2008). NM-II filaments are formed by the lateral
association of the tails of NM-II “monomers,” which consist
of two myosin heavy chains (MHCs), two regulatory light
chains (RLC), and two essential light chains (ELCs). The
MHC has an amino-terminal globular motor domain that
contains an actin-binding site and an ATP-binding site. The
carboxyl-terminal portion of the globular head includes two
sequential IQ motifs, one that binds the ELC and the other
that binds the RLC. The tails of two MHCs interact to form
an extended �-helical coiled coil domain. Finally, mamma-
lian isoforms of NM-II also have a carboxyl-terminal non-
helical tailpiece.

One proposed mechanism governing filament assembly
involves inhibition of intermolecular lateral tail associations
by folding the NM-II monomer tail. Mammalian NM-II iso-
forms have been shown in vitro to form a 10S hairpin in
which the tail folds over and interacts with the RLC of the
myosin head in a sequestered state (Trybus et al., 1982;
Olney et al., 1996; Salzameda et al., 2006; Burgess et al., 2007).
Early studies documented a critical role for this RLC inter-
action in stabilizing the folded state. For example, Trybus
and Lowey (1988) showed that myosin stripped of its RLC

was unable to form the sequestered 10S hairpin state, an
effect that was reversible upon readdition of RLC. Later
work by Ikebe et al. (1994) showed via viscosity measure-
ments that the 10S form of myosin could be abolished by
deleting the 16 NH2-terminal residues of the RLC. Further-
more, cross-linking studies have identified the specific resi-
dues of the RLC that bind to the MHC in the 10S form
(Olney et al., 1996; Salzameda et al., 2006). Taken together
these biochemical studies demonstrate that the RLC is crit-
ical for folding into the 10S hairpin in vitro. It is therefore
widely believed that in live mammalian cells NM-II assem-
bly is controlled via sequestration of the NM-II monomer in
the 10S conformation, which unfolds into the assembly-com-
petent 6S form via phosphorylation of the RLC by myosin
light-chain kinase (MLCK) or possibly other kinases such as
Rho kinase (Craig et al., 1983; Trybus and Lowey, 1984, 1988).

In addition to having a functional role in the 6S–10S
transition, the RLC also has a regulatory role in NM-II motor
activation. Association of the RLC with MHC inhibits the
actin-activated ATPase activity of smooth muscle myosin,
and RLC phosphorylation relieves that inhibition (Onishi
and Watanabe, 1979; Seidel, 1980; Adelstein et al., 1981). The
role of unphosphorylated RLC as an inhibitor of motor
activity was also substantiated by studies in Dictyostelium
discoideum, where a mutant MHC construct was created that
lacked the 30-aa RLC-binding “IQ” motif. This Dictyostelium
�IQ2-myosin II was found to be fully functional both in
vitro and in vivo, with the notable feature that it displays
high level constitutive actin-activated ATPase activity and
RLC-independent actin filament translocation activity
(Uyeda and Spudich, 1993). The construct fully comple-
mented all cellular defects of MHC null cells, including
cytokinesis defects and multicellular development. Al-
though these studies validate the concept that similar mu-
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tations will yield a functional NM-II in mammalian settings,
Dictyostelium NM-II is not believed to undergo a 6S–10S
transition, so the amoeba system cannot provide insight into
understanding of the roles of 6S–10S transitions for in vivo
control of mammalian NM-II assembly.

Another category of possible filament assembly regula-
tory mechanisms centers on the short nonhelical tailpiece of
NM-II isoforms. For example, biochemical and live cell stud-
ies have indicated a role for this and adjacent regions as a
mediator of NM-IIA assembly control involving binding of
the small calcium-binding protein S100A4 (Li and Bresnick,
2006), and via phosphorylation (Straussman et al., 2001; Du-
lyaninova et al., 2007). The importance of carboxyl-terminal
rod and tailpiece-based regulation is further suggested by
the collection of human disease syndromes that can result
from mutations in this region of the human NMHC-IIA gene
(MYH9). Patients with MYH9-related disorders present at
an early age with excessively large platelets, low platelet
counts, clotting disorders, and leukocyte inclusions (Seri et
al., 2003). Approximately 75% of MYH9-related disorders
are caused by mutations in the rod of the NM-II tail, and
88% of these mutations occur at only four residues: 1165,
1424, 1841, and 1933 (Franke et al., 2005). Analysis of in vitro
paracrystal formation by recombinant tail fragments carry-
ing these rod mutations showed that the mutant tail frag-
ments dominantly interfere with wild-type paracrystal
assemblies, causing the formation of amorphous lattices
(Franke et al., 2005). How these abnormal assemblies,
through their effect on NM-II filament formation in living
cells, cause MYH9-related disorders remains unclear. Of
particular interest is the mutation at aa 1933, which deletes
28 of the 33-aa nonhelical tailpiece, suggesting an important
but undefined role for the nonhelical tailpiece in filament
assembly.

To gain further insights into the relative roles of different
models of NM-II assembly control and into the importance
of the nonhelical tailpiece that is deleted in some MYH9-
related disorders, we have constructed a series of NM-II
mutants as green fluorescent protein (GFP) fusions. Behav-
ior of these constructs has been analyzed by immunofluo-
rescent microscopy, biochemical fractionation, and fluores-
cent recovery after photobleaching (FRAP) to evaluate
effects on localization and assembly dynamics during lamel-
lar spreading and polarized migration. Our results demon-
strate that both the 6S–10S transition and assembly control
mediated by the carboxyl-terminal tailpiece contribute, in
distinct manners, to the regulation of myosin II assembly in
live cells.

MATERIALS AND METHODS

DNA Mutagenesis
The plasmid pEGFP-NMHC-IIA-C3 expresses the full-length corrected hu-
man nonmuscle myosin heavy chain under the control of a constitutive
cytomegalovirus (CMV) promoter, with enhanced GFP (EGFP) fused at the
amino terminus of the NMHC-IIA coding region. This plasmid, a gift from Dr.
Anne Bresnick (Albert Einstein College of Medicine, Bronx, NY) (Wei and
Adelstein, 2000; Bao et al., 2005; Dulyaninova et al., 2007), was used to express
wild-type GFP-NMHC-IIA. Mutant deletion constructs were generated via
either PCR-based methods or via deletion using existing internal restriction
sites. All DNA segments subjected to PCR were sequenced to confirm absence
of PCR-generated errors. pCMV-eGFP-NMHC-IIA�IQ2 has the same struc-
ture, except that the coding segment for aa 804-834 (corresponding to the IQ2
motif that binds RLC) was deleted with the deletion junction marked by an
engineered NheI restriction site. pCMV-eGFP-NMHC-IIA�tailpiece has the
same amino-terminal GFP fusion to NMHC-IIA, with a stop codon intro-
duced after codon 1928, eliminating the last 33 amino acids (corresponding to
the nonhelical tailpiece). The pCMV-eGFP-NMHC-IIA�ACD has the same
structure as NMHC-IIA except that it was digested with SacII and SpeI and
rendered blunt via incubation with Klenow fragment, replacing the final 270

amino acids of the tail after codon 1691 (containing the ACD domain) with the
sequence LVRPIHRI. The pCMV-eGFP-NMHC-IIA�IQ2�ACD has the same
structure as the NMHC-IIA�ACD, except it has also had the IQ2 motif
removed as described above. The construction of the pCMV-eGFP-NMHC-
IIA-S1943A has been described (Dulyaninova et al., 2007).

Cell Culture and Transfections
Human cervical cancer cells (HeLa) were obtained from American Type
Culture Collection (Manassas, VA) and maintained in minimal essential me-
dia (Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum,
1% l-glutamine, and 1% penicillin/streptomycin. Cells were maintained as
monolayer cultures at 37°C, 5% CO2. For live cell imaging, cells were kept in
phenol red–free minimal essential media (Invitrogen) supplemented with
10% fetal bovine serum, 1% l-glutamine, and 1% penicillin/streptomycin and
25 mM HEPES. All transfections were carried out by nucleofection (Amaxa
Biosystems, Gaithersburg, MD) according to manufacturer’s instructions.

Immunostaining
Cells were fixed in PBS supplemented with 2 mM MgCl2, 2 mM EGTA, and
4% formaldehyde. Cells were then permeabilized in PBS containing 0.5%
Triton X-100 and actin filaments stained using Alexa Fluor 568 phalloidin
(Invitrogen). Nuclei were stained using DAPI (Invitrogen).

Microscopy
All images were acquired using a Plan-Apochromat 63�, 1.4 NA oil objective
(Zeiss, Thornwood, NY) on an Axiovert 200M inverted microscope equipped
with a confocal LSM 510 META scan head (Zeiss).

Immunoprecipitation and Western Blotting
HeLa cells were transfected with pCMV-eGFP-MHC-IIA or pCMV-eGFP-
MHC-IIA�IQ2, and 48 h after transfection the cells were trypsinized, pelleted,
washed, and lysed with an NP-40 lysis buffer (50 mM Tris-HCl, 500 mM NaCl,
5 mM MgCl2, 2 mM ATP, 0.1% NP-40, 10% glycerol, 5 mM EDTA, 5 mM DTT,
1 mM PMSF, 2% PIC I, 2% PIC II (protease inhibitor cocktail I and II, as
described previously; Steimle et al., 2001). Insoluble proteins were removed by
centrifugation at 51,000 � g. After immunoprecipitation with 20 �l of agarose
beads conjugated with monoclonal anti-GFP (MBL International, San Diego,
CA; www.mblintil.com), Western blots were performed with a polyclonal
rabbit antibody specific to the RLC (Proteintech Group, Chicago, IL; Cat. No.
10324-1-AP). Western blots in the supplemental figure were probed with a
polyclonal antibody specific to the total MHC (Biomedical Technologies,
Stoughton, MA; BT-561), a polyclonal antibody specific to the nonhelical
tailpiece of the NMHC-IIA (Sigma, St. Louis, MO; M8064), or a polyclonal
antibody specific to GFP (Invitrogen Molecular Probes, Eugene, OR; A6455).

Salt-dependent Assembly
HeLa cells were transfected with pCMV-eGFP-MHC-IIA or pCMV-eGFP-
MHC-IIA�IQ2, and 48 h after transfection the cells were lysed in situ with
cold Triton X-100 lysis buffer (50 mM Tris-HCl, pH 7.4, 5 mM NaCl, 560 mM
potassium-acetate, 0.6% Triton X-100, 1 mM EDTA, 1 mM EGTA, 5 mM DTT,
1 mM PMSF, 1% PIC I, and 1% PIC II). To preclear insoluble proteins, 3 mM
MgCl2, and 1 mM ATP were added to the lysate, and the lysate was separated
by centrifugation at 7800 � g for 15 min at 4°C. The supernatant was then
divided in two with each half being diluted four times the original volume in
modified lysis buffer (no Triton X-100), one-half being diluted to 400 mM
potassium-acetate, and the other half diluted to 140 mM potassium-acetate.
Soluble and insoluble proteins were then separated by centrifugation at
51,000 � g for 20 min at 4°C. The pellet was suspended in 2� Laemmli sample
buffer. The supernatant was diluted to 70% acetone, the protein in the superna-
tant was separated by centrifugation at 7800 � g for 15 min, and the pellet was
suspended in 2� Laemmli sample buffer. Equivalent portions of pellet and
supernatants were subjected to Western blot analysis and probed for GFP.

Triton-insoluble Fractionation
HeLa cells were transfected with GFP-myosin constructs and plated on tissue
culture treated plastic Petri dishes. After 48 h cells were lysed in situ with
ice-cold Triton X-100 lysis buffer (50 mM Tris-HCl, pH 7.4, 5 mM NaCl, 140
mM potassium-acetate, 0.6% Triton X-100, 1 mM EDTA, 5 mM EGTA, 5 mM
DTT, 1 mM PMSF, 1% PIC I, and 1% PIC II). After a 5-min incubation, the
soluble and insoluble fractions of the lysate were separated by centrifugation
at 7800 � g for 15 min. The supernatant and pellet were resuspended in equal
volumes of 2� Laemmli sample buffer. Western blots were probed with rabbit
polyclonal antibodies to GFP (Molecular Probes; www.invitrogen.com) and
densitometry was performed using Image J version 1.38 (http://rsb.info.nih.
gov/ij/).

Radial Intensity Analysis
HeLa cells transfected with a GFP-myosin construct were trypsinized briefly
48 h after transfection and plated at low density on borosilicate chambered
coverglass (Nalge Nunc International, Naperville, IL) that had been incubated
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with 20 �g/ml fibronectin for 1 h. After 1 h at 37°C, cells were fixed and
immunostained as described above. Fluorescent images were analyzed using
self written analysis scripts in MATLAB (The Mathworks, Natick, MA), which
segmented the image to find the cell shape from the actin-stained image. This
cell mask was then used to create an index of all pixels equidistant from the
cell edge in order to average the intensity of all equidistant pixels from the cell
edge for the red (actin) and green (GFP-myosin) images. For plotting, the
equidistant average intensities were normalized to the highest average, and
the distance was normalized to the longest distance from the cell edge to the
cell center, with 0% being the cell edge and 100% being the cell center. The
average central cell body intensity was determined by averaging the myosin
radial intensity curve between 80 and 92% from the cell edge. The curves are
normalized to the highest average intensity, which for NM-IIA and NM-
IIA�tailpiece correspond to the lamella. To get a similar measurement for
NM-IIA�IQ2 we took the average of the normalized myosin radial intensity
curve from 80 to 92% from the cell edge and normalized it to the myosin
intensity value that corresponded to the actin peak at the lamella.

Polarized Cell Migration
HeLa cells transfected with a GFP-myosin construct were trypsinized 48 h
after transfection and plated in a double-blind manner at high density on
borosilicate chambered coverglass (Nalge Nunc International) that had been
incubated with 20 �g/ml fibronectin for 1 h and had a 2-mm-wide strip of
polydimethylsiloxane (PDMS) placed across the middle. After incubation at
37°C for 16 h, the PDMS strip was removed, creating a well-defined wound
margin. The cells were allowed to polarize and migrate for 4 h, at which point
they were fixed and immunostained as described above. A handmade binary
mask made in ImageJ was used to isolate a single cell in each Z-projected
confocal image for analysis by self-written scripts in MATLAB. The centroid
of cell shape and GFP intensity was determined and a vector was drawn from
the center of cell shape to the center of myosin intensity. The length of the
vector was then normalized to the perimeter of cell shape.

FRAP
HeLa cells transfected with a GFP-myosin construct were trypsinized briefly
48 h after transfection and plated at low density on a Bioptechs (Butler, PA)
Delta T dish that had been incubated with 20 �g/ml fibronectin for 1 h. The
cells were maintained at 37°C using a Bioptech Delta T4 Open Culture Dish
MicroEnvironmental Control System and a Bioptech objective heater system.
FRAP experiments were performed on actively spreading cells between 15
and 60 min after plating. FRAP experiments of full-length myosin mutants
were carried out according to Yumura et al. (2005) with time intervals of 4–5
s and a circular bleach spot 2.86 �m in diameter.

For FRAP of ACD constructs, images were collected with an interval of 200
ms and the half-times of recovery were calculated as described (Feder et al.,
1996), with � held constant at 0.73 as published previously (Weiss et al., 2004).

RESULTS

To better understand the governing mechanism controlling
NM-II filament assembly in mammalian cells, a series of
NMHC-IIA mutants were constructed as GFP-fusion pro-
teins (Figure 1). GFP-NMHC-IIA�IQ2 (Figure 1B) deletes
the RLC-binding site and is thus predicted to be incapable of
forming a stable 10S hairpin. GFP-NMHC-IIA�tailpiece
(Figure 1C) deletes the 33-aa nonhelical carboxyl-terminal
segment implicated in control of assembly. GFP-NMHC-
IIA�S1943A substitutes an alanine for a previously mapped
casein kinase II (CK II) phosphorylation site. GFP-NMHC-
IIA�ACD (Figure 1D) removes �30 kDa of the tail, includ-
ing the assembly competence domain (ACD) that is essential
for filament assembly (Lee et al., 1994; Shoffner and De
Lozanne, 1996; Sohn et al., 1997; Nakasawa et al., 2005).

During initial characterization of the mutant constructs
after transfection into HeLa cells, flow cytometry–based cell
sorting was used to collect populations of cells with typical
levels of GFP brightness from transiently transfected popu-
lations. These subpopulations were subjected to Western
blot analysis revealing that all constructs were expressed at
�10–20% of the level of the endogenous NMHC-IIA (Sup-
plemental Figure S1).

Deletion of the IQ2 Motif Prevents RLC Binding and
Destabilizes the 10S Hairpin
The GFP-NMHC-IIA�IQ2 construct was designed to elimi-
nate RLC binding to the myosin II holoenzyme. After im-

munoprecipitation with an antibody to GFP, immunoblots
readily detected RLC associated with GFP-NM-IIA but not
GFP-NM-IIA�IQ2 (Figure 2A, bottom panel). This result
verifies that deletion of the 30-aa “IQ2” motif from the head
of NM-IIA eliminates all detectable RLC binding.

As described in the Introduction, any NM-II lacking an
RLC is predicted to be unable to stabilize the folded 10S
conformation in vivo. One major aspect of the 6S–10S model
is that the 10S species diffuses faster than the 6S species
because of its compact shape (Trybus et al., 1982; Trybus and
Lowey, 1984; Trybus and Lowey, 1988; Kolega and Taylor,
1993). We therefore tested for diffusional differences be-
tween assembly incompetent versions of the GFP-NM-IIA
and GFP-NM-IIA�IQ2 in live cells. These �ACD constructs
still retain the tail regions required to cross-link to the RLC
in the 10S hairpin. However, by eliminating the ACD of each
construct, we were able to analyze diffusional behavior in
live cells in a manner uncomplicated by the presence of an
assembled filament pool (Olney et al., 1996; Nakasawa et al.,
2005; Salzameda et al., 2006). The GFP-NM-IIA�ACD (Fig-
ure 1D) is predicted to still undergo the 6S–10S transition,
whereas the GFP-NM-IIA�IQ2�ACD (Figure 1E) is pre-
dicted to be unable to stabilize the 10S hairpin.

The diffusional properties of GFP-NM-IIA�ACD and
GFP-NM-IIA�IQ2�ACD were measured via FRAP analy-
sis. Figure 2B shows example cells and the average recov-
ery curves from all experiments (n � 90). GFP-NM-
IIA�IQ2�ACD had a half-time of recovery of 1.18 �
0.53 s, which was significantly slower (p � 0.003) than
that of GFP-NM-IIA�ACD (0.96 � 0.45 s). The GFP-NM-
IIA�IQ2�ACD had a half-time of recovery 1.23-fold
greater than GFP-NM-IIA�ACD, which is within expec-
tations for a myosin whose tail has been reduced by 25%
and supports the model that elimination of RLC from the
myosin II holoenzyme, via the IQ2 deletion, destabilizes
the 10S hairpin conformation in live cells.

Figure 1. GFP fusion constructs used to assess myosin IIA assem-
bly models. (A) Wild-type NM-II. (B) The NM-II with the IQ2 region
deleted, preventing RLC binding. (C) The NM-II with the nonhelical
tailpiece deleted. (D) The NM-II with the assembly competence
domain (ACD) deleted. The ACD is required for assembly of the
NM-II monomer into bipolar filaments. (E) The NM-II with the ACD
deleted and the IQ2 region deleted.

M. T. Breckenridge et al.
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As a further test of the biochemical properties of GFP-
NM-IIA and GFP-NM-IIA�IQ2 we evaluated assembly be-
havior in cell lysates that were precleared via ultracentrifu-
gation to remove F-actin and other membrane/cytoskeletal
complexes. Previously it has been shown that high-salt con-
centrations (400 mM) force myosin into the 6S monomeric
state by destabilizing myosin filaments and by destabilizing
the 10S conformation. At low-salt concentrations (140 mM)
wild-type myosin monomers adopt the 10S conformation,
preventing the formation of filaments. In our cleared lysates,
both wild-type and �IQ2 proteins were soluble in 400 mM
K-acetate, whereas at 140 mM K-acetate the GFP-NM-
IIA�IQ2 construct displayed dramatically greater assembly
than did GFP-NM-IIA (Figure 3). This behavior supports the
conclusion that the �IQ2 construct cannot form a stable 10S
monomer and recapitulates the key observations of Trybus
and Lowey (1988) that formed the original evidence that
RLC stabilizes the 10S folded state.

The Tailpiece and IQ2 Deletions Bias Myosin toward
Cytoskeletal Assembly
Although the distribution of wild-type GFP-NM-IIA, GFP-
NM-IIA�tailpiece, and GFP-NM-IIA�IQ2 along actin stress
fibers appeared similar in undisturbed cultured cells (Figure
4), these three proteins had different solubilities in a Triton
X-100–insoluble cytoskeletal ghost assay (Figure 5A). Ap-
proximately 40% of wild-type GFP-NM-IIA was associated
with the Triton-insoluble fraction compared with 52% of
GFP-NM-IIA�tailpiece, and 88% of GFP-NM-IIA�IQ2 (Fig-
ure 5B). These experiments clearly demonstrate that both the
�tailpiece and �IQ2 mutations can bias NM-IIA toward
greater cytoskeletal association, with the �IQ2 mutation
causing a more dramatic effect.

The IQ2 Deletion Prevents Normal Localization of
NM-IIA during Cell Spreading
Shortly after plating, cells project a lamella uniformly in all
directions. The molecular machinery involved in cell spread-
ing is the same machinery involved in leading edge protru-
sion (Giannone et al., 2004; Dobereiner et al., 2004). There-
fore, cell spreading provides a controlled, standardized
assay in which to examine NM-IIA localization and assem-
bly dynamics involved in leading-edge protrusion during
cell migration. To improve upon the use of linescans to
quantify cortical localization and assembly of GFP-tagged
myosin constructs, we developed radial-intensity analysis in
which all pixels equidistant from the cell edge are averaged
and the average is plotted as a function of distance from the
cell edge. We performed radial-intensity analysis to analyze
the localization, assembly, and effect on the actin cytoskel-
eton of GFP-NM-IIA, GFP-NM-IIA�tailpiece, and GFP-
NM-IIA�IQ2 during the initial phase of spreading on fibronectin.

The average intensities of GFP-NM-IIA and GFP-NM-
IIA�tailpiece were at a minimum at the extreme cell edge
(lamellipodia) followed by a peak of intensity in the lamella
just behind the cell edge, and then the intensity drops off
within the central cell body zone (Figure 6, A and B). The
average GFP-myosin intensity for both wild-type and �tail-
piece correlates strongly with the actin intensities from each
region, as plotted from the Alexa Fluor 568 phalloidin stain-
ing (red channel in Figure 6, and as quantified in Table 1). In
contrast, GFP-NM-IIA�IQ2 exhibited localization radically
different from the wild type (Figure 6C and Table 1). Al-
though GFP-NM-IIA�IQ2 cells still displayed strong mar-

Figure 2. GFP-NM-IIA�IQ2�ACD displays
reduced diffusional rates in live cells consistent
with destabilization of the 10S folded state. (A)
Western blots of immunoprecipitations depict-
ing RLC association with each NM-II. (B) Im-
ages depict representative cells transfected with
indicated assembly incompetent myosin con-
struct. The live cell diffusional characteristics of
each myosin was then measured via FRAP anal-
ysis. Plots show average recovery for all exper-
iments (n � 90) plotted in solid black with �SD
shown in dashed gray. Deleting the RLC-bind-
ing site increased the half-time of recovery 1.23-
fold compared with GFP-NM-IIA�ACD. GFP-
NM-IIA�ACD had a half-time of recovery of
0.96 � 0.45 s. GFP-NM-IIA�IQ2�ACD had a
significantly slower half-time of recovery of 1.18 �
0.53 s (p � 0.003). Average half times � SD.
p values were determined by two-tailed t test.
Scale bars, 10 �m.

Figure 3. In high-speed cleared cell lysates, GFP-NM-IIA�IQ2 dis-
played dramatically greater assembly than did GFP-NM-IIA at 140
mM salt. Essentially all of the GFP-NM-IIA is soluble at 140 mM and
at 400 mM salt. However, at 140 mM salt a substantial portion of the
GFP-NM-IIA�IQ2 is assembled and pellets. However, this effect
was eliminated at 400 mM salt. This result strongly suggests that the
�IQ2 mutation causes the myosin to remain filamentous by desta-
bilizing the 10S folded species. Western blot was probed with a GFP
antibody.
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ginal F-actin localization in these actively spreading cells,
the GFP-NM-IIA�IQ2 protein itself failed to localize effi-
ciently to the spreading margin and instead displayed

strong stress fiber localization predominantly in the central
cell body zone.

Radial analysis also allowed comparison and quantitation
of the relative assembly levels of each construct at the la-
mella versus central cell body during spreading. Using this
comparison, the average central cell body intensity of GFP-
NM-IIA from all experiments is 35 � 4% of its lamellar
maximum (Table 1, values � SE), whereas the central cell
body intensity of GFP-NM-IIA�tailpiece from all experi-
ments is 18 � 2% of its lamellar maximum. The fact that the
normalized central cell body intensity is consistently lower
for cells expressing the GFP-NM-IIA�tailpiece construct in-
dicates that this protein is more highly assembled at the
lamellar margin than is the corresponding wild-type con-
struct. In contrast, GFP-NM-IIA�IQ2 displayed severe over-
assembly in the central cell body, with an average intensity
180 � 19% of its lamellar intensity.

In mammalian systems, tailpiece phosphorylation has
been shown to modulate filament turnover in EGF-stimu-
lated cancer cells (Dulyaninova et al., 2005, 2007). NM-IIA
has only one mapped phosphorylation site on its nonhelical
tailpiece (Murakami et al., 1998). To determine whether com-
plete tailpiece deletion produced equivalent effects on fila-
ment behavior as inhibition of tailpiece phosphorylation, we
used radial analysis to assess assembly of an unphosphory-
latable NM-IIA (GFP-NM-IIA-S1943A) during cell spread-
ing. Notably, the GFP-NM-IIA-S1943A behaved indistin-
guishably from GFP-NM-IIA�tailpiece in this assay (Figure
6D and Table 1). This result argues that a main role of the
nonhelical tailpiece in assembly regulation may be as a
phosphorylation site and additionally that pathology of
R1933stop MYH9-related disorder patients may in fact be
attributable to loss of phosphorylation of the tailpiece.

The IQ2 Deletion Prevents Recycling of Assembled
NM-IIA during Polarized Cell Migration
During polarized cell migration the cytoskeleton undergoes
a retrograde flow in which cytoskeletal proteins assemble at
the front of the migrating cell and then flow toward the rear

Figure 4. The NM-IIA�IQ2 and NM-
IIA�tailpiece recombinant proteins can assem-
ble into stress fibers in undisturbed cultured
cells. Cells were transiently transfected with
GFP-NMHC-IIA constructs and stained with
Alexa Fluor 568 phalloidin (actin) and DAPI
(DNA stain). Scale bars, 10 �m.

Figure 5. Both NM-IIA�IQ2 and NM-IIA�tailpiece display over-
assembly in a cytoskeletal ghost assay. (A) Western blots of Triton-
insoluble fractions of cells transfected with the indicated construct
probed with an anti-GFP antibody. Equivalent fractions were
loaded based on cell concentration. (B) Densitometry was per-
formed on blots from seven to eight separate experiments. Error
bars, SEs; n � 7 or 8.

M. T. Breckenridge et al.
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of the cell where they are disassembled and recycled back to
the leading edge (Bray and White, 1988). During migration
of HeLa cells into a wound the centroid of GFP intensity in
cells expressing wild-type NM-IIA or NM-IIA�tailpiece
both matched closely to the geometric center of the cell,
although on average the wild-type distribution was biased
slightly forward relative to the geometric centroid, whereas
the �tailpiece was biased slightly rearward (Figure 7, A and
B). In contrast, the centroid of GFP-NM-IIA�IQ2 intensity
displayed a dramatic shift toward the rear of the cell, sug-
gesting that this protein was unable to recycle back to the
front of the migrating cell (Figure 7C). This result supports
the hypothesis that ability to form the sequestered 10S hair-

pin is critical for normal trafficking of the myosin monomer
within the cell during polarized migration.

Deletion of the IQ2 Motif Accelerates NM-IIA Assembly
Turnover Rates as Assessed by FRAP
FRAP analysis at the margin of actively spreading cells
(Figure 8 and Table 2, values � SDs) showed that wild-type
GFP-NM-IIA exchanged with the monomer pool with a t1/2
of 125 � 74 s (Figure 8A and Table 2), a rate statistically
indistinguishable from GFP-NM-IIA�tailpiece (t1/2 � 130 �
100 s). Deleting the tailpiece did significantly increase the
immobile fraction of the myosin to 50 � 22% (p � 0.04)
compared with 41 � 21% for wild type (Table 2), indicating

Figure 6. Altered lamellar localization and assembly of mutant GFP-NM-IIA constructs. Actively spreading cells transfected with the
indicated construct were fixed and stained for actin. The pixel intensity values for all equidistant pixels from the cell boundary were averaged
for both the myosin image and actin image. Average pixel intensity was then plotted as a function of distance from the cell edge. Distances
were normalized to the maximum distance from the cell edge. Therefore, 0% on the x-axis is the cell edge, and 100% is the maximum distance
from the cell edge. Images and plots from a typical cell are shown for each construct. For pooled data, see Table 1. Scale bars, 10 �m. Relative
to the wild-type GFP-NM-IIA construct (A), the �tailpiece construct (B), and S1943A construct (D), are recruited to the spreading lamella and
display marginal over-assembly relative to the cell center (Table 1). In contrast, GFP-NM-IIA�IQ2 (C) displayed severe over-assembly in the
cell center, and was excluded from the spreading margin.
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increased stability of the assembled pool for the �tailpiece
construct. GFP-NM-IIA�IQ2 displayed an even larger in-
crease in the immobile fraction (65 � 12%; p � 0.0000007),
consistent with the strong over-assembly reported by Triton-
insolubility and radial analysis. Surprisingly, GFP-NM-
IIA�IQ2 had a faster turnover rate than wild-type (t1/2 of
90 � 41 s, p � 0.015, Figure 8C). A model to explain these
behaviors is presented in the Discussion.

DISCUSSION

In this article we provide evidence for a multiple-stage
regulatory mechanism governing mammalian nonmuscle
myosin II assembly and recycling within the cell (Figure 9).
In our model, the 10S hairpin is utilized for sequestering the
NM-II as a monomer in order to facilitate long-range recy-
cling such as delivery of disassembled monomers from the
rear of migrating cells back to the front. In contrast, the
tailpiece clearly influences global assembly levels, but tail-
piece-based regulation appears more relevant for driving
localized disassembly, such as at leading edge lamellar pro-
trusions. We suggest based on our work (Figure 6), and
based on earlier studies (Dulyaninova et al., 2007), that a key
role of the tailpiece is to serve as a target for phosphoryla-
tion/dephosphorylation at aa S1943. In this scenario phos-
phorylation of the tailpiece favors dissociation of the myosin
molecule from the filament to a 6S monomer. Effects involv-
ing binding of S100A4 to the adjacent helical region are also
likely important (Dulyaninova et al., 2005). In addition to the
mechanisms studied in this work, other mechanisms clearly
contribute to spatial control of filament assembly. For exam-
ple, NM-II motor activity is critical for normal localization
and redistribution of NM-II from posterior portions of the
lamella to the anterior-most lamellipodial zones (Kolega,
2006).

We propose that the �IQ2 mutation, by eliminating or
strongly destabilizing the 10S monomeric or sequestered
state, reduces the number of intermediate states or confor-
mations between monomeric form and assembled filament.
Extended 6S �IQ2 myosin is immediately accessible at all
times to anneal to any nearby filament. This effect could
explain the accelerated turnover rate observed in FRAP
analysis for this mutant (Table 2).

The less severe over-assembly consequences of the
NMHC-IIA�tailpiece mutation, or of the S1943A mutation,
compared with the NMHC-IIA�IQ mutation should not be
taken as a lack of importance for tailpiece-based regulation.

Table 1. Both �tailpiece and �IQ2 mutations cause defects in
localization and assembly

Mutant
Correlation
coefficient

Average central
myosin

GFP-NMHC-IIA (n � 13) 0.90 � 0.02 35 � 4
GFP-NMHC-IIA�tailpiece

(n � 13)
0.93 � 0.01 18 � 2*

GFP-NMHC-IIA-S1943A
(n � 13)

0.93 � 0.01 19 � 2*

GFP-NMHC-IIA�IQ2
(n � 11)

�0.06 � 0.10 180 � 19*

Distribution of transfected GFP-myosin constructs and actin was
determined via radial analysis. The correlation coefficient for the
resulting GFP-myosin and actin intensity curves was calculated for
each cell, and the averages from all cells � SE are shown. A
correlation coefficient of 1 indicates perfect correlation, 0 indicates
no correlation, and �1 indicates anti-correlation. Because the GFP-
myosin values were normalized to the maximum average intensity,
the average central GFP-myosin intensity is a relative measure of
lamellar assembly of myosin; lower average central myosin inten-
sity indicates stronger assembly at the lamella, and higher average
central myosin intensity indicates weaker assembly at the lamella.
GFP-IIA�tailpiece, GFP-NMHC-IIA-S1943A had significantly stron-
ger assembly at the lamella (�tailpiece, p � 0.0021; S1943A, p �
0.004). The GFP-IIA�IQ2 was significantly different from wild type
with p � 0.00000007. Asterisks indicate values significantly different
from wild type. Significance determined by a two-tailed t test.

Figure 7. NM-IIA�IQ2 displays a severe defect in recycling to the
leading edge of polarized migrating cells. Cells transfected with the
indicated myosin construct (green) were fixed during polarized
migration and stained for actin (red). Individual cells from images
of the wound margin were outlined by hand and their centroid of
GFP intensity relative to the center of cell geometry was deter-
mined. The left panels show a typical field of cells with a traced cell
(outlined in white) used for analysis. Scale bars, 10 �m. The right
panels show compass plots with vectors calculated from all exper-
iments. On the compass plots, 90° is toward the wound, the radial
axis is percent of cell perimeter and zero is the center of cell
geometry. (A) GFP-NM-IIA exhibits a close localization to the center
of cell shape, with a mild forward bias (0.85 � 0.15% at 27°, n � 11).
(B) GFP-NM-IIA�tailpiece exhibited a mild, but consistent bias
behind the geometrical centroid (0.51 � 0.11% at 318° for
IIA�tailpiece, n � 12), suggesting a possible assembly/disassembly
control defect. (C) GFP-NM-IIA�IQ2 exhibited a pronounced and
consistent rearward shift (3.41 � 0.53% at 284°, n � 11).
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Our data suggest a cellular mechanism for the pathological
effects of R1933stop MYH9-related disorder mutations, and
this pathology in turn argues that the over-assembly ob-
served in our assays is physiologically relevant. We suggest
that the over-assembly defects observed for the NM-

IIA�tailpiece mutant in our assays reflects assembly control
dysfunction that is the basis of the platelet defects in affected
patients. Platelet formation from megakaryocytes occurs

Figure 8. FRAP dynamics at the lamellar margin of spreading cells reveals assembly defects for both NM-IIA�IQ2 and NM-IIA�tailpiece.
FRAP was performed on GFP-myosin assembled at the lamella of actively spreading cells transfected with the indicated construct. Images
depict examples of a typical cell transfected with the indicated construct with its associated recovery curve. Scale bars, 10 �m. The �tailpiece
had a similar recovery to wild type, whereas the �IQ2 actually had faster halftime (Table 2). Both �tailpiece and �IQ2 had larger immobile
fractions compared with wild type, suggesting that they both are biased toward an assembled state.

Table 2. GFP-NM-IIA�IQ2 displays faster half-time of recovery in
live cells

Construct Half-time (s)
Immobile

fraction (%)

GFP-NMHC-IIA (n � 44) 125 � 74 41 � 21
GFP-NMHC-IIA�tailpiece

(n � 49)
130 � 100 50 � 22*

GFP-NMHC-IIA�IQ2
(n � 33)

90 � 41* 65 � 12*

FRAP was performed on GFP-myosin assembled at the lamella of
actively spreading cells transfected with the indicated construct.
Average half-time of recoveries and immobile fractions are
shown � SD. The immobile fraction is GFP-myosin that did not
exchange with the monomer pool during the course of the experi-
ment and is therefore a metric for over assembly. Both �tailpiece
and �IQ2 mutants significantly over-assemble compared with wild
type, indicated by their increased immobile fractions (�tailpiece p �
0.04; �IQ2 p � 0.0000007). Surprisingly, the �IQ mutant had a faster
half-time of recovery compared with wild type (p � 0.015). The
�tailpiece myosin recovered with a half time indistinguishable from
wild type. Asterisks indicate significantly different values. Signifi-
cance determined by a two-tailed t test.

Figure 9. Model for in vivo control of myosin IIA assembly in
mammalian nonmuscle cells. In this model, sequestration in the 10S
form plays important roles in maintaining the normal equilibrium
between assembly and disassembled states in live cells. Destabili-
zation of the 10S species by the �IQ mutant dramatically shifts the
in vivo equilibrium of monomer versus assembled pools toward the
assembled state. This in turn severely compromises recycling to
leading edge protrusions, which in wild type NM-II would be
dependent on RLC dephosphorylation. On the basis of our data and
other recent studies (see Discussion), we propose that regulation via
the tailpiece specifically plays a role in driving the rapid local
removal of myosin IIA subunits from assembled filaments, back to
the linear, monomeric, 6S state. We suggest that the fundamental
role of the tailpiece in this process is that it serves as a target for
phosphorylation at S1943.
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through a poorly understood budding process that appears
to involve blood-flow based shearing forces to help release
the nascent platelets and possibly additional shearing at a
later stage in the pulmonary capillary beds to produce ma-
ture platelets of uniform small size (Junt et al., 2007). We
suggest that excessive cortical myosin IIA assembly in pa-
tients carrying the tailpiece deletion renders their platelets
resistant to the normal shearing process, producing the ob-
served problems in platelet size and abundance. If this hy-
pothesis is correct, treatments designed to reduce overall
platelet actomyosin contractility might be effective in ame-
liorating this MYH9-related disorder symptom.

Our experiments support a model in which phosphoryla-
tion of the nonhelical tailpiece of NM-IIA modulates local
turnover behavior in a manner similar to phosphorylation of
the helical tail of Dictyostelium, although there are interesting
contrasts between the role of tail phosphorylation in the
amoeba system versus the human system. Earlier studies
have clearly established threonine phosphorylation in the
carboxyl-terminal portion of the Dictyostelium myosin II tail
as the critical and dominant factor that regulates filament
assembly in vivo (Egelhoff et al., 1993; Yumura, 2001; Yu-
mura et al., 2005). Unlike mammalian systems, RLC phos-
phorylation in Dictyostelium has no effect on filament assem-
bly levels (Griffith et al., 1987), and there is no evidence for a
RLC-mediated 10S sequestered state. Thus a major regula-
tory difference between the amoeba system and the mam-
malian system is the presence of two distinct levels of reg-
ulation that can modulate mammalian myosin II filament
assembly; an MHC-tail based mechanism, reminiscent of the
amoeba system, and a 6S–10S monomer sequestering mech-
anism, which is not present in the amoeba. We suggest that
the development of the additional 6S–10S regulatory mod-
ule occurred to facilitate the diverse array of biomechanical
tasks that are needed in a complex multicellular organism
with hundreds of different cell types.

In summary, in this article we provide the first evidence
for how different regulatory mechanisms of NM-II assembly
interact to regulate NM-IIA behavior within the cell. We
propose that the 10S hairpin conformation is used primarily
for long range diffusion of myosin from one compartment of
the cell to another, whereas the tailpiece is involved in
modulating the local filament assembly disassembly reac-
tion, possibly via tail phosphorylation. These studies have
implications for understanding human disease MYH9-re-
lated disorders and for understanding the evolution of com-
plex cytoskeletal regulatory systems in higher eukaryotes.
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