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ASAP1 regulates F-actin-based structures and functions,
including focal adhesions (FAs) and circular dorsal ruffles
(CDRs), cell spreading and migration. ASAP1 function requires
its N-terminal BAR domain. We discovered that nonmuscle
myosin 2A (NM2A) directly bound the BAR-PH tandem of
ASAP1 in vitro. ASAP1 and NM2A co-immunoprecipitated and
colocalized in cells. Knockdown of ASAP1 reduced colocaliza-
tion of NM2A and F-actin in cells. Knockdown of ASAP1 or
NM2A recapitulated each other’s effects on FAs, cell migration,
cell spreading, and CDRs. The NM2A-interacting BAR domain
contributed to ASAP1 control of cell spreading and CDRs. Exog-
enous expression of NM2A rescued the effect of ASAP1 knock-
down on CDRs but ASAP1 did not rescue NM2A knockdown
defect in CDRs. Our results support the hypothesis that ASAP1
is a positive regulator of NM2A. Given other binding partners of
ASAP1, ASAP1 may directly link signaling and the mechanical
machinery of cell migration.

Arf GTPase-activating proteins (Arf GAPs)3 are a structur-
ally diverse family of proteins encoded by 31 genes in humans
(1). The enzymatic function of Arf GAPs is to facilitate the
hydrolysis of GTP on ADP-ribosylation factors (Arfs), which
are members of the Ras superfamily. Both Arf GAPs and Arfs
have been implicated as regulators of the actin cytoskeleton (2,
3). The role of Arf GAPs in actin-based structures has been
primarily examined from the perspective of signaling. Two Arf
GAPs are found to affect Arf6 and Rac1 activity (4, 5). The
changes in Arf6 and Rac1, however, cannot completely account
for the specific effects of particular Arf GAPs on the actin-based
structures called focal adhesions (FAs) (4). Structural domains

outside the catalytic Arf GAP domain may also contribute to
the control of the actin cytoskeleton.

ASAP1 is an Arf GAP that associates with and regulates
actin-based structures including FAs and circular dorsal ruffles
(CDRs). It also affects cell spreading and cell migration, which
involve actin remodeling (6 –9). ASAP1 is composed of BAR,
PH, Arf GAP, Ank repeats, Proline-rich, E/DLPPKP repeat, and
SH3 domains (Fig. 1A). ASAP1 binds to Src and CrkL through
the proline-rich domain and focal adhesion kinase (FAK) via its
SH3 domain (6, 10, 11), which has been found to contribute to
regulation of cell adhesions. The BAR domain of ASAP1 is also
critical for its cellular function in regulation of actin-based
structures (6). Specific mechanisms by which the BAR domain
contributes to ASAP1 control of actin-based structures have
not been elucidated.

Cytoplasmic nonmuscle myosin 2A (NM2A) is an F-actin
binding ATPase that functions as a molecular motor in cellular
events that involve force or translocation (12). NM2A is com-
prised of 2 heavy chains, 2 essential light chains (ECL), and 2
regulatory light chains (RLC) (Fig. 1A) and self-associates to
form bipolar minifilaments. NM2A cross-links F-actin and the
complex of NM2A and F-actin generates contractility neces-
sary for cellular functions including regulation of FAs, cell
spreading, and cell migration.

Here, we set out to identify proteins that bind to and mediate
the cellular functions of ASAP1. We found that NM2A directly
binds to ASAP1 and associates with ASAP1 in cells. Knock-
down of ASAP1 in cells reduced NM2A-F-actin colocalization.
Knockdown of ASAP1 or NM2A had similar effects on FAs, cell
spreading, cell migration, and CDRs. The effects of ASAP1 on
CDRs require NM2A. Based on our results, we propose that
ASAP1 positively regulates NM2A and speculate that ASAP1
integrates cell signals and links them to the machinery of actin
remodeling.

Experimental Procedures

Plasmids, Antibodies, and Reagents—Mammalian expression
vectors for N-terminal Flag-tagged ASAP1b and [�BAR]
ASAP1b have been described (6). Rabbit anti-ASAP1 antisera
(antisera 642) has been described (9). Anti-NM2A mouse
monoclonal and rabbit polyclonal Abs were from Abcam
(Cambridge, MA). Anti-NM2A polyclonal Ab (PRB-440P) was
from Covance Research Products Inc. Recombinant human
PDGF-BB, anti-vinculin monoclonal Ab (hVIN-1) and
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fibronectin were purchased from Sigma-Aldrich (St. Louis,
MO). Anti-paxillin and �-actin monoclonal Abs were from BD
Biosciences (San Jose, CA). Anti-Hsp70 was from Santa Cruz
Biotechnology (Dallas, TX). Rhodamine- or Alexa Fluor-la-
beled phalloidin, Alexa Fluor-labeled secondary antibodies and
Dynabeads were from Invitrogen (Carlsbad, CA). Horseradish
peroxidase-conjugated anti-mouse and anti-rabbit IgG Abs
were from Bio-Rad.

Cell Culture and Transfection—siRNA against mouse ASAP1
(5�-GCAUGCAUCUAGACGCUUAUU-3�), human ASAP1,
mouse and human NM2A (MYH9) ON-TARGET smart pool
and control siRNA (siCONTROL Non-Targeting siRNA #4)
were purchased from Thermo Scientific (Lafayette, CO). Sub-
confluent cells were transfected with 100 nM siRNA using
DharmaFECT transfection reagent 1 (Thermo Scientific,
Lafayette, CO). Functional experiments with siRNA trans-
fected cells were performed 72 h following transfection when
ASAP1 and NM2A expression was reduced. For rescue exper-
iments requiring exogenous protein expression, 48 h after
siRNA transfection, cells were transfected with plasmids
expressing Flag-ASAP1b, Flag-[�BAR]ASAP1b, GFP-NM2A,
GFP or pCI vector using Lipofectamine 2000 Reagent (Invitro-
gen, Carlsbad, CA). Twenty-four hours later, effects on CDRs
were assessed using confocal microscopy.

Protein Expression and Purification—Recombinant full-
length mASAP1b was expressed in baculovirus-infected Sf9
cells and isolated using ion exchange and size exclusion col-
umns. Bacterial expression vectors for [1–724]ASAP1-His6
(BAR-PZA), [1– 431]ASAP1-His6 (BAR-PH), His10-[325–
724]ASAP1 (PZA), His10-[325– 441]ASAP1 (PH), His10-
[441–724]ASAP1 (ZA), and myristoylated Arf1 (myrArf1) were
described previously (13,14). Briefly, ASAP1 PZA and ZA were
expressed in bacteria and purified using HiTrapQ followed by
HisTrap columns (GE Healthcare) and then dialyzed. ASAP1
BAR-PZA and BAR-PH were expressed in bacteria and purified
using HisTrap columns followed by hydroxylapatite and/or
Sephacryl S100 columns. The purification of platelet NM2 was
described (15). Flag-tagged or GFP-tagged cDNA construct of
full-length (amino acids 1–1960) human NM2A were overpro-
duced along with cDNA constructs encoding for myosin regu-
latory light chain and essential light chain in the baculovirus/
Sf9 system.

Liposome Precipitation and Floatation Assays—All lipids
were obtained from Avanti Polar Lipids. Large unilamellar ves-
icles (LUVs) were prepared by extruding the lipid mixture
through 1-�m pore polycarbonate membrane (13, 14). In lipo-
some precipitation assay, sucrose-loaded LUVs contained 40%
phosphatidylcholine (PC), 25% phosphatidylethanolamine
(PE), 15% phosphatidylserine (PS), 9% PtdIns (PI), 1% PtdIns
(4,5)P2 (PIP2) and 10% cholesterol. In liposome floatation
assays, LUVs contained 40% PC, 19.8% PE, 0.2% rhodamine-PE,
5% DGS-NTA (Ni2�), 15% PS, 9% PI, 1% PIP2, and 10% choles-
terol. Two lysis buffers containing protease and phosphatase
inhibitor mixture were used to prepare lysates of NIH3T3 fibro-
blasts: 25 mM Tris-HCl, pH 7.5, 100 mM NaCl, 0.5 mM MgCl2, 1
mM DTT, and 0.08% Triton X-100 (sucrose-loaded LUV pre-
cipitation); 50 mM HEPES pH 7.4, 120 mM Potassium acetate, 1
mM MgCl2 and 1 mM DTT (LUV floatation). Cells were lysed

using isobiotec cell homogenizer with 4 �m clearance and son-
ication, followed by centrifugation at 20,800 � g for 15 min to
obtain precleared lysates.

10 �M BARPH-His6 or His10-PH proteins were incubated
with 1 mM LUVs either loaded with or without sucrose for 5
min at room temperature. Lysates (160�175 �g) were added to
the LUVs and incubated for 15 min at room temperature. The
bound proteins were precipitated with sucrose-loaded LUVs by
centrifugation at 253,800 � g for 15 min at 4 °C. In the floata-
tion assay, lysis buffer containing 60% (w/v) sucrose was added
in equal volume to the mixtures of LUVs and lysates to a final
concentration of 30%, and then overlaid with 25% sucrose in
lysis buffer. The bound proteins were floated with LUVs by
centrifugation in a S55S swinging bucket rotor at 53000 rpm
(240,000 � g) for 30 min at 4 °C. The bound proteins were
dissolved in SDS sample buffer, separated by SDS-PAGE, visu-
alized by Coomassie Blue staining, and identified by mass
spectrometry.

Mass Spectrometry—The samples were separated by SDS-
PAGE and each sample lane cut into 12 slices. The protein
bands were reduced, alkylated with iodoacetamide, and in-gel
trypsin digested for 16 h at 37 °C, as described (16). The
digested peptides were extracted from the gel slices and lyoph-
ilized to dryness. The dried peptides were resuspended in water
containing 2% acetonitrile, 0.5% acetic acid, and injected onto a
0.2 � 50 mm Magic C18AQ reverse phase column (Michrom
Bioresources, Inc.) using the Paradigm MS4 HPLC (Michrom
Bioresources, Inc.). Peptides were separated at a flow rate of 2
ml/min followed by online analysis by tandem mass spectrom-
etry using an LTQ ion trap mass spectrometer (Thermo Scien-
tific) equipped with an ADVANCE CaptiveSpray ion source
(Michrom Bioresources, Inc.). Peptides were eluted into the
mass spectrometer using a linear gradient from 95% mobile
phase A (2% acetonitrile, 0.5% acetic acid, 97.5% water) to 65%
mobile phase B (10% water, 0.5% formic acid, 89.5% acetoni-
trile) over 20 min followed by 95% mobile phase B over 5 min.
Peptides were detected in positive ion mode using a data-
dependent method in which the nine most abundant ions
detected in an initial survey scan were selected for MS/MS anal-
ysis. The raw mass spectrometry data were searched against the
IPI database using TurboSEQUEST in BioWorks v. 3.2 (Ther-
moElectron, San Jose, CA).

Immunoprecipitation and Western Blotting—NIH3T3 fibro-
blasts or HeLa cells after 72 h incubation with non-target or
NM2A siRNA, were mechanically broken (passage through a
28-gauge needle) in ice-cold Nonidet P-40 buffer [20 mM

Tris�HCl (pH 7.4), 50 mM NaCl, 0.1% Nonidet P-40, and EDTA-
free protease inhibitor mixture]. Lysates (100 �g) were incu-
bated (4 °C with mixing, overnight) with 2 �g of NM2A anti-
body (PRB-440P) or control IgG and 30 �l of Dynabeads
Protein G (4 °C with mixing, 6 h). After incubation, beads were
washed five times with Nonidet P-40 buffer. The bound pro-
teins were eluted with SDS sample buffer and detected by West-
ern blotting using standard methods and visualized with
enhanced chemiluminescence.

Immunofluorescence and Confocal Microscopy—Cells were
plated on 10 �g/ml fibronectin coated coverslips and fixed in
4% paraformaldehyde. For CDR experiments, cells plated in
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plain Opti-MEM for 5.5 h were treated with 20 ng/ml PDGF for
the times indicated before fixation. Fixed cells were incubated
in 15 mM glycine for 10 min, 50 mM NH4Cl for 2 � 10 min, then
permeabilized and blocked with 0.2% saponin, 0.5% BSA, and
1% FBS in PBS for 20 min. Cells were incubated in primary
antibody for 1 h, followed by secondary antibodies for 1h and
mounted in DakoCytomation Fluorescent Mounting Medium

(Dako, Carpinteria, CA). Images for fixed cells were taken on a
Zeiss LSM 510 attached to a Zeiss Axiovert 100 M with a 63 �
1.4 numerical-aperture (NA) plan Neofluar oil immersion lens
(Carl Zeiss, Thornwood, NY).

Co-sedimentation Assays—Two sources of full-length NM2A
were used for binding to ASAP1 fragments. First, purified plate-
let NM2A at 0.13 mg/ml (0.6 �M) was incubated at 30 °C for 20
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FIGURE 1. ASAP1 directly interacts with NM2A. A, schematic representations of ASAP1 and NM2A domain structure and recombinant proteins used in this
study. Targeting of ASAP1 to membranes is mediated primarily by the Pro-rich and SH3 domains. The PH domain regulates GAP activity of ASAP1. B, Coomassie
Blue-stained SDS-PAGE gel of proteins sedimented with sucrose-loaded LUVs alone (no recombinant ASAP1) or coated with BAR-PH or PH. The image is a gel
in which two central lanes were removed. The image of the gel is otherwise unaltered. C, co-sedimentation of ASAP1 and purified platelet NM2A. BAR-PH and
NM2A were incubated either alone or together as indicated. Reaction mixtures were centrifuged and sedimented proteins were separated by SDS-PAGE and
visualized with Coomassie Blue stain. Included in the gel were 25% of the NM2A in the reaction and the indicated percent of BAR-PH in the reaction mixture.
Reactions were run in duplicate, and one experiment of three is shown. D, co-sedimentation of ASAP1 fragments (1 �M) with NM2A. The indicated fragments
of ASAP1 were incubated with or without 0.6 �M NM2A and sedimented by centrifugation. Reactions were run in duplicate with the indicated proteins. The
sedimented proteins and 25% input were separated by SDS-PAGE and visualized with Coomassie Blue stain. Asterisk indicates actin. Arrow indicates NM2A.
Different fragments of ASAP1 were annotated in the schematic of ASAP1 domain structure. E and F, concentration-dependent ASAP1-NM2A association. NM2A
was expressed in and purified from Sf9 cells. BAR-PH was titrated into a binding reaction containing 0.6 �M NM2A. At high concentrations of BAR-PH, some
BAR-PH remains in the supernatant (S), indicating saturated binding. P, pellet. PH remains in the supernatant at all concentrations tested. The data of BAR-PH,
after background corrections, were fit to an equation for one site binding. G, purified NM2A stimulates ASAP1 GAP activity dependent on BAR domain.
GFP-NM2A purified from Sf9 cells was titrated into Arf GAP reactions containing the indicated recombinant ASAP1.
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min with 1 �M of purified ASAP1 fragments (BAR-PZA, BAR-
PH, PZA, or ZA) in the buffer containing 25 mM HEPES, pH7.4,
150 mM KCl, 1 mM MgCl2, and 1 mM DTT. The mixtures were
sedimented by ultracentrifugation at 200,000 � g for 20 min at
4 °C. The sedimented proteins were separated by SDS-PAGE
and visualized by Coomassie Blue staining. Second, 0.6 �M

recombinant NM2A in 10 mM MOPS pH 7.2, 25 mM NaCl, 5
mM MgCl2, 0.1 mM EGTA, and 2 mM DTT was mixed with an
equal volume of BAR-PH (0.25– 4 �M) in PBS and incubated for
10 min at 22 °C. The samples were sedimented for 15 min at
100,000 � g in a Beckman TLA-100 rotor at 4 °C. The superna-
tant was removed and the pellet resuspended in an equal vol-
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ume of assay buffer. Supernatant and pellet fractions were
resolved on a 4 –12% BIS-Tris gel (Invitrogen) and the gel
stained with PageBlue (Fermentas). Gels were scanned with an
Odyssey system (Li-Cor Biosciences). Image J was used to
quantify the bands on the protein gel by densitometry.

Enzymatic Assays—The enzymatic activity of ASAP1 to
convert myrArf1�GTP to myrArf1�GDP was determined as
described (13). Full-length GFP-NM2A was titrated into the
reaction containing myrArf1�GTP as the substrate and differ-
ent concentrations of full-length ASAP1, BAR-PZA, or PZA as
enzyme. Reactions were stopped after 3 min. Protein-bound
nucleotide was trapped on nitrocellulose, eluted with formic
acid, and separated by thin-layer chromatography. The hydro-
lysis of the Arf-bound GTP was determined by the relative mass
of radiolabeled GDP and GTP.

Cell Spreading and Migration Assays—To measure the rate
of cell spreading, NIH3T3 fibroblasts or HeLa cells were
allowed to spread on 10 �g/ml fibronectin coated coverslips
and fixed at various times. Cell area was measured based on
F-actin staining by rhodamine-phalloidin. For migration assay,
NIH3T3 fibroblasts were plated at 10,000 cell/well on �-Slide 8
well (ibidi, Verona, WI) coated with 10 �g/ml fibronectin. The
next day, cells were imaged in DMEM containing no phenol red
and supplemented with penicillin/streptomycin using phase
contrast microscopy (PMT 488 nm line of Argon laser at 0.2%
power) on a Zeiss 710 NLO attached to a Axio Observer micro-
scope with a 20�, 0.8 numerical-aperture (NA) Plan Apochro-
mat lens (Carl Zeiss, Thornwood, NY). Cells were maintained
at 37 °C and 5% CO2 in an environmental chamber during
imaging. Images were acquired at 8-min intervals for at least
5.5�6.5 h. Cell movement was analyzed by manually tracking
the nucleus of each cell from the time-lapse images using the
Manual Tracking plugin for ImageJ developed by F. Cord-
elières. Migration speed was calculated by dividing the total
distance moved by the time. Plots of cell trajectories emanating
from a common origin were generated by the DiPer program
(17).

Image Analysis and Statistics—The number of FAs per cell (4,
18) and cell area were analyzed using the particle analysis tool in
ImageJ (Rasband, W.S., ImageJ, U. S. National Institutes of
Health, Bethesda, MD). For quantification of colocalization of

NM2A with F-actin, z stack images of consecutive optical
planes spaced by 0.3 �m were acquired to cover the whole cell
volume using confocal microscopy. Pearson’s coefficient was
determined using Imaris 7.4.0. Differences between treatments
were analyzed by one-way ANOVA using Bonferroni’s multiple
comparison test with p � 0.05 considered to be significant.

Results

ASAP1 Binds Directly to NM2A—To identify proteins that
bind the BAR domain of ASAP1, BAR-PH and, as a control, the
isolated PH domain of ASAP1 were expressed and purified
from bacteria and adsorbed to sucrose-filled large unilamellar
vesicles (LUVs) containing phosphatidylinositol 4,5-bisphos-
phate (PI(4,5)P2), which specifically binds to the ASAP1 PH
domain. The isolated BAR domain of ASAP1 is not stable as a
recombinant protein, but the BAR-PH tandem is. LUVs with no
ASAP1 fragments were another control. LUVs were mixed with
lysates of NIH3T3 fibroblasts and rapidly sedimented by cen-
trifugation. Sedimented proteins were separated by SDS-PAGE
and stained with Coomassie blue (Fig. 1B). Proteins enriched
in the samples containing BAR-PH, compared with the PH
domain or LUV alone, were identified by mass spectrometric
analysis. The major enriched protein was NM2A, represented
by NM2A heavy chain that ran between the 150 and 250 kDa
markers. NM2A was also observed in the LUVs alone lane and
the PH plus LUVs lane at similar quantities in each. The band
was of greater intensity in the BAR-PH plus LUVs lane. NM2A
was also enriched in the BAR-PH-coated LUVs that lack
sucrose and were floated through a sucrose gradient (data not
shown).

To test for direct interaction between ASAP1 and NM2A, a
co-sedimentation assay was performed using purified proteins
in the absence of LUVs. NM2A forms filaments that sediment
in a centrifugal field, which is the basis for our binding assays.
First, enriched NM2A from platelets was incubated with
BAR-PH of ASAP1. NM2A filaments formed during the incu-
bation were sedimented by centrifugation (Fig. 1C). Duplicate
samples from one experiment are shown. When incubated
under these conditions, 45 � 8% of the NM2A in the mixture
sedimented in the absence of BAR-PH and 50 � 8% in the
presence of BAR-PH (mean � S.D. of three experiments in
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duplicate). In the absence of NM2A, 5 � 3% of BAR-PH sedi-
mented (mean � S.D. of four experiments in duplicate). In the
presence of NM2A, 45 � 5% of the BAR-PH sedimented
(mean � S.D. of three experiments in duplicate). To determine

which domain of ASAP1 mediated the interaction, enriched
NM2A from platelets was incubated with different fragments of
ASAP1 (Fig. 1D). ASAP1 fragments sedimented to some extent
in the absence of NM2A. BAR-PH and BAR-PZA sedimented
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more than other fragments, but the sedimented proteins did
not exceed 10% of the total protein used in the assay. In con-
trast, �50% of BAR-PH co-sedimented with NM2A filaments,
indicating association of BAR-PH with the sedimented NM2A
(Fig. 1, C and D). BAR-PZA also co-sedimented with NM2A
filaments but not as efficiently as BAR-PH. In contrast, ASAP1
fragments lacking the BAR domain, PZA and ZA did not sedi-
ment with NM2A (Fig. 1D). Direct interaction between ASAP1
BAR-PH domain and NM2A was further examined using a
homogeneous preparation of recombinant NM2A expressed in
Sf9 insect cells. BAR-PH, but not PH, co-sedimented with
recombinant NM2A. The binding was concentration-depen-
dent (Kd 	 0.29 �M) (Fig. 1, E and F). As another means of
testing for direct interaction, the effect of recombinant NM2A
on Arf GAP activity of ASAP1 was examined (Fig. 1G). NM2A
stimulated Arf GAP activity of full-length and BAR-PZA but
had no effect on PZA, which lacks the BAR domain (Fig. 1G).
Different than the binding studies, the GAP activity was mea-
sured in the presence of LUVs. ASAP1 is efficiently recruited to
LUVs and NM2A also associates with LUVs to some extent
(19), which may increase effective concentrations and explain
why the EC50 for NM2A stimulation of GAP activity (10�50
nM) is smaller than the Kd.

ASAP1-NM2A interaction was also detected in cells. Endog-
enous NM2A was immunoprecipitated from HeLa cell lysates.
The amount of ASAP1 detected in the anti-NM2A precipitates
from control cells was greater than that from NM2A knock-
down cells (Fig. 2A). Co-immunoprecipitation of endogenous
NM2A and ASAP1, precipitating with either antibody against
NM2A (Fig. 2B, left panel) or ASAP1 (Fig. 2B, right panel) was
also detected in NIH3T3 fibroblasts. We examined the colocal-
ization of ASAP1 and NM2A in cells. ASAP1 localizes to FAs
and translocates to CDRs upon PDGF treatment as previously
described (Fig. 2C) (9). NM2A and ASAP1 colocalized at the
junction of FAs and stress fibers and more extensively at CDRs
(Fig. 2, C–E).

ASAP1 Regulates NM2A-F-actin Interaction—Function of
NM2A depends on its interaction with F-actin. As a first test of
the hypothesis that NM2A is an ASAP1 effector, we examined
the colocalization of NM2A and F-actin as a measurement of
actomyosin interaction in cells. Cells treated with control or
ASAP1 siRNA were co-stained for NM2A and F-actin. Actin
filaments, though present, were often thinner with less align-
ment than typical stress fibers (Fig. 3A). With these morpho-
logical changes, colocalization of NM2A and F-actin was
reduced by ASAP1 knockdown (Fig. 3, A and B).

NM2A Mediates the Effect of ASAP1 on Actin-based Struc-
tures and Related Cellular Functions—A prediction of the
hypothesis that NM2A mediates the effects of ASAP1 on actin
remodeling is that knockdown of either ASAP1 or NM2A reca-
pitulates each other’s cellular effects. We first examined cellular
events regulated by NM2A. NM2-induced contractility is
required for maturation of FAs (20, 21). Maturation of FAs
from the precursor structures, nascent adhesions, is reflected
on the growth in size from diffraction-limited 0.2 �m2 to more
than 1 �m2. To examine effects of ASAP1 and NM2A knock-
down on FAs, NIH3T3 fibroblasts, treated with control siRNA
or siRNA targeting NM2A or ASAP1, were plated on fibronec-
tin-coated coverslips, and FAs were detected by immunofluo-
rescence staining using antibodies against the FA proteins pax-
illin and vinculin. We quantified the effect of ASAP1 or NM2A
knockdown on the number and size distribution of the FAs.
Consistent with NM2A’s role in promoting FA maturation,
NM2A knockdown decreased the number of mostly large adhe-
sions (
1 �m2) and had less effect on the small adhesions
(0.3�0.5 �m2) (Fig. 4, A and B). Similarly, ASAP1 knockdown
reduced the number of large adhesions but did not affect small
adhesions. This result is consistent with the disorganized acto-
myosin stress fibers observed in ASAP1 knockdown cells
because the size of FAs grow upon engagement with the acto-
myosin stress fibers. Cell movement, such as two-dimensional
migration and cell spreading, also depends on actin and NM2A.
NM2A activity has been reported to inhibit cell two-dimen-
sional migration and spreading (22, 23). Consistent with these
previous observations, we found that NM2A knockdown accel-
erated the speed of migration and rate of cell spreading in
NIH3T3 fibroblasts (Fig. 4, C–E). ASAP1 knockdown also
increased the speed of migration and rate of cell spreading.
HeLa cell spreading was similarly affected by ASAP1 and
NM2A knockdown (Fig. 4, F and G). The effect of replacing
endogenous ASAP1 with Flag-ASAP1 was examined in
NIH3T3 fibroblasts. The effect of ASAP1 knockdown on cell
spreading was reversed by expression of wild type Flag-ASAP1
(Fig. 4H). Flag- [�BAR]ASAP1, expressed to the same level as
Flag-ASAP1 (Fig. 4I) (�100-fold greater than endogenous
ASAP1), also slowed spreading of ASAP1 knockdown cells but
less than did full-length ASAP1 (Fig. 4H).

ASAP1 is known to reduce the appearance of CDRs but a role
of NM2A in CDRs is not well characterized (9). CDRs have been
implicated in receptor internalization and cell migration (24 –
28). The formation and dissolution of CDRs require extensive
and dynamic actin remodeling, making it a useful system to

FIGURE 4. ASAP1 and NM2A have similar effects on cell adhesion, migration and spreading. A, efficiency of ASAP1 and NM2A knockdown in NIH3T3
fibroblasts was determined by immunoblotting. B, effect of ASAP1 and NM2A knockdown on FAs. siRNA-treated NIH3T3 fibroblasts plated on FN-coated
coverslips were fixed and stained with anti-paxillin or vinculin antibody. The number and size of adhesions are the mean � S.E. of three experiments. *, p � 0.05.
C and D, effect of ASAP1 and NM2A knockdown on two-dimensional random migration. siRNA-treated NIH3T3 fibroblasts in FN-coated chambers were imaged
using time-lapse phase contrast microscopy. Tracks of cells (C) and average migration speed (D) of 38 control si, 58 ASAP1 si, and 45 NM2A si-transfected cells
are shown. ***, p � 0.0001. E, effect of ASAP1 and NM2A knockdown on cell spreading. NIH3T3 fibroblasts treated with siRNA were plated on FN for the times
indicated. The area of rhodamine-phalloidin stained cells was determined for at least 30 cells per condition. Results shown are the combined mean � S.E. from
two experiments. F, effect of ASAP1 and NM2A knockdown on spreading of HeLa cells in 20 min was determined as described for NIH3T3 fibroblasts. Data are
the mean � range for two experiments. G, efficiency of ASAP1 and NM2A knockdown in HeLa cells determined by immunoblotting. Hsp70 was used as a
loading control. H, effect of replacing endogenous ASAP1 with Flag-ASAP1 and Flag-[�BAR]ASAP1 on spreading of NIH 3T3 fibroblasts. NIH 3T3 fibroblasts,
treated with siRNA and expressing pCI vector, Flag-tagged wild type ASAP1 or [�BAR]ASAP1, were plated on FN for 20 min. The results are from one experiment
representative of three. I, efficiency of ASAP1 knockdown and relative expression of Flag-ASAP1 and Flag-[�BAR]ASAP1 determined by immunoblotting. Actin
was used as a loading control. The recombinant ASAP1 were expressed to a level �100-fold that of the endogenous protein determined by titrating cell lysates
(not shown). ***, p � 0.001 compared with control; **, p � 0.01 compared with control. In panel H, the red stars are p � 0.001 for the indicated comparisons.
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study the role of ASAP1-NM2A interaction in actin remodel-
ing. We found that ASAP1 knockdown increased the percent-
age of CDR-containing cells (Fig. 5, A and C). NM2A knock-

down also increased the percentage of cells exhibiting CDRs
(Fig. 5, B and C). Four different siRNAs targeting NM2A had
the same phenotype, making an off-target effect unlikely (Fig.
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FIGURE 5. Effect of ASAP1 and NM2A on circular dorsal ruffles. A–D, siRNA-treated NIH3T3 fibroblasts were treated with PDGF, fixed and co-stained for
F-actin (rhodamine-phalloidin) and endogenous ASAP1 (A, C) or NM2A (B, C). D, effect of different siRNA targeting NM2A on CDR formation. Efficiency of NM2A
knockdown determined by immunoblotting is shown in the inset. E–G, ASAP1 and NM2A regulate CDRs. NIH3T3 fibroblasts treated with the indicated siRNA
and expressing Flag-ASAP1, Flag-[�BAR]ASAP1, GFP, GFP-NM2A, or pCI vector as indicated were treated with PDGF. Cells were fixed and stained for F-actin
(rhodamine-phalloidin) alone (G) or co-stained for ASAP1 fragments with anti-Flag antibody (E, F). 50�150 cells per treatment were scored in each experiment.
Data presented are the mean � S.E. from at least three experiments. *, p � 0.05.
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5D). The effect of ASAP1 knockdown was reversed by over-
expression of wild type Flag-ASAP1. In contrast, Flag-
[�BAR]ASAP1, which cannot bind NM2A, did not rescue the
defect at 5 min and had a partial effect at 10 min (Fig. 5E). If
effects of ASAP1 on CDRs are mediated by NM2A, then one
might predict that overexpression of ASAP1 would not reverse
the effect of NM2A knockdown, but overexpression of NM2A
could reverse the effect of ASAP1 knockdown. Consistent with
predictions (Fig. 5, F and G), ASAP1 overexpression decreased
CDRs in control cells but had no effect in NM2A knockdown
cells. In contrast, NM2A overexpression had no effect on CDRs
in control cells but reduced CDRs in ASAP1 knockdown cells.
Collectively, these results support the hypothesis that ASAP1
regulates NM2A.

Discussion

We set out to identify ASAP1-interacting protein(s) that
mediate the effects of ASAP1 on actin-based structures. We
found that ASAP1 directly bound to the actin-associated
motor, NM2A. ASAP1 and NM2A affected a common set of
actin structures and cell behaviors that depend on actin remod-
eling. The effect of ASAP1 on cell spreading and CDRs was
dependent on the domain that bound directly to NM2A. The
findings support the hypothesis that ASAP1 is a regulator of
NM2A.

ASAP1, a multi-domain Arf GAP, may represent a new class
of NM2A regulators. ASAP1 itself is regulated by a unique set of
signals including phosphorylation, and by multiple interactions
that are relevant to the control of the cytoskeleton (6, 29). Phos-
phoinositide binding to the PH domain may have a regulatory
role, coordinating myosin activity with actin polymerization,
which is also controlled by PI(4,5)P2 (30). Also plausible,
Arf�GTP binding to the ASAP1 Arf GAP domain might regulate
the interaction with NM2A. This hypothesis is in line with the
diminished binding of NM2A to BAR-PZA containing the Arf
GAP domain compared with the isolated BAR-PH domain and
with the effect of NM2A on ASAP1 GAP activity. Thus, ASAP1
may mediate effects of Arf on the actin cytoskeleton (2). ASAP1
is regulated by proteins known to affect actin remodeling
including FAK, which binds to the SH3 domain of ASAP1, and
Src family proteins, which bind to the proline-rich domain (6,
10). The multiple binding partners regulate ASAP1 and target it
to the plasma membrane, where it could localize NM2A func-
tion. Thus, ASAP1 could be the physical link between cellular
signals and the mechanical machinery of actin remodeling in
the context of cell movement and migration. Five other Arf
GAPs may regulate NM2A. ASAP1–3 and ACAP1–3 all have
an N-terminal BAR-PH tandem and the five tested affect the
actin cytoskeleton (3). Like ASAP1, all interact with signaling
proteins and phosphoinositides. With unique responses to
combined signals, each of these Arf GAPs could provide regu-
lation specific to actin remodeling in disparate cellular behav-
iors that depend on NM2A.

In testing for NM2A-ASAP1 association, we discovered
NM2A stimulated ASAP1 GAP activity. Although NM2A was
potent (half maximal effect at 10 –50 nM NM2A), the effect was
modest with a 2–5-fold stimulation, compared with the

10,000-fold stimulation observed with PI(4,5)P2 (31, 32).

Although stimulated GAP activity may have a direct effector
role, another plausible hypothesis, particularly given the mod-
est effect, is that Arf�GTP binding to ASAP1 controls binding to
NM2A. In this case, the GAP activity controls ASAP1-NM2A
association.

In the course of these studies, it was discovered that ASAP1
binds actin filaments.4 The finding is consistent with the result
presented in this report in Fig. 1B in which there was enrich-
ment of actin in LUVs with BAR-PH. Though outside the scope
of this current paper, we are investigating the possible mecha-
nisms by which ASAP1, by binding both NM2A and actin,
could regulate the dynamics of the actomyosin complex includ-
ing stabilization by forming an ASAP1-actin-myosin ternary
complex and by directly affecting the ATPase activity of
myosin.

In summary, we have tested the hypothesis that ASAP1
directly binds to NM2A to regulate actin-based structures and
related cellular functions. We speculate that the interaction of
ASAP1 with NM2A is controlled by ligands of ASAP1. Thus,
PI(4,5)P2 binding, Arf�GTP binding, GTP hydrolysis, and
Arf�GDP dissociation each could affect a specific transition
along the cycle of binding to and dissociation from NM2A.
Given that ASAP1 also binds to a number of signaling mole-
cules, including PI(4,5)P2 and oncoproteins, it may integrate
cellular signals and physically link the signals and cellular mem-
brane to the machinery of cell movement important to normal
physiology and pathological processes such as tumor cell inva-
sion and metastasis.
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