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Cofilin is a key player in actin dynamics during cell migration. Its activity is regulated by (de)phosphorylation, pH, and
binding to phosphatidylinositol-4,5-bisphosphate [PI(4,5)P2]. Here, we here use a human cofilin-1 (D122K) mutant with
increased binding affinity for PI(4,5)P2 and slower release from the plasma membrane to study the role of the PI(4,5)P2–
cofilin interaction in migrating cells. In fibroblasts in a background of endogenous cofilin, D122K cofilin expression
negatively affects cell turning frequency. In carcinoma cells with down-regulated endogenous cofilin, D122K cofilin
neither rescues the drastic morphological defects nor restores the effects in cell turning capacity, unlike what has been
reported for wild-type cofilin. In cofilin knockdown cells, D122K cofilin expression promotes outgrowth of an existing
lamellipod in response to epidermal growth factor (EGF) but does not result in initiation of new lamellipodia. This
indicates that, next to phospho- and pH regulation, the normal release kinetics of cofilin from PI(4,5)P2 is crucial as a local
activation switch for lamellipodia initiation and as a signal for migrating cells to change direction in response to external
stimuli. Our results demonstrate that the PI(4,5)P2 regulatory mechanism, that is governed by EGF-dependent phospho-
lipase C activation, is a determinant for the spatial and temporal control of cofilin activation required for lamellipodia
initiation.

INTRODUCTION

The actin depolymerizing factor (ADF)/cofilin family is
ubiquitously present in all eukaryotes and involved in
various cellular processes that depend on actin dynamics
(Bamburg, 1999; Ono, 2007; Van Troys et al., 2008). In non-
muscle cells, two isoforms are expressed: cofilin-1 and ADF
(Hotulainen et al., 2005). ADF/cofilins are multipotent actin

modulators. They interact both with monomeric (G)- and
filamentous (F)-actin and are reported to nucleate, sever,
and depolymerize filaments (Carlier et al., 1997; Chan et al.,
2000; Andrianantoandro and Pollard, 2006). Severing by
cofilin increases the number of actin filament barbed ends
available for polymerization and enhances filament turnover
in vitro and in vivo (Chan et al., 2000; Ichetovkin et al., 2002).
In several disease conditions that rely on actin dynamics,
cofilin is emerging as a key player (Maloney et al., 2008;
Yoder et al., 2008). A prime example is tumor cell invasion
and metastasis (Wang et al., 2006; Yan et al., 2008; van
Rheenen et al., 2009). In mouse and rat models of mammary
cancer, expression levels of cofilin and its regulators are
altered and the resulting high cofilin activity is correlated
with invasion, intravasation, and metastasis (Wang et al.,
2004, 2006, 2007).

The role of cofilin during cell migration and invasion is
closely linked to its role in the formation of membrane
protrusions, such as lamellipodia. Protrusive activity is an
essential early requirement for different forms of cell motil-
ity. In invasive mammary carcinoma cells (MTLn3), cofilin is
demonstrated to be an early effector of membrane protru-
sion, because its local activation sets the site where new
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lamellipodia occur as well as the direction that a migrating
cell takes (Ghosh et al., 2004; Mouneimne et al., 2006; Sidani
et al., 2007). We reported previously that cofilin depletion in
amoeboid MTLn3 cells using siRNA has a major impact on
cell morphology and results in directional cell migration,
defects in cell turning and impaired chemotactic response
toward an epidermal growth factor (EGF)-gradient (Sidani et
al., 2007). Cofilin is shown associated with the F-actin net-
work throughout an extending lamellipodium (Lai et al.,
2008), but it is also demonstrated to be activated at sites of
new lamellipodia initiation, before actin nucleating factors
such as the Arp2/3 complex that are subsequently involved
in lamellipodial extension (DesMarais et al., 2004, 2005).
Initiating lamellipodia at new locations is one mechanism
that migrating cells use to change direction, and several
cofilin knockout studies (Dawe et al., 2003; Sidani et al., 2007)
indicate that cofilin contributes to the cells’ directional sens-
ing machinery via its role in lamellipodia initiation.

Clues on the underlying mechanism of this activity lie in
the strict cellular regulation of cofilin activity. Multiple
mechanisms of cofilin regulation that are activated upon cell
stimulation are known (Huang et al., 2006; Scott and Olson,
2007; Van Troys et al., 2008). Cofilin kinases (LIM kinases
and testicular protein kinases) phosphorylate cofilin residue
Ser3 and inactivate its ability to bind actin. Specific cofilin
reactivating phosphatases have been characterized, includ-
ing the Slingshot family and chronophin. In addition, cofi-
lins are regulated by interaction with the polyphosphoino-
sitide PI(4,5)P2 (van Rheenen et al., 2007, Van Troys et al.,
2008), and by intracellular pH (Bernstein et al., 2000). pH
changes have recently been shown to also directly modulate
cofilin-PI(4,5)P2 interaction based on the protonation state of
cofilin His133(Frantz et al., 2008). Spatio-temporal differ-
ences in these regulatory mechanisms of cofilin and the
coincidence of several of these regulatory events in cells
seem important for cofilin action in directional cell protru-
sion (Mouneimne et al., 2006; van Rheenen et al., 2007; Frantz
et al., 2008; van Rheenen et al., 2009).

In this study we focus on the regulation mechanism that is
based on cofilin binding to the membrane polyphosphoino-
sitide (PI) phosphatidylinositol-4,5-bisphosphate [PI(4,5)P2].
Many proteins that are crucial to the assembly of the actin-
based migration machinery are regulated by PI(4,5)P2, and
the level of this lipid is controlled by lipid kinases (PI-3K
and PI-5K), phosphatases (phosphatase and tensin homo-
logue and synaptojanins), and hydrolases (phospholipase C
[PLC] isozymes). These enzymes can be activated down-
stream of several growth factor signaling pathways (Hilpela
et al., 2004; Niggli, 2005; Ling et al., 2006; Kolsch et al., 2008).
In vitro, the interaction of cofilin with PI(4,5)P2 inhibits
F-actin binding (Yonezawa et al., 1990; Van Troys et al., 2000;
Gorbatyuk et al., 2006). In cells, the role of the cofilin–
PI(4,5)P2 interaction in actin dynamics and cell motility pro-
cesses has been more difficult to address directly. Previously
described cofilin mutants with decreased in vitro PI(4,5)P2
binding in most cases also display defects in actin interaction
(Van Troys et al., 2000; Ojala et al., 2001), complicating their
use in cells.

Indirect evidence for a role for cofilin-PI(4,5)P2 regulation
has come from the demonstration that in metastatic mam-
mary carcinoma cells (MTLn3) the early burst in actin poly-
merization, induced by EGF stimulation, and the resulting
chemotactic response of the cells depend on both cofilin
severing and PLC activation (Mouneimne et al., 2004, 2006;
Sidani et al., 2007). Using different approaches including
colocalization, fluorescence resonance energy transfer (FRET),
and membrane fractionation, van Rheenen et al., 2007 have

provided important evidence that a pool of cellular cofilin
associates with the plasma membrane.

On PI(4,5)P2-hydrolysis, either induced by EGF stimula-
tion and PLC activation or by PLC-independent means,
cofilin is locally released from the membrane in an active
form. Peripheral cofilin is shown to distribute into two dif-
ferent compartments (plasma membrane [PM] and periph-
eral F-actin network) that cannot be optically resolved (van
Rheenen et al., 2007). In resting cells, cofilin is predominately
localized in the PM compartment, where the PM binding is
very transient (seconds) with a fast on/off rate. PI(4,5)P2-
hydrolysis lowers the PI(4,5)P2 level and therefore slows
down the on rate. Because the PM-off-rate remains unal-
tered, the change in on/off equilibrium causes a net trans-
location of cofilin from the PM (van Rheenen et al., 2007).
Therefore, PLC does not need access to the cofilin-bound
PI(4,5)P2 molecules to cause a translocation of cofilin from
the PM (van Rheenen et al., 2009).

Although the PM and actin compartment cannot be opti-
cally resolved, the cofilin molecules located in these two
compartments can be distinguished using a fluorescence
loss in photobleaching (FLIP)-based assay (van Rheenen et
al., 2007). In contrast to the fast PM on/off rate (�4 s), the
on/off-rate of cofilin to F-actin is much slower (�25 s) (van
Rheenen et al., 2007). Consequently, the exchange rate of
cofilin molecules between periphery (i.e., sum of PM and
peripheral F-actin compartment) and the cytosol depends on
the ratio of peripheral cofilin molecules that are localized
either at the PM or in the F-actin compartment (van Rheenen
et al., 2007). Because cofilin translocates from the PM to the
F-actin compartment upon EGF stimulation, the FLIP-based
assays display different exchange kinetics with the cytosol
before and after stimulation. Collectively, this approach
has indicated that PI(4,5)P2 hydrolysis induces a translo-
cation of membrane associated cofilin to the underlying
F-actin and has provided the first indirect evidence that
cellular cofilin activity is regulated at the membrane in a
precise spatial manner after PI(4,5)P2 hydrolysis (van
Rheenen et al., 2007, 2009).

Our present work directly explores how the cofilin-
PI(4,5)P2 interaction affects cell motility processes, by using
a cofilin mutant with enhanced PI(4,5)P2 affinity. We de-
scribed previously that in actophorin, the cofilin homologue
from Acanthamoeba castellanii, a point mutation in an actin-
binding helix resulted in increased affinity for PI(4,5)P2 in
vitro (Van Troys et al., 2000). Here, we characterize the
corresponding mutant of human cofilin-1 and exploit it to
directly demonstrate how an altered cofilin–PI(4,5)P2 inter-
action affects cell migration properties of both carcinoma
cells and fibroblasts.

MATERIALS AND METHODS

Cofilin Expression Constructs
Human cofilin-1 cDNA (wild type [WT]) was cloned in the bacterial expres-
sion plasmid pKM263 (obtained via EUROSCARF, Frankfurt, Germany) to
produce glutathione transferase (GST)-fusions for purification. WT cofilin in
pcDNA3.1/V5-His-TOPO was described previously (Sidani et al., 2007). The
D122K mutation was introduced using QuikChange mutagenesis (Stratagene,
La Jolla, CA). WT and/or D122K cofilin cDNA were cloned in the eukaryotic
vectors pcDNA3.1/V5-His-TOPO, pEGFP.N1, and pEGFP.C1 and in pIRES2-
GFP (Invitrogen, Paisley, United Kingdom) to produce V5-, enhanced green
fluorescent protein (eGFP)-tagged, and untagged cofilin, respectively. As in
Sidani et al. (2007), five silent mutations were additionally present in the WT
and D122K cofilin cDNA (except for constructs in pEGFP.N1), making the
resulting WT and D122K cofilin-RNA resistant to down-regulation by the
cofilin small interfering RNA (siRNA) used.
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Proteins
Rabbit skeletal muscle actin was prepared and labeled as described in Van
Troys et al. (2000). Recombinant GST-cofilin (WT or D122K mutant) was
purified over glutathione-Sepharose (GE Healthcare, Little Chalfont, Buck-
inghamshire, United Kingdom) following the manufacturer’s protocol but
with omission of Triton X-100 in incubation and washing solutions. GST-
fusion proteins were eluted with 10 mM glutathione in phosphate-buffered
saline (PBS), pH 8.0, and stored in 0.02 mM EDTA and 25 mM Tris-HCl, pH
8.0, at 4°C. The stability of WT and mutant cofilin was compared by recording
Trp fluorescence spectra in 1–5 M urea in 20 mM Tris-HCl, pH 8.0 (F-4500
fluorimeter; Hitachi, Tokyo, Japan) as described in Van Troys et al. (2000)
(Supplemental Figure S1). Untagged cofilins were obtained by tobacco etch
virus (TEV)-digest (Invitrogen) of GST-cofilin fusions (digestion during 1 h at
4°C and 0.25 U/�g protein).

PI(4,5)P2-Cofilin Binding Studies
GST-fusions of WT or D122K cofilin were incubated at 15 �M with a range of
concentrations (0–200 �M) of PI(4,5)P2 (Sigma-Aldrich, St. Louis, MO) in
micelles in 50 mM KCl, 0.2 mM EGTA, 0.2 mM dithiothreitol (DTT), and 25
mM Tris-HCl, pH 7.5, for 30 min on ice. We used homogeneous PI(4,5)P2
micelles, generated by brief sonication of an aqueous PI(4,5)P2 stock solution.
The incubated mixtures were analyzed as in Van Troys et al. (2000). In short,
the incubated mixture was analyzed by gel filtration, allowing quantification
of cofilin-PI(4,5)P2 binding based on the different elution times of free and
micelle-bound GST-cofilin. GST has been shown not to interact with PI(4,5)P2
in a similar assay (Zimmermann et al., 2002). The pH dependency of the
PI(4,5)P2 interaction was evaluated using different incubation conditions: 50
mM KCl, 0.2 mM EGTA, and 0.2 mM DTT in either 25 mM Tris-HCl, pH 7.5,
or 43 mM PIPES, pH 6.5.

PI(4,5)P2-cofilin binding at pH 7.5 was also tested using a microfiltration
assay (Lambrechts et al., 1997) by using untagged cofilins (5 �M) that were
prepared by TEV digest from fusion proteins; the flow-through of microfil-
tration through a membrane with a molecular weight cut-off of 30,000 Da (i.e.,
lower than the micelle size and higher than the free protein) was analyzed
using SDS-polyacrylamide gel electrophoresis (PAGE) followed by Coomas-
sie staining and quantified using ImageJ (National Institutes of Health, Be-
thesda, MD).

Actin Assays
Effects of cofilin (WT or D122K) on F-actin depolymerization/disassembly
were monitored using light scattering at 350 nm at an angle of 90° at room
temperature in an Aminco Bowman series luminescence spectrometer (Sim-
Aminco, Rochester, NY). G-actin (4.5 �M) in G buffer (0.1 mM CaCl2, 0.2 mM
DTT, 0.2 mM ATP, and 5 mM Tris-HCl, pH 7.7) was polymerized by adding
KCl and MgCl2 to 0.1 M and 1 mM, respectively. When polymerization
reached steady state, cofilin (WT or D122K mutant) or buffer (control) was
added (constant volumes added that are �5% of the total sample volume),
and the signal decrease was followed in time (Carlier et al., 1997).

Kinetic measurements of severing activity were carried out using an elon-
gation assay as in (Yeoh et al., 2002). Unlabeled F-actin was added as nuclei (1
�M) to 4 �M G-actin (10% pyrene labeled) in F buffer (G buffer with 0.1 M KCl
and 1 mM MgCl2), and the rate of polymerization was determined. The
unlabeled seeds were added as such (control) or treated with various con-
centrations of WT or mutant cofilin before addition. Pyrene fluorescence was
recorded using 365 nm as excitation wavelength and 388 nm as emission
wavelength. Elongation rates (in �fluorescence/s) were calculated from the
increase in fluorescence in the time span between 50 and 150 s and normalized
to the calculated rate in the sample containing the untreated seeds.

Cell Culture and Treatments
NIH3T3 cells were cultured in DMEM, 10% fetal bovine serum (FBS), 20 mM
l-GlutaMAX I, 1% penicillin-streptomycin (Invitrogen) at 37°C and 5% CO2
and transfected using Lipofectamine 2000 (Invitrogen). MTLn3 cells were
maintained, starved, and stimulated as described in DesMarais et al. (2004)
and transfected using FuGENE 6 or 6HD (Roche Diagnostics, Mannheim,
Germany). The cofilin siRNA used has been validated previously (Mouneimne et
al., 2004; Sidani et al., 2007), and the siRNA treatment and rescue attempts
with cofilin-constructs (WT or D122K) were performed exactly as in Sidani et
al. (2007). The cells were transfected with the cofilin expressing constructs
8–10 h after siRNA addition.

Immunoassays
Antibodies used were anti-cofilin (Cytoskeleton, Denver, CO), anti-green
fluorescent protein (GFP) (Santa Cruz Biotechnology, Santa Cruz, CA), anti-
p34 antibody (Millipore, Billerica, MA), anti-V5 antibody (Invitrogen), anti-
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Abcam, Cambridge,
United Kingdom), Alexa Fluor-594 anti-chicken (Invitrogen), and IRDye 800
and 680 CW goat anti-mouse and anti-rabbit immunoglobulin G (LI-COR
Biosciences, Lincoln, NE).

For immunofluorescence, MTLn3 cells were grown on glass coverslips.
Cells were fixed and permeabilized as described previously (Eddy et al., 2000).

In brief, cells were simultaneously fixed and permeabilized using 3.7% para-
formaldehyde, 0.1% glutaraldehyde, and 0.075 mg/ml saponin (Sigma-Al-
drich) in PBS. Images were recorded using an inverted microscope (model
IX71; Olympus, Tokyo, Japan) or a motorized inverted microscope (model
IX81L; Olympus), equipped with a computer-driven cooled charge-coupled
device (CCD) camera, using an UPLanFLN(oil) 60� objective and the CellM
imaging software (Olympus) and further processed using ImageJ. Relative
signals in front and back of MTLn3 cells (e.g., for the Arp2/3 signal) were
obtained as described in Sidani et al. (2007).

Whole cell lysates were prepared in a urea/thiourea lysis buffer containing
0.5% Triton X-100 and 0.1% DTT in the presence of a cocktail of protease and
phosphatase inhibitors. For the isoelectrofocusing step of two-dimensional
(2D)-SDS PAGE, Immobiline Drystrips (GE Healthcare) were used with a pH
range from 3 to 10 for GFP-cofilins and (for optimal spot resolution) from 6 to
11 for endogenous cofilin, resulting in differences in separation between
nonphosphorylated and phosphorylated spots for exogenous and endoge-
nous cofilin. Assignment of phosphorylated spots was based on a shift to a
more acidic pI and on the differences in 2D spot patterns before and after
treatment of cell lysates with lambda phosphatase (New England Biolabs,
Ipswich, MA) (data not shown). Western blotting signals were detected and
quantified based on IRDye infrared dye technology (LI-COR Biosciences) on
a Odyssey infrared imaging system.

Cell Morphology Scoring
Cell morphology changes of individual MTLn3 cells after siRNA treatment
and/or rescue were addressed based on length to width ratio as described in
Sidani et al. (2007).

Quantitative Analysis of Random Cell Migration and
Membrane Protrusion
NIH3T3 cells were plated on fibronectin (5.7 �g/cm2) 24 h after transfection
and allowed to spread for 16 h. Their migration at 37°C under appropriate
CO2 conditions was followed by recording phase-contrast images every 5 min
for 4 h by using an IX71 inverted microscope (Olympus) with a 10� numerical
aperture (NA) 0.3 infinity-corrected objective and equipped with a mono-
chrome SPOT-RT CCD camera. Image processing, and derived migration
parameters are described in Supplemental Data.

MTLn3 cells were plated onto glass-bottomed dishes (MatTek, Ashland,
MA) 12 h after transfection (20–22 h after siRNA) and allowed to spread for
24 h. Analysis of constitutive motility in serum was done for 45 min at a rate
of two frames/min in L15 (Invitrogen), 5% FBS as described in Sidani et al.
(2007) by using a 20� NA 1.4 infinity-corrected optics microscope (model
IX71; Olympus), supplemented with a computer-driven cooled CCD camera
and operated by IPLab Spectrum software (VayTek, Fairfield, IA). Images
were processed using ImageJ.

To study EGF-induced membrane protrusion, MTLn3 cells, starved in
L15/0.35% bovine serum albumin for 3 h, were stimulated with 5 nM EGF
(Invitrogen) at 37°C. Time-lapse series were recorded for 10 min with a time
interval of 10 s. Fold changes in cell area were measured using ImageJ,
standardized over the area of the cell at time 0 (before EGF stimulation), and
averaged over the number of measured cells. The axial protrusion measure-
ment is explained in Figure 7. These measurements were performed at 1-min
intervals after EGF stimulation and standardized over the measurements on
the corresponding cell at time 0.

FLIP
MTLn3 cells were transiently transfected with eGFP-WT or eGFP-D122K
cofilin constructs 8 h after plating on glass-bottomed dishes (MatTek). FLIP
was performed 24 h after transfection using an AOBS SP5 confocal micro-
scope (Leica, Wetzlar, Germany) at 25°C. Before the experiment, cells were
starved as described above. The experiment was performed as in van
Rheenen et al. (2007). In brief, at time 0, cytosol was photobleached for 10 s
and fluorescence at the cell periphery (Per) and in the cytosol (Cyt) were
followed for 20 s after bleaching. On bleaching, the Per/Cyt ratio increases
and, because of exchange of molecules between the cytosol and periphery
(sum of PM and peripheral F-actin compartment), this ratio subsequently
returns to baseline levels. To normalize for bleach efficiencies, the initial ratio
was set to 0, and the first point after bleaching was set to 1. The decay of the
ratio follows a two-component exponential decay, with a PM component and
a F-actin component. Based on biochemical properties showing that the effects
on F-actin are not affected by the D122K mutation, the amplitude and the � for
the F-actin component of the decay are assumed unchanged and values are
taken from van Rheenen et al. (2007): �, 26 s; and amplitude, 0.15. Amplitude
of the PM component (0.85) was taken from van Rheenen et al., (2007),
whereas �PM of the membrane pool (for both the WT and D122K data sets)
was varied in the fitting.

PI(4,5)P2 Hydrolysis Assay
Cells were transfected with the PI(4,5)P2 biosensor mRFP-PH(PLC�1) (van
Rheenen et al., 2005) and with either WT cofilin-GFP or D122K cofilin-GFP.
The expression level of the cofilin constructs was determined by confocal
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acquisition of a 12-bit GFP-image that was analyzed in ImageJ. PI(4,5)P2
hydrolysis was assayed by acquiring an mRFP-confocal image every 10 s. The
time series were imported into a custom-made visual studio (Professional
edition 2008; Microsoft, Redmond, WA) program (JvR), in which the PI(4,5)P2
levels were analyzed by plotting the PM/cytoplasmic fluorescence over time
as described in Stauffer et al. (1998), van der Wal et al. (2001), and Varnai and
Balla (2008). Regions of interest (ROI) at the PM, cytoplasm, and background
were determined automatically for every image in a time series. In brief, a
binary mask was generated by using a thresholding step on a smoothed
image. From this mask, the PM-ROI was determined by dilating the binary image
for 6 pixels. The cytosol ROI was determined by dilating the binary image for
another 6 pixels. The background ROI was assigned manually. These ROIs
were updated for each image in the time series, and the mean fluorescence
was measured. The translocation of monomeric red fluorescent protein
(mRFP)-PH(PLC�1) was expressed as the ratio of the fluorescence values for
membrane and cytosol area, to correct for bleaching and cell movement.

RESULTS

D122K Cofilin-1: Properties In Vitro and in Cells
We biochemically compared the human nonmuscle cofilin-1
mutant carrying an aspartic acid-to-lysine mutation at posi-
tion 122 (D122K cofilin) with the WT cofilin protein. The
introduced mutation does not affect protein stability (Sup-
plemental Figure S1). Using a gel filtration-based assay and
homogeneous PI(4,5)P2 micelles as described previously in a
study of actophorin mutants (Van Troys et al., 2000), we
compared the PI(4,5)P2-binding capacity of GST-WT and
GST-D122K cofilin. The proteins (15 �M) were incubated at
pH 7.5 with micellular PI(4,5)P2, and the bound protein
fraction at different total PI(4,5)P2 concentrations was quan-
tified. Under these conditions, GST-D122K cofilin binds 7- to
10-fold more strongly to micellular PI(4,5)P2 than GST-WT
cofilin (based on C50 values; binding data from 2 indepen-
dent experiments; representative experiment in Figure 1A).
The gain-of-function for GST-D122K cofilin was confirmed
by protein–lipid overlay, by using a membrane on which
PI(4,5)P2 was spotted in a range of concentrations (PIP-
array; Echelon Biosciences, Slat Lake City, UT), followed by
Western blotting (data not shown). Importantly, the differ-
ence in affinity for complex formation with PI(4,5)P2 was
also observed, albeit less extensive, for untagged D122K
versus WT cofilin by using a semiquantitative microfiltra-
tion technique (Figure 1B). The difference in PI(4,5)P2 bind-
ing between WT and D122K cofilin is apparent for ratios of
PI(4,5)P2/cofilin of 10 or lower [e.g., �150 �M PI(4,5)P2 vs.
15 �M cofilin in Figure 1A; �50 �M PI(4,5)P2 versus 5 �M
cofilin in Figure 1B]. The protein concentrations used here
(5–15 �M) are in the range of reported cellular cofilin con-
centrations (e.g., 20 �M in baby hamster kidney cells; Koffer
et al., 1988). Cofilin isoforms are relatively abundant actin-
binding proteins (Cooper et al., 1986, Bamburg and Bray,
1987), and, although unreported, its concentration upon re-
cruitment to the PM may thus be relatively high. Overall
PI(4,5)P2 concentrations of 10 �M have been reported pre-
viously (McLaughlin et al., 2002), and PI(4,5)P2 is suggested
to be homogeneously present in the plasma membrane
based on cellular assays (van Rheenen et al., 2005), rather
than being highly concentrated in lipid raft (as suggested by
biochemical assays). The range of PI(4,5)P2 to cofilin ratios of
10 or lower, in which WT and D122K cofilin display different
binding properties in vitro, may consequently be similar to
local physiological ratios at the PM.

Cofilin-PI(4,5)P2 binding has recently been shown to dis-
play pH dependency via cofilin residue His133, with pro-
tonated His133 (at pH 6.5) promoting maximal binding to
PI(4,5)P2 (Frantz et al., 2008). The increased PI(4,5)P2 binding
induced by the D122K mutation, observed here, is main-
tained both at pH 6.5 and pH 7.5 as illustrated using 15 �M
GST-fusions and 25 �M PI(4,5)P2 in Figure 1C. This suggests

that WT and D122K cofilin still display the same pH depen-
dency in their PI(4,5)P2 interaction.

Effects of cofilin (WT or D122K) on actin were next com-
pared (Figure 1, D–F). At a ratio of 1.5 of actin over cofilin,
both WT and mutant cofilin induce a similar depolymeriz-
ing effect, monitored using light scattering, upon addition to
F-actin at steady state (Figure 1D). The observed level of
depolymerization at this cofilin/actin ratio is in accordance
with data from Carlier et al. (1997). Cofilin severing is known
to generate new filament ends (Ichetovkin et al., 2002). In
Figure 1, E and F, we assayed this activity by measuring the
elongation rate (in the presence of actin monomers) of un-
labeled F-actin seeds that have been left untreated or pre-
mixed with different concentrations of either WT or D122K
cofilin, as in described in Yeoh et al. (2002). Figure 1F shows
that D122K cofilin and WT cofilin have similar dose-depen-
dent promoting effects on the actin elongation rate of the
seeds. This is indicative of similar increases in elongation
competent filament ends generated by the severing activity
of WT or mutant cofilin. Collectively, these two experiments
show that introducing the positive charge at position 122 in
human cofilin-1 does not influence the actin severing or
depolymerization capacity of cofilin.

In addition, our data illustrate that overexpressed eGFP-
fusions of WT and D122K cofilin display similar localization
patterns in cells (Figure 2A and Supplemental Figure S2A). The
overexpressed proteins are present throughout the cytoplasm
of MTLn3 cells with some (peri)nuclear enrichment (Figure
2A). Notably, both WT and D122K cofilin are enriched in the
extreme peripheral edge of the large flat lamellipodia of these
cells. We document this by showing the intensity pattern along
a line crossing a lamellipodium (Figure 2A, eGFP-expressing
cells used as control). This localization pattern is overall similar
to the pattern described previously for endogenous human
cofilin-1 in different cell lines (Yonezawa et al., 1987). We show
the localization for endogenous cofilin in MTLn3 cells for com-
parison (Figure 2B and Supplemental Figure S2A). Also, here
peripheral enrichment is observed (Figure 2B).

Previous work by van Rheenen et al. (2007) demonstrated
that, in MTLn3 cells, cofilin colocalizes with PI(4,5)P2 and
that the membrane-bound cofilin fraction is released upon
EGF-induced PI(4,5)P2-hydrolysis. The data presented in
Figure 2, A and B, and Supplemental Figure S2A clearly
indicate that both eGFP-WT and D122K cofilin are, similar to
endogenous cofilin, targeted to the membrane compartment
where PI(4,5)P2 is residing. Thus, to test whether the in-
creased PI(4,5)P2 affinity of D122K cofilin would affect PLC-
mediated PI(4,5)P2 hydrolysis in vivo, we tested EGF-in-
duced PI(4,5)P2 hydrolysis by using the PI(4,5)P2 probe
mRFP-PH(PLC�1) in MTLn3 cells that express eGFP-D122K
or WT cofilin (Figure 2, C–E). In resting cells, mRFP-PH
binds to PI(4,5)P2 in the PM (Figure 2C, insets). On PI(4,5)P2
hydrolysis, mRFP-PH(PLC�1) translocates from the PM to
the cytoplasm (Figure 2C). In cells that express equal levels
of eGFP-WT or D122K cofilin (Figure 2E), the membrane/
cytosol fluorescence ratio of mRFP-PH was measured over
time (Figure 2C). As can been seen in Figure 2, C and D,
PI(4,5)P2 hydrolysis kinetics and the rate of PI(4,5)P2 hydro-
lysis upon EGF stimulation is not different in cells express-
ing either eGFP-WT or D122K cofilin. This indicates that
overexpression of D122K cofilin does not influence EGF-
mediated phosphatidylinositol bisphosphate hydrolysis.

Because regulation by phosphorylation is another major
regulatory mechanism of cofilin, we analyzed whether WT
and D122K cofilin are phosphorylated at a similar level in
cells. Using 2D-SDS-PAGE and Western blotting, we deter-
mined the ratio of exogenous and/or endogenous unphos-
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phorylated versus phosphorylated cofilin in cell lysates. Fig-
ure 3 shows representative 2D blots (Figure 3A) and
quantitative analyses (Figure 3, B and C). In NIH3T3 and
MTLn3, the levels of active, unphosphorylated cofilin (Fig-
ure 3A; B and C, white bars) are not significantly different
for exogenously expressed WT or mutant cofilin. Moreover,
these levels are very similar to the level of unphosphory-
lated endogenous cofilin in the same cell lysate (determined
in NIH3T3 cells; Figure 3B, gray bars) and to levels reported
in resting MTLn3 (Song et al., 2006). This approach renders
a static view on phosphorylation levels but clearly indicates

that the introduced D122K mutation does not alter the pro-
pensity for phospho-inactivation of cofilin.

In summary, the stronger PI(4,5)P2-binding D122K mu-
tant of human cofilin-1 has unchanged properties with re-
gard to its effects on actin dynamics and pH dependency of
PI(4,5)P2 binding. In addition, it displays similar localization
as well as phosphorylation levels as WT cofilin in cells and
does not have a different effect on cellular PI(4,5)P2 hydro-
lysis rate. Together, these results indicate that the D122K-
cofilin forms a unique tool for specifically elucidating the
role of cofilin-PI(4,5)P2 regulation in vivo.

Figure 1. D122K cofilin has an increased affinity for micellar PI(4,5)P2 but displays a WT effect on actin. (A) Percentage of GST-WT cofilin
(squares) and GST-D122K cofilin (triangles) bound to homogenous PI(4,5)P2 micelles at pH 7.5 as a function of total PI(4,5)P2 concentration,
based on gel filtration analysis as in Van Troys et al. (2000). C50 values ([PI(4,5)P2] for 50% cofilin binding) for GST-D122K cofilin are
substantially lower than for GST-WT cofilin: 11 versus 84 �M (experiment shown), 10–12 �M versus 100–125 �M in a second independent
experiment. (B) SDS-PAGE analysis and Coomassie staining of the flow-through of microfiltration of mixtures of 5 �M cofilin (WT or D122K)
and PI(4,5)P2 (at the indicated concentrations and in homogenous micelles) incubated at pH 7.5. The analyzed flow-through contains
unbound, free cofilin. Bottom, quantification for three independent experiments (including the one shown); levels are normalized to the
sample without PI(4,5)P2. (C) pH dependency of PI(4,5)P2 binding of GST-WT and D122K cofilin (15 �M) by using the same experimental
setup as in A except for different buffer conditions (either pH 6.5 or 7.5). The PI(4,5)P2-concentration used is 25 �M. Average values with
standard deviations for two experiments are shown. (D) Depolymerizing effect of adding WT or D122K cofilin (3 �M) to 4.5 �M steady state
F-actin at the time indicated by the arrow. Depolymerization was recorded in time by measuring 90° light scattering at 350 nm. (E) Effect of
cofilin on elongation kinetics of 1 �M unlabeled F-actin nuclei (seeds) when added to 4 �M G-actin (10% pyrene labeled). The unlabeled seeds
were added as such (control) or treated with 0.5 �M of WT or D122K cofilin before addition. (F) Comparison analysis of normalized
elongation rates calculated from experiments as described in E performed for a range of WT (diamonds) or D122K (squares) cofilin
concentrations. Mean of three data sets with SD is shown. Normalization is done versus the elongation rate of non-cofilin-treated seeds.
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Figure 2. Localization of WT and D122K cofilin-eGFP in MTLn3 cells and effect on PI(4,5)P2 hydrolysis rate. (A) Localization of eGFP-cofilin
(WT (left), D122K (middle), and eGFP (right) in MTLn3 cells. The insets show enlarged peripheral regions of the lamellipodia (left, middle)
and a phase contrast image (right). The graphs show the eGFP intensity along the indicated lines (yellow) through the flat lamellipodia.
Intensities are normalized to the intensity of the total cell area. eGFP-WT and D122K mutant are both targeted to the extreme leading edge;
eGFP is not enriched in this region (note different y-axis for eGFP). Bars, 20 �m. (B) Immunofluorescence signal of endogenous cofilin in
MTln3 showing peripheral enrichment. In the graph, the cofilin intensity along the indicated line normalized to the intensity of the total cell
area is shown. Bar, 20 �m. (C) EGF-induced PI(4,5)P2 hydrolysis was measured using the PI(4,5)P2 probe mRFP-PH(PLC�1) in MTLn3 cells
transfected with eGFP-WT or eGFP-D122K cofilin and mRFP-PH(PLC�1). Insets, confocal mRFP images before and after 5 nM EGF
stimulation. The plots represent the relative PI(4,5)P2 levels over time expressed as the fluorescence ratio of plasma membrane to cytosol. To
calibrate, 5 �M ionomycin was added to induce a full translocation. (D) The mean rate of PI(4,5)P2 hydrolysis (n � 5) as measured by linearly
fitting the EGF-induced PI(4,5)P2 decrease between the time of EGF addition and the lowest level of PI(4,5)P2; the rate is expressed as the
change in fluorescence ratio at plasma membrane to cytosol (expressed in percentage of the ratio at start of measurement) per minute. (E)
The expression levels of eGFP-WT or D122K cofilin in the cells analyzed in D and E. Note that there is no significant difference.
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D122K Cofilin-overexpressing Fibroblasts Display a
Faster and More Directional Migration than WT
Cofilin-overexpressing Cells
Cofilin is a regulator of actin dynamics in the leading edge of
migrating cells and is important for initiating cellular pro-
trusions and directing cell migration (DesMarais et al., 2005;
Mouneimne et al., 2006; Sidani et al., 2007). Using the cofilin
D122K mutant, we aimed at determining, more directly,
whether these effects of cofilin during cell migration are
regulated by its interaction with PI(4,5)P2. Toward this end,
we followed random migration on fibronectin of fibroblast
NIH3T3 cells overexpressing WT or D122K cofilin. Trajecto-
ries of fluorescent cells overexpressing cofilin-eGFP (WT or
D122K) or expressing eGFP were obtained for large cell
populations by automated tracking (Figure 4A). In the ana-
lyzed cell populations, the expression levels of WT and
D122K cofilin-eGFP are not significantly different and also
the level of overexpression over endogenous cofilin is sim-
ilar. This was evaluated by Western blotting (Figure 4B) and
by analytical fluorescence-activated cell sorting analysis,
which revealed very similar distributions of eGFP intensity
(data not shown). From the derived trajectories, several mi-
gration parameters were derived as in Debeir et al. (2005,
2008)). The maximum distance from origin (MDO) and the
hull area are measurements of distance and area covered by
a cell during its migratory path (Figure 4C). Overexpression
of WT cofilin-eGFP has no significant effect on the mean hull
area and MDO compared with mock-transfected cells (Fig-
ure 4, D and E). By contrast, overexpression of D122K cofi-
lin-eGFP significantly increases both mean hull area and
mean MDO in comparison with WT cofilin-eGFP overex-
pression or eGFP expression (Figure 4, D and E). These
increases in distance and area covered by cells expressing the
mutant cofilin are a possible reflection of changes in average

cell speed, in cell turning or in both. Mean average speed of
D122K cofilin-eGFP cells is indeed higher than that of control
or WT cofilin-eGFP cells (Figure 4F). This not only provides
evidence that D122K cofilin is active in actin dynamics in
NIH3T3 cells but also that it induces faster migration on fi-
bronectin. The mean SLOPE (Figure 4G), a parameter that is a
measure for directional persistence of cell migration and cal-
culated independently of cell speed (see Supplemental Data) is
however also significantly less negative for cells with D122K
cofilin compared with those with WT cofilin (p � 0.02). This
indicates that D122K cofilin–eGFP-expressing cells have a ten-
dency to migrate more on a straight path compared with cells
with increased intracellular WT cofilin levels. This property is
also readily detectable by visual inspection of cell trajectories,
as demonstrated in Figure 4A. PI(4,5)P2 regulation of cofilin
activity consequently seems to be an important factor in con-
trolling cofilin-dependent directionality of cell migration and
thus cell turning. The change in speed and in directionality
may not be independent from a functional view point because
it has been proposed that turning (implying repolarization)
pauses moving cells.

D122K Cofilin Is Unable to Rescue Effects on Cell
Polarization and Directional Migration Induced by
Cofilin Knockdown (KD) in MTLn3 Cells
Cofilin siRNA-based KD induces in MTLn3 cells marked
changes in cell morphology and migration properties
(Sidani et al., 2007). To gain further insight in the cellular role
of cofilin PI(4,5)P2-regulation, we chose this cell model to
investigate whether D122K cofilin is able to restore the ef-
fects induced by cofilin knockdown. Cofilin knockdown was
nearly complete (�95%) in our experiments. This is in line
with what is documented previously for the use of this same
cofilin siRNA under identical experimental conditions [see

Figure 3. D122K cofilin and WT cofilin are phosphor-
ylated to a similar extent. (A) Representative Western
blot signals for endogenous and/or exogenous (WT or
D122K) cofilin in NIH3T3 and MTLn3 cells overexpress-
ing WT or D122K cofilin(eGFP) after 2D-SDS PAGE
analysis on whole cell lysates. For resolving spots of
endogenous cofilin and exogenous cofilin, cell lysates
were separated using pI ranges of 6–11 and 3–10, re-
spectively. The spots corresponding to unphosphory-
lated and phosphorylated cofilin are indicated with
open and closed arrows, respectively. (B and C) Graphs
showing the percentages of unphosphorylated active
cofilin for n independent experiments for NIH3T3 (B)
and MTLn3 (C). Significant differences are not observed
between WT and D122K cofilin(eGFP) nor between ex-
ogenous and endogenous cofilin.
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figure 1 in Sidani et al. (2007) and Mouneimne et al. (2004)].
We here used a construct expressing D122K cofilin-V5 de-
signed from the WT-rescue construct used in Sidani et al.
(2007). The WT and mutant constructs display similar trans-
fection efficiencies (�60%) and showed similar expression
levels determined by Western blotting (Figure 5B). MTLn3
cells treated with cofilin siRNA (KD cells) have a polarized
elongated phenotype and KD cells expressing WT cofilin

(W-KD) regained the rounded morphology characteristic of
parental MTLn3 cells (Sidani et al., 2007) (Figure 5A). The
morphology of KD cells expressing D122K cofilin (M-KD)
(Figure 5A, bottom right), however, resembles that of KD
cells. Measurements of the length to width ratio of control,
KD, W-KD, and M-KD cells clearly demonstrate that, unlike
WT cofilin, D122K cofilin expression does not rescue the
elongated KD phenotype (Figure 5C). Analysis of cell pe-

Figure 4. D122K cofilin overexpression results in faster and more directional fibroblast migration. (A) Cell trajectories (a selection is shown
of the cell populations considered) of NIH3T3, migrating on fibronectin and either overexpressing WT (top) or D122K cofilin-eGFP (bottom).
The initial position of each track is superimposed on (0,0). (B) Quantification of expression levels of WT or D122K cofilin-eGFP and ratio of
cofilin-eGFP to endogenous cofilin in transfected NIH3T3 cells. Western blot with anti-cofilin signal is shown for WT (lanes 1–3) and D122K
(lanes 4–6) cofilin–eGFP-expressing cells (3 independent samples). The GAPDH signal is used to correct for equal loading on the gel. In
comparing WT and D122K cofilin expression levels, the cofilin-eGFP/GADPH ratio was set to 1 for WT (C) Cartoon illustrating migration
parameters: cell trajectory in red, separate migration steps in black. s(0), origin, s(N), end position of trajectory. MDO and Hull area (gray)
are measures of distance and area covered by a cell, respectively (see Supplemental Data). Mean value for Hull area (D), mean MDO (E), and
average speed (F) for a population of NIH3T3 cells expressing eGFP (n � 155 cells), overexpressing WT (n � 390) or D122K cofilin-eGFP (n �
140). (G) Mean SLOPE, a parameter for persistence (see Supplemental Data), for NIH3T3 cell populations overexpressing WT (n � 204) or
D122K cofilin-eGFP (n � 71). A less negative SLOPE value reflects a higher directionality of cell movement. (D–G) Mean or average values �
SEM; statistical significance of differences between mean values are calculated using Mann–Whitney tests and indicated by *, p � 0.05 and
***, p � 0.001.
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rimeter, roundedness, and maximum length also showed
that D122K cofilin was not able to rescue the distinct mor-
phology of KD cells (data not shown).

We qualitatively repeated this experiment using an inter-
nal ribosome entry site (IRES) construct that allows easy
detection of cells expressing exogenous WT or D122K cofilin
in the population by a coexpression of eGFP (Supplemental
Figure S3). This confirmed the lack of rescue by D122K
cofilin expression because, based on the eGFP signal, D122K
cofilin-expressing cells are indeed still elongated (Supple-
mental Figure S3, right), whereas in a parallel experiment
using the WT IRES construct most fluorescent cells are
rounded (Supplemental Figure S3, middle).

Cofilin KD cells have been described to move in a highly
directional manner compared with parental and W-KD cells
(Sidani et al., 2007). We thus compared the migration behav-
ior of W-KD and M-KD MTLn3 cells. Similar to what we
observed in fibroblasts (Figure 4), M-KD cells display a
significantly higher directionality and higher persistence of
cell migration compared with W-KD cells (Figure 6, A and B,
and Supplemental Figure S5, videos 1–4). The increase in
directionality is accompanied with an increase in cell speed
(Figure 6B) as was also observed in NIH3T3 (Figure 4).
MTLn3 cells expressing D122K cofilin consequently mimic
the migration behavior of KD cells, indicating that the al-
tered PI(4,5)P2 binding property of this mutant prevents
restoring the cofilin rescue effect of inducing turning in
migrating cells.

Sidani et al. (2007) showed that in cofilin KD cells the Arp2/3
complex is asymmetrically distributed with a stronger pres-

ence in the front of the elongated KD cells. We therefore ana-
lyzed the distribution of the Arp2/3 complex in cofilin KD
MTLn3 cells expressing either eGFP-tagged WT or mutant
cofilin (W-KD vs. M-KD) (Supplemental Figure S4A). We ver-
ified the elongated morphology of eGFP-D122K cofilin-ex-
pressing cells (M-KD) (Supplemental Figure S4B) and the com-
parable expression levels of eGFP-WT and mutant cofilin
(Supplemental Figure S4, C and D). Supplemental Figure S4E
shows that the front to back ratio for the Arp2/3 signal in
M-KD cells is not larger than 1 and not significantly different
from that in W-KD cells. Consequently, the front enrichment
for the Arp2/3 complex reported for cofilin KD (Sidani et al.,
2007) seems no longer present in both W-KD and M-KD cells.
Supplemental Figure S4F in addition demonstrates that also
the front to back signals for eGFP in W-KD and M-KD cells are
not significantly different and suggests that both WT and
D122K cofilin are comparably distributed throughout the cells.

Our data show that M-KD cells differ from cofilin KD cells
in Arp2/3 complex enrichment to the front but that they
strongly display the same elongated morphologies and mi-
gration parameters as cofilin KD cells.

D122K Cofilin Is Incapable of Rescuing the KD Cell
Defect in Initiating Multiple Lamellipodial Protrusions
upon EGF Stimulation
Previous reports have demonstrated that EGF stimulation
induces lamellipodial protrusive activity in MTLn3 cells.
This activity follows two peaks: an early transient of actin
polymerization, at 1 min after stimulation, which depends
on both cofilin and PLC activity; and a late peak, at 3 min,

Figure 5. D122K cofilin expression does not rescue the
cofilin KD morphological phenotype. (A) Morphologi-
cal phenotype of control MTLn3, KD (cofilin siRNA
treated), W-KD (cofilin siRNA � WT cofilin expression),
and M-KD (cofilin siRNA � D122K cofilin expression)
cells. Bar, 10 �m. The constructs code for V5-tagged
cofilin (WT or D122K), as also used in Sidani et al. (2007).
(B) Western Blot analysis demonstrating equal expres-
sion levels for WT and D122K cofilin-V5 used in A and
C. Level of GAPDH is used to correct for equal loading
on the gel. Below the blot, the average ratio � SD of V5
over GAPDH signal is shown for three independent
experiments; ratio for WT set to one. (C) Mean length to
width ratios for the four cell populations in A; control
(n � 70 cells); KD (n � 93 cells); W-KD (n � 125 cells);
M-KD (n � 156 cells). Significantly different mean val-
ues, calculated between indicated pairs using t test, are
shown by ***, p �0.001.
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which is PI-3K dependent (Mouneimne et al., 2004; Mounei-
mne et al., 2006). It was recently demonstrated, in the same
cells, that EGF stimulation [inducing a PLC-dependent
PI(4,5)P2-decrease] releases membrane-associated cofilin
which translocates to peripheral F-actin (van Rheenen et al.,
2007). To demonstrate the role of the direct PI(4,5)P2–cofilin
interaction in this process, we compared EGF-induced la-
mellipodial protrusive activity of M-KD cells to that of con-
trol, KD, and W-KD cells. As described in Sidani et al. (2007),
the increase in cell area upon EGF-induced protrusive activ-
ity is considerably lower in KD cells compared with control
cells and can be restored upon rescue with WT cofilin (Sup-
plemental Figure S5, videos 5–7). Figure 7A compares the
fold increase in cell area induced by EGF stimulus for the
morphologically similar KD cells and M-KD cells. The mean
cell area for the M-KD cell population increases faster and
the fold change is more extensive, indicating that the mutant
cofilin positively contributes to actin polymerization and
protrusive activity. However, EGF induced protrusive activ-
ity displayed by M-KD cells is different from that of W-KD
cells (Supplemental Figure S6, videos 7 and 8). EGF-stimu-
lated W-KD cells protrude in multiple directions and initiate
protrusions with equal frequency around the entire cell pe-
rimeter (following scheme 1 in Figure 7B) (Sidani et al.,
2007). In contrast and similar to KD cells, M-KD cells mainly
protrude at the cell pole(s) after EGF stimulation (Figure 7B,
schemes 2 or 3) and the elongated, KD-like morphology of
M-KD cells consequently remains during cell stimulation.
To quantitatively compare lamellipodial protrusion dynam-
ics of round cells (control and W-KD) and elongated cells
(KD and M-KD), we measured the EGF-induced increase in
length of the vertical and horizontal cell axes (spanning from
the geometrical center to the periphery of the cell) (Figure 7,
C and D). M-KD cells display a larger increase along axis 2
versus 1 and 3 (Figure 7D, iv), which is also characteristic of
elongated KD cells (Figure 7D, ii). This indicates that pro-
trusive activity mainly occurs in a unipolar manner in
M-KD, i.e., in a spatially restricted manner at one pole of the
elongated cells. Protrusion along axis 2 is more efficient in
M-KD cells versus KD cells (Figure 7D, ii and iv), and this

underlies the higher fold increase in cell area depicted in
Figure 7A for cells rescued with D122K cofilin. The protru-
sion phenotype in D122K–cofilin-expressing cells is thus
strikingly different from WT–cofilin-expressing cells, and
this strongly suggests that WT regulation of cofilin activity
by PI(4,5)P2 is required to obtain apolar protrusion in vivo.
Protrusions along the side of the elongated M-KD cells are
only rarely observed, albeit at a slightly higher frequency
compared with KD cells (28% vs. 16%).

D122K Cofilin Translocates Slower from the Plasma
Membrane than WT Cofilin
We analyzed the exchange kinetics of eGFP-D122K and
eGFP-WT cofilin between the periphery (Per) and cytoplasm
(Cyt) in MTLn3 cells by using a FLIP approach established
in van Rheenen et al. (2007) (Figure 8). Using this approach,
the localization of cofilin at the PM- and F-actin peripheral
compartments can be distinguished (van Rheenen et al.,
2007). In this way, we aimed at obtaining a cellular mecha-
nistic basis for the inability of the D122K cofilin mutant to
restore the phenotype induced by cofilin siRNA in MTLn3
cells. MTLn3 cells expressing either eGFP-WT or eGFP-
D122K cofilin were photobleached in a cytoplasmic region.
This results in an instantaneous increase of normalized Per/
Cyt fluorescence (Figure 8A, time 0). Subsequently, the flu-
orescence in cytoplasm and in the peripheral region was
followed for 20 s. As detailed in van Rheenen et al. (2007), the
overall residence time of (eGFP) cofilin in the periphery is
determined by residence times of two cofilin pools: cofilin
on actin filaments in this peripheral region and cofilin asso-
ciated with the PM. This together determines how fast flu-
orescent cofilin molecules translocate from periphery to cy-
toplasm and thus how fast the Per/Cyt ratio returns to
baseline after bleaching. Figure 8A shows that the recovery
of the cytoplasmic fluorescence, and thus the decrease of
Per/Cyt, is slower in cells expressing eGFP-D122K cofilin
compared with cells overexpressing eGFP-WT cofilin.
This indicates that D122K cofilin is retained longer in the
periphery.

Figure 6. D122K cofilin expression in KD cells is
incapable of restoring the normal migration
mode of MTLn3. (A) Mean directionality of
MTLn3 control cell population (n � 19 cells) and
of populations of KD (n � 17), W-KD (n � 15),
and M-KD (n � 15) cells. Directionality is here
the ratio of net to total path length. Unlike WT
cofilin, D122K cofilin expression does not rescue
the migration defects characteristic for KD cells.
*p � 0.05 calculated using t test. Experimental
setup and cofilin expression constructs used are
as in Figure 5. Supplemental Figure S5 (videos
1–4) shows cell migration of cells from the four
populations. (B) Migration parameters (mean net
path length, mean cell velocity, and mean persis-
tence) of M-KD cells compared with control, KD,
and W-KD cells for same cell populations as in A.
Persistence is here cell speed divided by direction
change, as in Sidani et al. (2007).
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van Rheenen et al. (2007) revealed that the Per/Cyt fluo-
rescence decrease can be fitted with a two phase exponential
decay consisting of a fast and a slow component, each with
a mean time constant �. These authors also provided parallel
FRET-based data, assigning the fast component to the trans-
location of the PM-bound cofilin, whereas the slow decay
component is representative for F-actin–bound cofilin. Un-
der the assumption that amplitude and � of the slowly
decaying actin pool [0.15 and 26 s, respectively; values from
van Rheenen et al. (2007)] are valid for both WT- and mu-
tant-expressing cells (given the WT behavior of mutant co-
filin in vitro; Figure 1, D–F), the best values for � for the fast
PM component (�PM) in the decay fittings were derived.
Figure 8B shows �PM is significantly larger for cells express-
ing D122K-cofilin than for those expressing WT (5.24 � 0.31
and 3.3 � 0.41 s, respectively). The WT �PM-value is in good
agreement with that derived for WT–cofilin-expressing cells
in (van Rheenen et al., 2007) (3.7 s). Collectively, the FLIP
data strongly suggest that D122K cofilin translocates slower
from the PM than WT-cofilin, which is indicative for a
stronger binding to PM PI(4,5)P2.

DISCUSSION

PI(4,5)P2 binding negatively regulates actin binding by co-
filin in vitro (Yonezawa et al., 1990; Van Troys et al., 2000). In
several cellular systems, cofilin acts downstream of PLC
(Matsui et al., 2001; Mouneimne et al., 2004, 2006; Song et al.,
2006; Hosoda et al., 2007; Zhou et al., 2007) and of PI(4,5)P2
hydrolysis (van Rheenen et al., 2007). However, tools dem-
onstrating that this is based on a direct cofilin-PI(4,5)P2
interaction were lacking. The D122K cofilin mutant allowed
gaining insight into the role of this interaction in vivo.
D122K cofilin displays significant gain in PI(4,5)P2 affinity
compared with WT in vitro. D122K cofilin, however, resem-
bles WT in other properties: the pH dependency of its
PI(4,5)P2 binding in vitro and thus its putative pH sensor
role, its level of phosphorylation and localization in cells, its
similar effect on cellular PI(4,5)P2 hydrolysis, and its in vitro
actin severing/depolymerization activity.

Recent structural data support several of these properties
of D122K cofilin. The PI(4,5)P2 binding site, delineated in
chicken cofilin (Gorbatyuk et al., 2006), shows that D122 is

Figure 7. M-KD cells retain polarized protru-
sive activity upon EGF stimulation. The expres-
sion constructs are coding for WT and D122K
cofilin-V5 (also used in Figures 5 and 6). (A)
Mean-fold increase in cell area (as measure for
protrusive activity induced by EGF) for the
morphologically similar KD and M-KD cell
population in function of time. The fold in-
crease is expressed in relation to the cell area at
time 0. (B) Cartoon clarifying the mode of pro-
trusion, based upon measurements along axes.
Control MTLn3 and W-KD cells follow scheme
1, whereas KD and M-KD cells follow either
schemes 2 or 3. Vertical and horizontal axes
pass through the geometrical center of the cells.
(C) Measurement method of axial increase, t
seconds after EGF stimulation (only illustrated
along axis 2). Time 0 is time of EGF (5 nM)
addition via bath stimulation. (D) Mean in-
creases in distance along cell axes 1–4 in re-
sponse to EGF for cells of the four MTLn3 cell
populations. In total, 20 cells were used for each
group: i) control cells, ii) KD cells, iii) W-KD
cells, and iv) M-KD cells.
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proximal to the lipid–protein interface and that plasticity in
the docking site of the inositol group allows exploiting
neighboring positive residues 123–125 (Gorbatyuk et al.,
2006). Frantz et al. (2008) recently showed that charge
switching of His133 modulates the PI(4,5)P2 headgroup po-
sition on cofilin. The positive residues 123–125 of cofilin are
used as docking site only when His133 is neutral (i.e., at pH
7.5 or higher). When protonated (pH 6.0), His133 is modeled
to dock the headgroups and also interact via its side chain
with the terminal phosphates of PI(4,5)P2, thus strengthen-
ing the interaction. The D122K mutation introduces a posi-
tive charge proximal to the Lys123–125-PI(4,5)P2 docking
site. Based on current structural models (Gorbatyuk et al.,
2006, Frantz et al., 2008), this forms a putative structural
explanation for the increased affinity of D122K cofilin for
PI(4,5)P2 under conditions where this site is proposed to be
used in docking (i.e., at pH 7.5). Notwithstanding, our data
show that the positive effect of D122K on the cofilin–
PI(4,5)P2 interaction is also present at pH 6.0 in vitro and
thus seems additive to the positive effect sorted by His133
protonation. The structural basis of this requires further
study.

The absence of an effect of the D122K mutation on actin
interaction is supported by the structure of a complex be-
tween G-actin and the C-terminal cofilin-like domain of
twinfilin (Paavilainen et al., 2008). In this complex, the resi-
due corresponding to human cofilin D122 is in the long,
kinked actin-binding �-helix of cofilin but not in the actin–
cofilin binding interface. Moreover, yeast cofilins in which
the Asp, corresponding to D122, is mutated to Ala or Lys,
behave like WT in actin filament disassembly in vitro, also in
the presence of the cofilin partner Aip1 (Clark et al., 2006;
Clark and Amberg, 2007).

Collectively, this implies that differences between cells
expressing either D122K or WT cofilin are thus attributable
to a different PI(4,5)P2–cofilin interaction. Here, by using
FLIP, we demonstrated that, in cells, the mutant is retained
longer at the PM than WT, underscoring it also displays
stronger PI(4,5)P2 binding in vivo.

Based on the above-mentioned information, a different
balance in cofilin-PI(4,5)P2 complex formation is present in
D122K cofilin-expressing cells in comparison with parental
or WT-expressing cells. The PI(4,5)P2 hydrolysis rate itself is
not affected (Figure 2E). Our data demonstrate that this
imbalance in cofilin-PI(4,5)P2 regulation induces major dif-
ferences in cell migration patterns and growth factor-in-
duced membrane protrusion. This establishes a crucial con-
tribution for the direct cofilin-PI(4,5)P2 interaction in the
regulation of cellular steering and protrusion properties, as
is outlined below.

In NIH3T3 fibroblasts as well as in MTLn3 with reduced
endogenous cofilin levels, D122K cofilin results in a stronger
directionality of migration coupled to a higher cell speed.
Cofilin activity has previously been implicated in setting the
direction of migration in MTLn3 (DesMarais et al., 2004;
Ghosh et al., 2004; Mouneimne et al., 2006; Sidani et al., 2007)
and other cell types (Hotulainen et al., 2005). Our data dem-
onstrate that the regulation of cofilin activity by recruitment
and binding to and releasing from PI(4,5)P2 crucially con-
tributes to this steering process. First, D122K cofilin is un-
able to revert the highly directional migration of MTLn3 KD
cells to the random migration displayed by parental or
W-KD cells. Second, the higher directionality of D122K co-
filin-overexpressing fibroblasts shows that the mutant can in
part compete with endogenous cofilin via its advantageous
PI(4,5)P2 binding.

In MTLn3 cells, we provide evidence for a mechanism by
which cofilin–PI(4,5)P2 interaction kinetics determines cell
steering via an impact on lamellipodia initiation (Figure 9).
It has been shown previously that cofilin KD MTLn3 cells
are elongated and protrude in a uni- or bipolar manner
(Sidani et al., 2007). This is shown to induce Arp2/3 complex
enrichment in the front half of the cell and in the protruding
pole. This actin nucleator is apparently unable to redistrib-
ute to other sites in absence of cofilin (Sidani et al., 2007).
Cofilin activation at new sites near the membrane is pro-
posed to generate new actin filament barbed ends that upon
elongation provide sites where dendritic nucleation and ac-
tin filament extension can occur, thus leading to membrane
protrusion (Ichetovkin et al., 2002; DesMarais et al., 2004;
Mouneimne et al., 2004, 2006). Here, we show that D122K
cofilin-expressing MTLn3 cells (M-KD) more closely resem-
ble cofilin KD cells. Unlike what is observed upon WT cofilin
rescue or in parental MTLn3, M-KD cells still show an
elongated shape and do not display protrusive activity
along their entire periphery. This suggests that the cofilin–
PI(4,5)P2 interaction forms a crucial control point in the
regulatory mechanism driving initiation of new lamellipo-
dia in MTLn3 cells. For WT cofilin, this interaction will allow
initiating protrusions in an apolar manner resulting in fre-
quent cell turning and random migration behavior, which
are needed for efficient chemotaxis in these metastatic tumor
cells (Mouneimne et al., 2006; Sidani et al., 2007).

Despite these apparent similarities between M-KD cells
and cofilin KD cells, our data also show that unstimulated
M-KD cells do no longer display the enrichment of the
Arp2/3 complex in the front protruding region that was
reported for cofilin KD cells under similar conditions (Sidani
et al., 2007) (Supplemental Figure S4). This indicates that
whereas redistribution of the Arp2/3 is inhibited in the

Figure 8. D122K cofilin translocates slower
from the plasma membrane than WT cofilin. (A)
FLIP was measured in MTLn3 cells overexpress-
ing eGFP-WT cofilin (black) or eGFP-D122K co-
filin (gray) after bleaching in the cytosol at time
0 as indicated. The FLIP signal is expressed as
Per/Cyt (ratio of peripheral vs. cytosolic fluo-
rescence) in time (the initial ratio is set to 0, the
first measuring point after bleaching is set to 1).
Data shown represent the average of four inde-
pendent experiments with a total number of 31
and 33 cells for WT and D122K, respectively.
The solid lines represent the two-phase expo-
nential decay fitting based on the first 20s. (B)

�PM value � SEM (� values or mean time constants associated with fast component of 2-phase exponential decay) derived from data for cells
with eGFP-WT or eGFP-D122K cofilin shown in A; *p � 0.05 calculated using t test. Based on van Rheenen et al. (2007), �PM is representative
of the exchange kinetics of plasma membrane-bound cofilin; a higher � represents slower translocation kinetics.
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absence of cofilin (Sidani et al., 2007), the presence of D122K
cofilin with normal severing activity still generates sufficient
actin dynamics for allowing redistribution of the Arp2/3
complex within the entire cell. The absence of new lamelli-
podia and the retained elongated shape in M-KD cells, how-
ever, suggests this redistribution by itself is not sufficient for
lamellipodia initiation along the entire periphery as ob-
served in W-KD cells.

For D122K cofilin, the release from the PM in unstimu-
lated cells is slower in comparison to WT (Figure 8). This
is not based on slower rates of PI(4,5)P2 hydrolysis in-
duced by the expression of D122K cofilin (Figure 2C) and
thus a consequence of the higher affinity of this mutant for
PI(4,5)P2 observed in vitro (Figure 1). We explain the inabil-
ity of the D122K mutant to rescue defects in shape and
migration of cofilin KD-cells as follows. Because protrusive
activity is only restored locally in the pole and not all along
the cell periphery in M-KD cells, the cofilin release event
from PI(4,5)P2 is evidently a crucial local activation control
switch downstream of PLC activation and subsequent PLC-
induced PI(4,5)P2 hydrolysis (Figure 9). The increased affin-
ity for PI(4,5)P2, D122K cofilin will, in M-KD cells, lead to a
PM compartment filled with slower releasable cofilin mole-
cules. PI(4,5)P2-hydrolysis will therefore release cofilin less
efficiently, because the off-rate of D122K cofilin from
PI(4,5)P2 is slower. On EGF stimulation, PLC is only acti-
vated during a limited time frame at the membrane, coinci-
dent with the time of cofilin activity and the first transient of

actin polymerization (Mouneimne et al., 2004). PLC activa-
tion thus sets the timing and extent of cofilin release, thereby
generating a critical threshold level of active cofilin at the
membrane to initiate the events underlying subsequent pro-
ductive membrane extension. We hypothesize that D122K
cofilin expression prevents generation of new protrusions
along the periphery because the threshold of local active
cofilin is less frequently reached for this mutant within the
limited time frame of PLC activity due to the slower release
of D122K cofilin from PI(4,5)P2 (Figure 9). Together, this
explains why D122K cofilin displays such a dramatic effect
on cell morphology, lamellipodium initiation, and cell direc-
tionality (Figure 9).

Whereas new lamellipodial protrusion is strongly compro-
mised in M-KD cells, protrusion at the pole is surprisingly
increased. In this pole, an Arp2/3-containing lamellipodial
actin network is present (Sidani et al., 2007) (Supplemental
Figure S4A) in which cofilin is present throughout (Lai et al.,
2008). The positive effect of D122K cofilin only in this estab-
lished lamellipodium may result from its unaltered actin-
binding and -remodeling activity. Activated PLC is however
also shown to be enriched in existing lamellipodia in MTLn3
and other cells (Chou et al., 2003; Mouneimne et al., 2006).
We hypothesize that this locally higher activation of PI(4,5)P2-
hydrolyzing PLC [resulting in local lower PI(4,5)P2-levels]
compensates the negative effects of the mutant (observed at
other sites along the periphery) and results in sufficient
mutant cofilin released in the pole to locally obtain a WT

Figure 9. PI(4,5)P2–cofilin interaction controls the mode of EGF-induced protrusion and migration in MTLn3 cells: model of underlying
mechanisms in cofilin KD cells expressing either WT cofilin or D122K cofilin. The extent of release of active cofilin from PI(4,5)P2 within the
timeframe of PLC activation and resulting PI(4,5)P2 hydrolysis is the key control point in lamellipodia initiation. Released cofilin is modeled
to sever actin filaments in the periphery, an event followed by Arp2/3-mediated actin nucleation and lamellipodia extension. Uncompro-
mised cofilin activation and lamellipodia initiation in WT cells results in protrusion along the entire periphery (apolar protrusion) and
random walking. Due to its higher affinity for PI(4,5)P2, D122K is released slower resulting in insufficient release of cofilin and no new side
protrusion formation. In the established lamellipodia in the pole, activated PLC is enriched (Chou et al., 2003; Mouneimne et al., 2006). This
will locally result in stronger PI(4,5)P2 decrease, which we suggest compensates the slower D122K cofilin release and results in normal
cofilin-mediated protrusion at the pole. In combination, this results in directional migration of cells expressing the mutant. EGFR-P,
phosphorylated EGF receptor; PLC-P, phosphorylated (active) phospholipase C; DAG, diacylglycerol; and IP3, inositol-1,4,5-trisphosphate.
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effect (Figure 9). Another possible and nonmutually exclu-
sive mechanism underlying the locally higher release of
D122K cofilin in the protruding pole may be the pH-depen-
dent interaction with PI(4,5)P2. Proton exchange channels
(such as Na�/H� exchanger isoform 1 [NHE1]) are in sev-
eral cell lines reported to be enriched in established lamel-
lipodia, activated downstream of EGF stimulation, and im-
portant in directed motility (Denker and Barber, 2002). In
line with the reported synergy between regulation by pH
and by PI(4,5)P2 (Frantz et al., 2008) and assuming an en-
richment of NHE1 in the poles of M-KD cells, a resulting
local increase in pH might increase D122K cofilin release
and result in sufficient mutant cofilin to locally obtain a WT
effect.

PI(4,5)P2-regulation of cofilin forms part of the different
cofilin regulatory mechanisms that will act in conjunction to
result in tightly controlled, temporal and spatial cell effects
such as polarization and directional movement. A role for
cofilin phospho-regulation in directional migration of MTLn3
cells has already previously been demonstrated; the constitu-
tively active and unphosphorylatable S3A cofilin has indeed
been shown to inhibit directional sensing (Mouneimne et al.,
2006). However, because our data suggest that D122K cofilin is
similarly phosphorylated as WT cofilin (Figure 3), the defects
of M-KD cells clearly establish a role for the direct cofilin–
PI(4,5)P2 interaction in lamellipodial initiation and subsequent
cell steering (Figure 9).

In conclusion, by unbalancing the cofilin–PI(4,5)P2 inter-
action in cells, we establish that this direct interaction deter-
mines local and temporal activation of cofilin downstream of
EGF-induced PLC activation and is thus an important type
of regulation, next to cofilin de/phosphorylation and pH
regulation. Release of a crucial level of cofilin from PI(4,5)P2
locally triggers initiation of a new lamellipodium and em-
powers an inherently apolar and randomly migrating cell to
change direction. Our data suggest that affecting the release
of cofilin from PI(4,5)P2 in a negative manner forces direc-
tional migration in inherently apolar cells (MTLn3) and re-
inforces it in inherently polarized cells (NIH3T3). Future
studies will need to show how this PI(4,5)P2-dependent
spatial and temporal regulation of cofilin activity determines
cell properties in other cell contexts.
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