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The cytoskeleton is a key regulator of morphogenesis, sexual reproduction, and cellular responses to extracellular stimuli.
Changes in the cellular architecture are often assumed to require actin-binding proteins as stimulus-response modulators,
because many of these proteins are regulated directly by binding to intracellular second messengers or signaling
phospholipids. Phosphatidic acid (PA) is gaining widespread acceptance as a major, abundant phospholipid in plants that
is required for pollen tube tip growth and mediates responses to osmotic stress, wounding, and phytohormones; however,
the number of identified effectors of PA is rather limited. Here we demonstrate that exogenous PA application leads to
significant increases in filamentous actin levels in Arabidopsis suspension cells and poppy pollen grains. To investigate
further these lipid-induced changes in polymer levels, we analyzed the properties of a key regulator of actin filament
polymerization, the heterodimeric capping protein from Arabidopsis thaliana (AtCP). AtCP binds to PA with a Ky value
of 17 uM and stoichiometry of ~1:2. It also binds well to PtdIns(4,5)P,, but not to several other phosphoinositide or acidic
phospholipids. The interaction with PA inhibited the actin-binding activity of CP. In the presence of PA, CP is unable to
block the barbed or rapidly growing and shrinking end of actin filaments. Precapped filament barbed ends can also be
uncapped by addition of PA, allowing rapid filament assembly from an actin monomer pool that is buffered with profilin.
The findings support a model in which the inhibition of CP activity in cells by elevated PA results in the stimulation of
actin polymerization from a large pool of profilin-actin. Such regulation may be important for the response of plant cells

to extracellular stimuli as well as for the normal process of pollen tube tip growth.

INTRODUCTION

Membrane phospholipids are key regulators of cellular sig-
naling responses and reorganization of the cytoplasmic ar-
chitecture in all eukaryotic cells. Although much early work
in this arena focused on the role of polyphosphoinositide
(PPI) turnover, there is growing evidence for the function of
other acidic phospholipids as signaling intermediates. In
particular, phosphatidic acid (PA) and lysophospholipids
are implicated in diverse signaling cascades (Meijer and
Munnik, 2003; Wang, 2004; Testerink and Munnik, 2005). PA
is generated through two major pathways: hydrolysis of the
structural lipid phosphatidylcholine by phospholipase D
(PLD) enzymes, and phosphorylation of the lipid second
messenger diacylglycerol (DAG) by DAG kinase (Meijer and
Munnik, 2003; Wang, 2004; Testerink and Munnik, 2005). In
animal cells, actin cytoskeleton polymerization is stimulated
by PA (Ha and Exton, 1993; Ha et al., 1994; Zhou et al., 1995;
Siddiqui and English, 1997; Shin et al., 1999), and both PA
and PLD activity have been implicated in multiple stress
signaling responses of plant cells (Meijer and Munnik, 2003;
Wang, 2004).

Transient increases in cellular PA in response to a variety
of stresses have been measured for different plant cells.
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These include responses to fungal elicitors and bacterial
nodulation factors, the phytohormone abscisic acid, osmotic
and cold stresses, and wounding (reviewed in Meijer and
Munnik, 2003; Wang, 2004; Testerink and Munnik, 2005).
Many of these stress responses correlate with rapid and
dramatic changes in actin cytoskeleton organization (Staiger,
2000; Drebak ef al., 2004). For example, in response to attack
by fungal pathogens or elicitor, epidermal cells accumulate
a unique actin array at the site of penetration (Kobayashi et
al., 1992, 1994; Gross et al., 1993). In another case, Vicia and
bean root hairs respond to lipochito-oligosaccharide Nod
factors produced by Rhizobium spp. with a transient depo-
lymerization of the actin cytoskeleton followed by formation
of a new actin cytoskeletal array that coordinates the re-
sumption of tip growth (Cardenas et al., 1998; Miller et al.,
1999). Several effectors of PA signaling have been identified,
including protein kinases and phosphatases, lipid kinases,
ion channels, and NADPH oxidase, but their role in these
particular stress responses remains ambiguous (Meijer and
Munnik, 2003; Anthony et al., 2004; Testerink et al., 2004;
Zhang et al., 2004). A recent study by Lee et al. (2003) showed
that exogenous application of PA to soybean suspension-
culture cells resulted in a substantial increase in actin fila-
ment levels, presumably functioning through a calcium-
dependent protein kinase.

PA and PLD activity are also implicated in the actin-
dependent tip growth of root hairs and pollen tubes (Ohashi
et al., 2003; Potocky et al., 2003; Samaj et al., 2004; Monteiro et
al., 2005a). Reducing the normally high cellular levels of PA
with 1-butanol treatment inhibits pollen germination and tip
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growth (Potocky et al., 2003; Monteiro et al., 2005a). This
reduction correlates with dissipation of the tip-focused Ca®*
gradient, loss of secretory vesicles from the apical region,
and enhanced bundling and disorganization of the actin
filaments (Monteiro ef al., 2005a). Increasing cellular PA by
the exogenous application of lipid stimulates pollen germi-
nation and alleviates the effects of 1-butanol (Potocky et al.,
2003; Monteiro et al., 2005a). It has also been reported that
excess PA stimulates an increase in actin filaments at the tip
region of pollen tubes (Monteiro et al., 2005b). Because ger-
mination and tip growth depend on precise regulation, or-
ganization, and dynamics of the actin cytoskeleton (Gibbon
et al., 1999; Vidali et al., 2001), actin and its associated pro-
teins are likely cellular targets and sensors of fluctuations in
PA levels.

The function of the actin cytoskeleton is coordinated by
more than 70 classes of actin-binding protein (ABP). Many of
these have been documented as stimulus-response elements,
coordinating fluxes through PPI pools into reorganization of
the cytoskeleton and concomitant changes in cellular archi-
tecture or motility. Many ABPs have been characterized for
the ability to bind PtdIns(4,5)P,, but there is growing evi-
dence for binding to and regulation by 3-phosphorylated
PPIs (Yin and Janmey, 2003). Only one ABP appears to be
strongly regulated by other phospholipids; human gelsolin
binds to lysoPA and its filament severing and barbed-end
capping activities are inhibited by this biologically active
lipid (Meerschaert et al., 1998). Gelsolin is not, however,
regulated by PA (Meerschaert ef al., 1998), nor is profilin
(Lassing and Lindberg, 1985), a-actinin (Fraley et al., 2003),
or chicken CapZ (Schafer et al., 1996). Several plant ABPs
have been isolated and characterized (Staiger and Hussey,
2004), and some are also regulated by PtdIns(4,5)P,, includ-
ing profilin (Drebak et al., 1994), ADF/ cofilin (Gungabissoon
et al., 1998), and capping protein (CP; Huang et al., 2003).

Here, we report that Arabidopsis thaliana CP, a het-
erodimeric capping protein that binds to the barbed ends of
actin filaments (Huang et al., 2003), is regulated by a mod-
erate affinity interaction with PA. To our knowledge, this is
the first evidence for the marked regulation of any eukary-
otic ABP by this particular phospholipid. The biological
significance of this finding is given further credibility be-
cause of the high levels of endogenous PA found in plant
cell membranes (Dorne et al., 1988; Zonia and Munnik, 2004;
Li et al., 2004). With kinetic analyses of pyrene-actin assem-
bly and disassembly, we demonstrate that binding to PA
inhibits the nucleation and barbed-end capping activity of
CP. These results were confirmed by the analysis of single
actin filaments with fluorescence microscopy. We propose a
model whereby PA modulates actin cytoskeleton organiza-
tion in plant cells. Specifically, increased cellular PA is pre-
dicted to stimulate the uncapping of filament barbed ends,
leading to the extension of actin filaments from a large pool
of profilin—actin subunits. Indeed, we verify that exogenous
PA treatment of pollen and suspension cells leads to a
significant increase in actin filament levels. Our model could
explain the behavior of actin cytoskeletal arrays observed
during several plant stress responses and during normal
extension of pollen tubes by tip growth.

MATERIALS AND METHODS

Phospholipid Preparation

The following phospholipids were purchased from Sigma-Aldrich (St. Louis,
MO): 1,2-diacyl-sn-glycero-3-phosphate from egg yolk (P9511, PA); 1,2-diacyl-sn-
glycero-3-phospho-(1-p-myo-inositol) (P5766, PtdIns); 1,2-diacyl-sn-glycero-3-
phospho-(1-p-myo-inositol 4,5-bisphosphate) (P9763, PtdIns(4,5)P,); 1-oleoyl-sn-
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glycerol 3-phosphate (L7260, LPA), and phosphatidylserine (PS). All PPIs used in
this study were dipalmitoyl derivatives. Phospholipids were dissolved in chlo-
roform and the solvent was evaporated under a stream of N,. After addition of
water, the mixture was allowed to sit for 5 min and then was dispersed by
sonication in a water bath for 5 min to form micelles or multilamellar vesicles,
which were stored on ice before use.

Growth of Arabidopsis Suspension Cell Cultures and
Poppy Pollen Germination

An A. thaliana Columbia-0 suspension cell culture was obtained from Nick
Carpita (Purdue University) and maintained by subculturing weekly into 50
ml of culture medium containing 3.2 g/1 Gamborg-B5 with minimal organics
(Sigma), 2% (wt/vol) sucrose, 1.1 mg/ml 2,4-D, and 10 mM 2-(N-morpho-
lino)-ethanesulfonic acid (MES), pH 5.7. Cultures were grown in Erlenmeyer
flasks at room temperature, under ambient light, with constant shaking
(115-rpm rotation). After 3-4 d of subculture, cells were used for PA treat-
ments. Germination of Papaver rhoeas (field poppy) pollen (generously pro-
vided by Noni Franklin-Tong, University of Birmingham, United Kingdom)
was performed according to Snowman et al. (2002). The counting of germi-
nation rate was performed according to Gibbon et al., (1999). After 1 h of
growth, any protrusion from the germination aperture was scored as positive
for germination. At least 200 pollen grains were counted for each treatment
and experiments were repeated three times.

Imaging of Actin Filaments and Fluorescent PA

The internalization of exogenously supplied PA was examined according to
Potocky et al. (2003) with the addition of 1 uM BODIPY-PA (p-3805; Molecular
Probes, Eugene, OR) into pollen germination medium. Images were collected
with a Bio-Rad MRC 1024 confocal laser scanning microscope (Bio-Rad,
Hercules, CA) equipped with a 60X 1.4 NA PlanApo objective (Nikon,
Melville, NY). Images were acquired from near the medial plane of each cell,
0.5-um optical sections were scanned and captured, and three Kalman-filtered
scans were averaged for each optical section.

Pollen grains were stained with Alexa-488-phalloidin (Molecular Probes) as
described by Snowman et al. (2002). Microscopy was performed on the laser
scanning confocal platform described above. The fluorescent phalloidin was
excited with the 488-nm line of a Kr/Ar laser, 0.5-um optical sections were
scanned and captured, and three Kalman-filtered scans were averaged for
each optical section. Images were prepared by projections of 40 optical sec-
tions through an individual pollen grain. For the colocalization of actin
filaments and BODIPY-PA, pollen tubes were fixed and stained with rhoda-
mine-phalloidin as described above, after incubating with 1 uM BODIPY-PA
for 1 h in germination medium. Images were acquired by spinning disk
confocal microscopy with a 100X 1.4 NA PlanApo objective mounted on a
Nikon T200 stand. Illumination through the Yokogawa spinning disk unit
(CSU10B; Yokogawa Electronics Co., Tokyo, Japan) was generated by a Co-
herent Innova 70c mixed gas laser (Prairie Technologies, Middleton, WI) with
lines at 488 nm and 568 nm provided by an acoustic-optical tuned filter. Single
optical sections were collected with a Photometrics Coolsnap HQ CCD cam-
era (Roper Scientific, Tucson, AZ) driven by MetaMorph 6.1 software (Uni-
versal Imaging, Downington, PA).

To analyze the pixel intensity of individual pollen grains, pollen was
observed by epifluorescence illumination under a wide-field fluorescence
microscope (Nikon E600) equipped with a 60X 1.4 NA PlanApo objective. The
digital images of pollen grains were collected with a Hamamatsu Orca-100
CCD camera (Hamamatsu Photonics, Bridgewater, NJ) and were processed
and analyzed with Metamorph software.

Quantification of Filamentous Actin

The measurement of actin filament levels in poppy pollen grains treated with
different phospholipids for 80 min was according to the method of Gibbon et
al. (1999), as modified by Snowman et al. (2002). For actin filament quantifi-
cation of Arabidopsis suspension cells, the method was based on that for pollen
with the following modifications: A 1-ml volume of Arabidopsis suspension
cell was treated with various concentrations of PA or with PS as a phospho-
lipid control. After incubation with phospholipids for 2 h, cells were stabi-
lized and fixed by the addition of 300 uM 3-maleimidobenzoyl-N-hydroxy-
succinimide ester (MBS; Sigma), and NP-40 was added to a final concentration
0.05%. The cells were washed three times with TBST (50 mM Tris-HCl, pH 7.5,
200 mM NaCl, 0.05% NP-40) and neutralized in TBST containing 1 mM DTT.
After extensive washing, the suspension cells were incubated with 2 uM
Alexa-488-phalloidin and 5 uM ethidium bromide (EB) overnight. Actin
filament levels were determined by eluting bound phalloidin from cells with
methanol, and the resulting solution analyzed by spectrofluorometry with
excitation at 492 nm and emission at 514 nm. The cell number was estimated
by measuring the eluted EB with excitation and emission wavelengths of 513
and 615 nm. The relative actin filament content was defined by phalloidin
fluorescence divided by EB fluorescence.

Protein Purification

Recombinant A. thaliana capping protein (AtCP) was purified from Escherichia
coli as described previously (Huang et al., 2003). Actin was isolated from
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rabbit skeletal muscle acetone powder, and monomeric Ca-ATP-actin was
purified by Sephacryl S-300 chromatography (Kouyama and Mihashi, 1981; as
modified by Pollard, 1984) in Buffer G (5 mM Tris-HCl, pH 8, 0.2 mM ATP, 0.1
mM CaCl,, 0.5 mM DTT, 0.1 mM azide). Actin was labeled on Cys-374 with
pyrene iodoacetamide (Pollard, 1984). Mouse capping protein (MmCP; «132
heterodimer) was kindly provided by D. R. Kovar (Yale University).

Phospholipid Binding

The interaction of CP with acidic phospholipids was tested by protein-lipid
blot overlays according to the methods of Dowler et al. (1999). Commercially
available PIP-strips (P-6001; Echelon Biosciences, Salt Lake City, UT) were
blocked in a solution of 3% (wt/vol) fatty acid free BSA (Sigma; A-3803) in
TBST for 1 h at room temperature. The blocking solution was supplemented
with 5 pug/ml (83 nM) of purified CP and the membranes incubated overnight
at 4°C with agitation. After removing the protein solution and extensive TBST
washes, membranes were incubated with 1:1000 polyclonal anti-AtCPA and
anti-AtCPB (Huang et al., 2003) followed by 1:100,000 HRP-conjugated anti-
rabbit IgG (Sigma). Antibody-protein complexes were visualized by en-
hanced chemiluminescence (Pierce Supersignal West Pico substrate; Rock-
ford, IL) and exposed to autoradiographic film. Experiments were performed
at least three times, and controls for specificity included omitting the actin-
binding protein or the primary antibody and use of other plant actin-binding
proteins.

Intrinsic Tryptophan Fluorescence

An equilibrium dissociation constant (K;) for the binding of AtCP and MmCP
to phospholipids was determined by measuring the quenching of intrinsic
tryptophan fluorescence as described by Lin et al. (1997). Fluorescence spectra
were recorded at room temperature with an PTI Quantamaster spectrofluo-
rometer (QM-2000-SE; Photon Technology International, South Brunswick,
NJ). Briefly, 2 ml of CP solution (100 nM) in 25 mM HEPES, 100 mM KCl, 0.4
mM EGTA, 0.5 mM B-mercaptoethanol, pH 7.5, was placed in a 1-em? quartz
cuvette and stirred with a mini-magnetic stirrer. After allowing 5 min for
equilibration, using excitation at 292 nm, the tryptophan fluorescence emis-
sion spectrum (300-400 nm) was recorded. Titration was performed by
multiple additions of phospholipids from a stock solution. For PA, the stock
solution was 3.6 mM, and additions ranged from 3.6 to 132.1 uM final
concentration; for LPA, the stock solution was 4.3 mM, and additions ranged
from 4.3 to 159 uM; for PtdIns(4,5)P,, the stock solution was 940 uM, and
additions ranged from 0.9 to 34.8 uM. After each addition of micelles, fluo-
rescence was monitored in the spectrofluorometer. Although AtCP contains
seven tryptophan residues between the two subunits (Huang ef al., 2003), we
assumed for purposes of this analysis a simple two-state mechanism of
fluorescence change. The affinity of CP for various phospholipids was deter-
mined by quenching of CP fluorescence as a function of the concentration of
phospholipid using Equation 1:

(Kd + [P] + [CP] = /(Kd + [P] + [CP])* — (4[I’][CP])) M

F=F+ Fb< 2[CP]
where F is the observed fluorescence, F; the fluorescence of free CP, F, the
fluorescence of AtCP bound to phospholipid, [P] is the total concentration of
phospholipid, and [CP] is the total concentration of AtCP. The stoichiometry
of binding (p) was determined by the method of Stinson and Holbrook (1973):

1/(1 = 60) K, = [lipidy]/ 6 — p[CPy] @

where 0 is the fractional binding (AF/AF,,.,), p is the stoichiometry of
binding, [lipidy] is the total concentration of phospholipid, and [CP;] is the
total capping protein concentration. The fluorescence maximum (F,,,,) was
estimated by extrapolation of the regression line to the ordinate of double
reciprocal plots of fluorescence change (AF) versus [phospholipid residues]
(Gibbon et al., 1998). When 1/(1 — 6) is plotted against [lipid;]/ 6 the intercept
with the x-axis is p [CPy]. p can then be calculated by dividing the intercept
with CP concentration (Ward, 1985).

Actin Nucleation Assay

Actin nucleation was carried out essentially as described by Schafer et al.
(1996). Monomeric actin at 2 uM (5% pyrene labeled) was incubated with 500
nM AtCP for 5 min in Buffer G. To test the effect of phospholipids on
nucleation, 500 nM AtCP was preincubated with varying concentrations of
phospholipids in Buffer G for 5 min. Fluorescence of pyrene-actin was mon-
itored with the spectrofluorometer after the addition of 1/10 volume of 10X
KMEI (1X contains 50 mM KCI, 1 mM MgCl,, 1 mM EGTA, and 10 mM
imidazole-HCI, pH 7.0).

Dynamics of Actin Filament Depolymerization

Filamentous actin at 5 uM (40-50% pyrene labeled) was mixed with 500 nM
AtCP, incubated at room temperature for 5 min, and diluted 25-fold into
Buffer G (Huang et al., 2003). To test the effect of phospholipids on actin
filament depolymerization, 500 nM AtCP was preincubated with varying
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concentrations of phospholipids in Buffer G for 5 min. The decrease in pyrene
fluorescene accompanying actin depolymerization was monitored for 1000 s
after dilution.

Filament Uncapping Assay

The uncapping assay is a modification of the actin elongation assay described
previously (Huang et al., 2003). AtCP, 200 nM, was incubated with 0.8 uM
preformed actin filaments in KMEI for 5 min at room temperature. The
reaction mixtures were supplemented with 1 uM G-actin (5% pyrene labeled),
saturated by 4 uM human profilin I to prevent spontaneous nucleation, and
various concentrations of phospholipid. Fluorescence of pyrene-actin was
monitored with the spectrofluorometer after the addition of the mixture. In
the absence of PA, virtually no assembly of new actin filaments was observed
during the time course of the assay.

Determination of Association and Dissociation Rate
Constants

We determined rate constants for capping of actin filaments by simulating the
time course of actin elongation in the presence of AtCP using the reactions in
the model shown below, according to Schafer et al. (1996) and Blanchoin and
Pollard (2002), where A is the actin monomer bound to profilin, N is the
concentration of filaments ends, F is the concentration of actin in filaments,
and C is capping protein concentration. We used KINSIM (Barshop et al.,
1983) and FITSIM (Zimmerle and Frieden, 1989) to adjust experimental curves
to theoretical curves: A + N F + Nand N + C & NC.

Three separate experiments were performed roughly according to the
elongation assay described by Schafer ef al., (1996), and each resulting set of
polymerization curves was fit independently with KINSIM and FITSIM. In
these reactions, 1.2 uM actin assembled into filaments served as the “seeds”
for polymerization from a pool of profilin-bound actin monomers in the
presence or absence of different amounts of AtCP. To initiate assembly, seeds
were added to a cuvette containing 1 uM monomeric actin (5% pyrene
labeled), 4 uM human profilin I, and varying amounts of AtCP prepared in
1X KMEI, and the change in fluorescence was monitored for 1200 s.

Fluorescence Microscopy of Actin Filaments

Individual actin filaments labeled with fluorescent phalloidin were imaged by
fluorescence microscopy as described previously (Huang et al., 2003). To test
the effect of phospholipids on actin polymerization, 500 nM AtCP was pre-
incubated with varying amounts of phospholipid micelles. Actin filaments
were observed by epi-fluorescence illumination under a Nikon Microphot SA
microscope equipped with a 60X, 1.4 NA Planapo objective, and digital
images were collected with a Hamamatsu ORCA-ER CCD camera using
MetaMorph software.

RESULTS

Exogenous PA Treatment Results in Increased Actin
Filament Levels in Plant Cells

Recently, Lee et al. (2003) found that applying PA to suspen-
sion-cultured soybean cells caused a substantial increase in
the amount of actin present in the polymer pool. We ex-
tended this finding by applying PA at various concentra-
tions to Arabidopsis suspension cells and to P. rhoeas (field
poppy) pollen. It seems likely that PA enters intracellular
compartments where it can interact with cytoplasmic pro-
teins, because a substantial amount of BODIPY-labeled PA
has been shown to enter pollen tubes with a timecourse of
10-30 min (Potocky ef al., 2003). We confirmed this by sup-
plying BODIPY-PA to hydrated poppy pollen and imaging
its uptake with fluorescence microscopy (Figure 1). Within
minutes of incubation in 1 uM BODIPY-PA, the cytoplasm
of Papaver pollen grains and pollen tubes became brightly
and uniformly fluorescent (unpublished data). After 20-30
min, fluorescent PA was also observed in numerous, large
organelles (Figure 1, B and D). Time-lapse imaging revealed
that these organelles were motile and required actin fila-
ments for movement, because they were stationary after brief
treatments with 1 uM latrunculin B (unpublished data). Cola-
beling with rhodamine-phalloidin and imaging with spinning
disk confocal microscopy shows that the organelles were sur-
rounded by, and sometimes appeared to reside on, the axial
network of actin filament cables or bundles (Figure 1E).

Molecular Biology of the Cell



Figure 1. Exogenous BODIPY-PA is taken into Papaver rhoeas (field
poppy) pollen grains and pollen tubes. BODIPY-PA, 1 uM, was
added to the germination medium and incubated for 1 h. Images
were acquired by confocal laser scanning microscopy. (A-D) Single
optical sections from the medial plane. Bar, (A) 10 um for A and B;
(C) 20 pum for C and D. (A) Untreated pollen grain. (B) Pollen grain
treated with 1 uM BODIPY-PA. (C) Untreated pollen tube. (D)
Pollen tube treated with 1 uM BODIPY-PA. (E) Pollen tube labeled
with rhodamine phalloidin to stain actin filaments (red) and with
BODIPY-PA (green). The two-color image is a a single optical sec-
tion through a medial plane of the pollen tube, collected by spinning
disk confocal microscopy. Bar, 10 um.

In populations of PA-treated cells and untreated controls,
actin filament levels were analyzed using a quantitative
phalloidin-binding assay that has been adapted for use in
plant cells (Gibbon et al., 1999; Snowman et al., 2002). As
shown in Figure 2, modest treatments with PA (10-100 uM
for <2 h) resulted in 20-40% increases in measurable actin
filament levels for both cell types. In both instances, fluores-
cence levels from control populations without exogenous
PA were normalized to 100%. For Arabidopsis suspension
cells, treatment with 50 and 100 uM PA resulted in actin
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filament levels that were 123 * 2 and 115 * 6% (mean * SD;
n = 3) of the control (Figure 2A). These differences are
specific because treatment with another acidic phospholipid,
PS, had no measurable effect on actin filament levels (98 =
4%). The actin filament levels in PA-treated cells were sig-
nificantly different from the PS-treated cells (Student’s f test,
p < 0.02). As shown in Figure 2B, poppy pollen grains also
showed elevated actin filament levels in response to PA.
Treatments with 25, 50, and 100 uM PA gave levels (mean =
SD; n = 3) that were 134 = 12,125 *+ 8, and 109 * 4% of the
control without lipid treatment. Again, all of these actin
filament levels were significantly different (p < 0.03) from
the PS-treated controls, which had a mean value of 96 = 8%.
Additionally, the closely related lipid, lyso-PA (LPA) had no
significant effect when applied at 25, 50, and 100 uM (mean
values of 93 *= 14, 85 * 21, 84 = 21%, respectively). This
finding seems to exclude the possibility that increases in
filamentous actin are due to LPA that contaminates many
commercial preparations of PA. Thus, increases in cellular
PA levels can result in net actin polymerization for several
types of plant cell. It is noteworthy that the greatest effects
on polymeric actin levels were observed with low concen-
trations of PA. This suggests that there may be multiple
cytoskeletal targets for PA action.

The spectrofluorometry results from cell populations were
confirmed and extended with fluorescence microscopy of
single cells after Alexa-488-phalloidin labeling. Typically,
the actin cytoskeleton appeared brighter and somewhat
more dense in pollen grains treated with PA (Figure 2C,
right image) when compared with those treated with PS
(Figure 2C, left image) or untreated (unpublished data).
These hydrated and germinating pollen grains have a retic-
ulate network of actin filaments filling the cytoplasm; al-
though PA increases the brightness of these arrays, it does
not alter the overall organization. Similar increases in fluo-
rescence level were observed for early bicellular pollen that
have an additional cage of actin filaments surrounding the
generative cell and vegetative nucleus (unpublished data;
see also Snowman et al., 2002). The average fluorescence
pixel intensity of individual grains was 1561 = 26 (n = 140)
and 1615 = 31 (n = 127) for untreated and PS-treated pollen,
respectively (Figure 2D). By contrast, the fluorescence inten-
sity of pollen grains treated with 25 uM PA had a value of
2343 = 37 (n = 165). Because PA treatment appears to
elevate actin filament levels in pollen grains, we wanted to
know whether this had any effect on germination rate. As
shown in Figure 2E, the mean germination rate (+SD; n = 3)
for untreated controls and pollen grains treated with 100 uM
PS was 63.0 = 0.8 and 61 = 9%, whereas 25, 50, and 100 uM
PA treatments gave values of 68 * 6, 64 = 6, and 64 = 10%,
respectively. These results show that exogenous PA caused
no significant change in pollen germination frequency. Thus,
PA treatment leads to enhanced levels of filamentous actin
in poppy pollen grains but does not have a detrimental effect
on pollen germination.

The primary alcohol, 1-butanol, can be used as an effective
inhibitor of PA signaling through the PLD pathway (Tes-
terink and Munnik, 2005). PLD is able to use primary alco-
hols rather than water as an acceptor for the phosphatidyl
group, leading to the production of phosphatidylbutanol
rather than PA. This effectively reduces cellular PA levels in
many cells, including pollen (Monteiro et al., 2005). To test
whether decreasing cellular PA might also change actin
filament levels, we applied 1-butanol to poppy pollen at
concentrations between 10 and 100 mM for 30 min. Filamen-
tous levels were quantified in the fluorimeter with the assay
described above. Relative levels of filamentous actin follow-
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Figure 2. PA treatment elevates the level of
filamentous actin. (A) Filamentous actin was
quantified by fixing Arabidopsis suspension cells
and incubating them with a saturating concen-
tration of Alexa 488-phalloidin. After washes to
remove unbound phalloidin, Alexa-phalloidin
was stripped from the actin filaments by meth-
anol treatment and quantified in the fluorome-
ter. To normalize for cell numbers, ethidium
bromide was included in the original staining
mixture, and fluorescence was expressed as a
ratio of phalloidin divided by ethidium values.
Ctrl (no treatment), PA50 (50 uM PA), PA100
(100 uM PA), and PS100 (100 uM PS) treat-
ments were performed for 2 h by addition of
phospholipid to the culture medium. Each bar
represents the mean value (+SD) from three
separate experiments. The ratio of phalloidin/
ethidium bromide for the control population
was given a value of 100% for each experiment.
(B) Filamentous actin was quantified by fixing
Papaver rhoeas pollen and incubating with a sat-
urating concentration of Alexa 488-phalloidin.
Bound fluorescent-phalloidin was removed
from pollen with methanol and quantified by
fluorimetry. Ctrl (no treatment), PA25 (25 uM
PA), PA50 (50 uM PA), PA100 (100 uM PA),
and PS100 (100 uM PS). Additional treatments
included LPA at 25, 50, and 100 uM. Each bar
represents the mean value (+SD) from three
separate experiments. The control fluorescence
was set to 100% for each experiment. (C) The
effect of exogenous PA treatment on the actin
cytoskeleton of pollen grain was visualized by
confocal laser scanning microscopy after stain-
ing with Alexa-488-phalloidin. Left, a pollen
grain treated with 100 uM PS; right, a pollen
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ing 10, 50, and 100 mM 1-butanol treatment were 108 = 12,
101 = 10, 108 = 6%, respectively. Moreover, treatments for
1 h with 100 mM 1-butanol also did not significantly reduce
actin filament levels (102 * 5%). The inactive secondary
alcohol, sec-butanol, at 100 mM also had little effect on actin
filament levels (106 = 2%). Thus, increasing cellular PA
stimulates actin polymerization, whereas reducing PA has
no effect on actin filament levels.

Arabidopsis CP Binds to Specific Acidic Phospholipids

Many eukaryotic ABPs, including plant profilin, ADF/cofi-
lin, and capping protein (Drebak et al., 1994; Gungabissoon
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grain treated with 25 uM PA. Confocal settings
and image collection and display parameters
were identical between treatments. Images
shown are z-series stacks of 40 optical sections.
Scale bar, 10 um. (D) The average pixel inten-
sity was measured for the pollen grains by
wide-field fluorescence microscopy. Ctrl (no
treatment), PA (25 uM PA), PS (100 uM PS).
More than 100 grains were measured for each
treatment and the mean values (£SD) are plot-
ted. (E) The effect of exogenous PA on the pol-
len germination rate. At least 200 pollen grains
were counted for each treatment. Each bar rep-
resents the mean value from three experiments.
Error bars, SD.

et al., 1998; Huang et al., 2003), bind to PPI lipids, and this
interaction regulates their association with actin (Yin and
Janmey, 2003). By binding to the rapidly growing end of
actin filaments, the heterodimeric CP from Arabidopsis
(AtCP) likely plays a central role in modulating polymer
levels and dynamics (Huang et al.,, 2003). We tested the
ability of AtCP to bind a variety of acidic phospholipids
with protein-lipid blot overlay assays, as shown in Figure
3A. AtCP showed a marked preference for PA, but did not
bind at all to other phospholipids like phosphatidylcholine,
PS, or phosphatidylethanolamine. There was also reproduc-
ible (n = 3) interaction with a subset of the PPIs, including
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Figure 3. Arabidopsis capping protein (AtCP) binds to PA. (A) Blot
overlay assays were used to detect protein-lipid interactions. PIP strips
contain an array of acidic phospholipids, including lysophosphatidic acid
(LPA); lysophosphocholine (LPC); phosphatidylinositol (PtdIns);
PtdIns(3)P; PtdIns(4)P; PtdIns(5)P; phosphatidylethanolamine (PE); phos-
phatidylcholine (PC); sphingosine-1-phosphate (S1P); PtdIns(3,4)P.;
PtdIns(3,5)P,; PtdIns(4,5)P,; PtdIns(34,5)P;; phosphatidic acid (PA); and
phosphatidlyserine (PS). Each spot contains 100 pmol of phospholipid,
and the membrane was challenged with 5 ug/ml protein (83 nM). AtCP
was detected with a mixture of two polyclonal antisera raised against the
a and B subunits (Huang et al., 2003). AtCP shows a preference for PA. (B)
Tryptophan fluorescence emission spectra for AtCP. The excitation wave-
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PtdIns(3)P and PtdIns(5)P, although this was noticeably
weaker than for PA. Surprisingly, given the recent demon-
stration of AtCP regulation by PtdIns(4,5)P, (Huang et al.,
2003), this lipid was poorly detected on the protein-lipid
overlays. Perhaps this is an artifact of the solid-phase inter-
action between lipids and the nitrocellulose that is used as a
support for the assay.

To confirm and extend the specificity of AtCP binding to
various phospholipids and to measure the affinity, assays that
monitored the quenching of protein intrinsic tryptophan fluo-
rescence upon binding PA, PtdIns(4,5)P, and LPA were per-
formed. This method has been used routinely to study the
binding of several ABPs, such as profilin (Lu et al., 1996), CapG
(Lin et al., 1997), and villin (Kumar et al., 2004) to PtdIns(4,5)P,
and D3-PPIs. AtCP had an emission maximum of around 325
nm, whereas lipid vesicles alone had no fluorescence at the
excitation wavelength used here. A plot of the AtCP fluores-
cence emission spectrum showed that with each addition of
PA, the endogenous tryptophan fluorescence was reduced
(Figure 3B). By fitting the data points for fluorescence emission
at 325 nm to Equation 1 (Materials and Methods), a K4 value of
21 uM was calculated (Figure 3C).

From at least three such experiments with AtCP, a mean
K4 value of 17 uM for PA binding, 11.4 uM for PtdIns(4,5)P,
binding, and 38 uM for LPA binding were obtained (Table
1). For comparison, the affinity of mouse capping protein
(MmCP) for phospholipids was also determined; mean K,
values of 59 uM for PA, 7.8 uM for PtdIns(4,5)P,, and 36 uM
for LPA were measured (Table 1). Similar experiments with
PtdIns and both capping proteins showed no appreciable
shift in endogenous fluorescence and therefore were not
modeled. Moreover, no apparent binding between AtCP
and PtdIns(3,4)P,, PtdIns(3,5)P,, PtdIns(3)P, PtdIns(4)P,
PtdIns(5)P, PS, or DAG was detected (unpublished data).
Thus, MmCP has a preference of PtdIns(4,5)P, > {LPA and
PA} >> PtdIns, whereas AtCP prefers PtdIns(4,5)P, and PA.
The stoichiometry of binding (p) ranged from 1.6 to 2.7 lipid
molecules per molecule of CP (Table 1). Generally, the stoi-
chiometry of PA binding was higher than that observed for
PtdIns(4,5)P,. By comparing with published values for bind-
ing of PtdIns(4,5)P, to CapG (K4 = 6-24 uM), villin (Ky = 39
uM), and profilin (Kg = 20-35 uM; Lu et al., 1996; Lin et al.,
1997), we can conclude that AtCP also binds to PA and
PtdIns(4,5)P, with moderate affinity. The results from these
solution-based interactions of AtCP and phospholipid mi-
celles differed from the blot overlays, in that binding to
PtdIns(4,5)P, was not indicated by the latter. However, the
interaction with both PA and PtdIns(4,5)P, are confirmed by
analysis of the effects on actin-binding activity.

PA Regulates AtCP Function

To test whether PA binding regulates the actin-based func-
tion of AtCP, several kinetic and steady state assays of actin
polymerization and depolymerization were performed.

length is 292 nm and emission curves for 0.1 uM AtCP are shown.
The top curve is AtCP alone and the remaining curves are for a
titration with PA ranging from 3.6 to 132 uM. Addition of PA causes
a reduction or quenching of intrinsic fluorescence. (C) The observed
fluorescence (F,,,) at 325 nm as a function of [PA] was plotted for
the experiment in B. The data were fit to Equation 1 (Materials and
Methods) to derive a Ky value. For this representative experiment,
the predicted Ky was 21 uM. a.u., arbitrary fluorescence units.
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Table 1. Mean K, values for experiments with AtCP and MmCP

PA LPA PtdIns(4,5)P, PtdIns
Ky p° Ky P Kq4 P Ky P
AtCP 17 x2 24 38 £13 27 114 +13 1.6 No value® ND
MmCP 596 2.5 36 £11 1.7 7.8 £0.6 1.7 No valueP ND

Values are mean * SD (n = 3) expressed in uM for binding to phospholipids from experiments of intrinsic tryptophan fluorescence titration.
2 p is the stoichiometry of lipid molecule:protein interaction as calculated according to Stinson and Holbrook (1973).

P Experiments were performed, but no detectable changes in fluorescence emission were detected. This is consistent with no interaction or
an extremely low-affinity interaction between protein and lipid micelles.

PA Inhibits the Ability of AtCP to Nucleate Actin
Filament Assembly

Arabidopsis CP enhances the nucleation of filaments during
assembly from monomeric actin (Huang et al., 2003). The
effect of PA on AtCP-induced actin assembly was examined.
The results showed that the initial lag corresponding to the
nucleation step decreased in the presence of 500 nM AtCP
(Figure 4A). This effect was inhibited in a dose-dependent
manner by the presence of PA (Figure 4A). Similar results
were obtained for PtdIns(4,5)P, (Figure 4B), but compared with
PA at the same concentrations, the efficiency of inhibition ap-
peared somewhat lower. For example, 150 uM PtdIns(4,5)P,
(Figure 4B) is required to give about the same effect as 100 uM
PA (Figure 4A). PtdIns had almost no effect on nucleation
activity at the highest concentration tested (Figure 4B), consis-
tent with the tryptophan fluorescence data that demonstrated
no significant binding to AtCP. Polymerization of 2 uM actin
in the presence of 150 uM PA or PtdIns(4,5)P, (Figure 4, A
and B) showed no difference from the curves obtained with
actin alone (unpublished data), confirming that the presence
of lipid does not alter actin assembly directly.

PA Inhibits the Filament-capping Activity of AtCP

Arabidopsis CP binds with high-affinity (K4 12-24 nM) to the
barbed ends of actin filaments and prevents dilution-medi-
ated filament depolymerization (Huang et al., 2003). In the
present experiments, depolymerization of 5 uM filamentous
actin by a 25-fold dilution with buffer was prevented in the
presence of 500 nM AtCP. This is due to AtCP binding the
barbed ends of actin filaments and preventing subunit loss.
PA inhibited this activity in a dose-dependent manner (Fig-
ure 5A). PtdIns(4,5)P, gave similar results, but was some-
what less efficient than PA at the same concentrations (Fig-
ure 4B). By contrast, 150 uM PtdIns had a minimal effect
(Figure 5B). Addition of 200 uM PA (Figure 5A) or 150 uM
PtdIns(4,5)P, (Figure 5B) in the absence of AtCP showed no
difference from actin alone (unpublished data), indicating
that phospholipids do not prevent filament depolymeriza-
tion directly.

To compare the effect of different phospholipids on cap-
ping activity, we performed experiments similar to those
described above and plotted the initial depolymerization
rate as a function of [phospholipid]. As shown in Figure 5C,
300 uM PA did not further increase the initial depolymer-
ization rate, and the concentration of PA required to increase
initial depolymerization rate to half maximum was ~100 M.
The activity of PtdIns(4,5)P, was quite similar to PA, and LPA
also inhibited capping of barbed ends but was less efficient
than PA. However, PtdIns had little effect on capping activity.
The result of these comparisons is roughly consistent with
results from fluorescence microscopy as described below.
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Single Actin Filament Imaging Confirms the Inhibition of
Capping Activity

Fluorescence microscopy has been used to show that a popu-
lation of actin filaments is significantly shorter than controls
when polymerized in the presence of AtCP (Huang et al., 2003).
This is consistent with AtCP blocking assembly from barbed
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Figure 4. PA inhibits the actin nucleation activity of AtCP. PA and
PtdIns(4,5)P, at varying concentrations were incubated for 5 min with
500 nM AtCP before incubation with 2 uM actin (5% pyrene-labeled).
Pyrene fluorescence is plotted versus time after addition of KMEI
bulffer to initiate polymerization. (A) The effect of PA on AtCP-induced
actin nucleation. From top to bottom, the curves are 500 nM AtCP
alone, 500 nM AtCP + 10 uM PA, 500 nM AtCP + 50 uM PA, 500 nM
AtCP + 100 uM PA, 500 nM AtCP + 150 uM PA, and 150 uM PA
alone. (B) The effect of PtdIns(4,5)P, and PtdIns on AtCP-induced actin
nucleation. From top to bottom: 500 nM AtCP alone, 500 nM AtCP +
150 uM PtdIns, 500 nM AtCP + 50 uM PtdIns(4,5)P,, 500 nM AtCP +
100 uM PtdIns(4,5)P,, 500 nM AtCP + 150 uM PtdIns(4,5)P,, and 150
uM PtdIns(4,5)P, alone.
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Figure 5. Barbed-end capping activity is inhibited by PA. PA inhibits
the capping activity of AtCP as determined by a dilution-mediated depo-
lymerization assay. AtCP, 500 nM, was preincubated with varying con-
centrations of phospholipids for 5 min before incubation with 5 uM
filamentous actin for 5 min. Then, the mixture was diluted 25-fold with
buffer. (A) The effect of PA on actin depolymerization, from top to bottom:
500 nM AtCP alone, 500 nM AtCP + 20 uM PA, 500 nM AtCP + 50 uM
PA, 500 nM AtCP + 100 uM PA, 500 nM AtCP + 150 uM PA, 500 nM
AtCP + 200 uM PA, and 200 uM PA alone. (B) The effect of PtdIns(4,5)P,
and PtdIns on actin depolymerization, from top to bottom: 500 nM AtCP
alone, 500 nM AtCP + 150 uM PtdIns, 500 nM AtCP + 50 uM
PtdIns(4,5)P,, 500 nM AtCP + 100 uM PtdIns(4,5)P,, 500 nM AtCP + 150
M PtdIns(4,5)P,, and 150 uM PtdIns(4,5)P, alone. (C) The initial depo-
lymerization rate from 0 to 150 s was plotted as a function of [phospho-
lipid] from experiments like those in A and B.
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ends, inhibiting filament annealing, as well as increasing the
number of actin filaments during assembly by nucleation.
When 4 uM actin was assembled in the presence of 500 nM
AtCP, the mean length of filaments (0.6 + 0.6 um) was reduced
substantially and the length distribution was quite uniform
(Figure 6A). However, when PA was added to 20 uM (Figure
6B), 50 uM (Figure 6C), 100 uM (Figure 6D), 150 uM (Figure
6E), 200 uM (Figure 6F), and 250 uM (Figure 6G), the mean
length of filaments was 1.0 = 09,14 = 12,3 2,4+ 3,5 + 3,
and 6 = 4 um, respectively. For comparison, 250 uM PtdIns
had little effect (mean length of 0.8 + 0.7 um, Figure 6H). At the
highest concentration of PA tested, the length of actin filaments
was virtually identical to that for actin in the absence of AtCP
(mean length of 6 == 4 um). Moreover, the mean length of actin
filaments in the presence of 250 uM PA (but without AtCP)
was almost the same as that of actin alone, suggesting that PA
does not affect actin polymerization directly but rather acts
through capping protein. These results demonstrated that PA
prevents AtCP from binding the barbed ends of actin fila-
ments, or nucleating filament formation, in a dose-dependent
manner.

To compare the effect of different phospholipids on AtCP
activity, the fluorescence microscopy assay was repeated
with PtdIns(4,5)P, LPA and PtdIns and filament lengths
measured (Figure 7). The effect of PA on filament length
saturated at ~250 uM or 500:1 lipid:AtCP. The half maximal
effect of lipid micelles was observed at ~120 uM PA. By
comparison, PtdIns(4,5)P, and LPA also prevented the cap-
ping of actin filaments but were less efficient than PA, and
PtdIns had no effect on capping activity.

Uncapping of Filament Ends Is Induced by PA

The previous assays demonstrated that AtCP binding to
filament ends is prevented in the presence of specific phos-
pholipids. To show that PA can remove AtCP from the ends
of actin filaments, seeded polymerization reactions were
performed (Figure 8). In this assay, actin elongation was
initiated by the addition of 1 uM actin monomer, saturated
with 4 uM profilin, to 0.8 uM actin filament seeds. Profilin
prevents spontaneous nucleation and/or growth from actin
filament pointed ends under these conditions (Pollard and
Cooper, 1984). To test whether PA will promote the disso-
ciation of AtCP from barbed ends of actin filaments, pre-
formed actin filament seeds were incubated with 200 nM
AtCP, and then profilin-actin was added along with various
concentrations of PA to initiate elongation at the barbed
ends. The results showed that AtCP inhibited the elongation
at barbed ends almost completely in the absence of lipid.
Increasing amounts of PA correlate with an enhancement of
the initial polymerization rate, which is interpreted as the
uncapping of filament barbed ends and assembly of the
profilin—actin complex onto preexisting filaments (Figure
8A). In the presence of PA, lower plateau levels for actin
polymerization are reached, presumably because AtCP
reaches an equilibrium between free protein and protein
bound to lipid or filament ends. In the absence of AtCP the
elongation with 1 uM actin monomer in the presence of 200
uM PA (Figure 8A, top curve) showed no difference when
compared with actin alone (unpublished data), confirming
that PA does not stimulate profilin-actin assembly directly.

Uncapping in the above experiments could result from PA
binding to AtCP on the barbed end of a filament and cause
a decrease in the affinity for filament ends. Alternatively,
AtCP may have a high endogenous rate of dissociation from
filaments and PA binding to free CP prevents reassociation
with a filament. To distinguish these possible mechanisms,
we determined association and dissociation rate constants

1953



S. Huang et al.

for AtCP binding to the barbed end of actin filaments using
kinetic simulations and a model for actin elongation in the
presence of capping proteins. Actin monomers bound to
profilin were polymerized by elongation of actin filament
seeds in the presence of varying concentration of AtCP. For
uncapped filaments, we used the barbed end association rate
constant k, = 10 uM ! s71 and dissociation rate constant
k_ = 1.4 s71. The concentration of actin filament ends (N)
was calculated from the initial rate of elongation in the
absence of capping protein (Huang et al., 2003). We searched
for the capping rate constant for AtCP binding to the barbed
ends of actin filaments according to the simulation that best
fit three independent kinetics experiments. The dissociation
rate constant of AtCP from barbed ends, k_ = 0.0003 =
0.0001 s~! is similar to the off-rate constant for muscle CP
(4 X 10~* s~ 1; Schafer et al., 1996). However, the association
rate constant k, = 0.07 = 0.05 uM ! s~ ! was slower than the
association rate constant for muscle CP (3.5 uM 1 s~1; Scha-
fer et al., 1996) consistent with the lower affinity of Arabidop-
sis capping protein for the barbed ends of vertebrate actin
filaments. These results demonstrate that dissociation of
AtCP from filament ends in the absence of phospholipids is
rather slow, and that PA binding to CP likely uncaps fila-
ments by changing the affinity of CP for barbed ends.
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Figure 7. Comparison of the effects of different phospholipids on
capping activity. Fluorescence light microscope experiments, like
those shown in Figure 6, were performed in the presence of 500 nM
AtCP and varying concentrations of PA, LPA, PtdIns(4,5)P,, and
PtdIns. Mean filament length (=SEM) from several micrographs of
each treatment was plotted versus phospholipid concentration.
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Figure 6. PA allows extensive actin filament
growth in the presence of AtCP. Fluorescence
micrographs of individual actin filaments as-
sembled from 4 uM Mg-ATP-actin monomer in
the presence of AtCP are shown. To test the
effect of PA and PtdIns on AtCP activity, AtCP
was preincubated with varying amounts of
lipid micelles for 5 min. Scale bar, 10 um. (A)
500 nM AtCP alone; (B) 500 nM AtCP + 20 uM
PA; (C) 500 nM AtCP + 50 uM PA; (D) 500 nM
AtCP + 100 uM PA; (E) 500 nM AtCP + 150
M PA; (F) 500 nM AtCP + 200 uM PA; (G) 500
nM AtCP + 250 uM PA; and (H) 500 nM
AtCP + 250 uM PtdIns.

DISCUSSION

In this study, we show that the heterodimeric actin filament
capping protein from A. thaliana (AtCP) binds with moder-
ate affinity to PA and that its activity is regulated by the
interaction with phospholipids. Specifically, binding to PA
inhibits the ability of AtCP to bind the barbed ends of actin
filaments and to nucleate filament assembly. In the presence
of PA, CP does not reduce the lag period for assembly from
actin monomers and it fails to block dilution-mediated de-
polymerization of actin filaments. PA can also induce the
uncapping of filament barbed ends during seeded polymer-
ization reactions, thereby facilitating assembly of actin fila-
ments from a pool of profilin-actin. By quantitative analysis
of changes in endogenous tryptophan fluorescence, a bind-
ing constant (K ) of 17 uM and approximate stoichiometry
of 1:2.4 mole of protein to mole of PA were determined.
These values are similar to the apparent binding of
PtdIns(4,5)P, (K4 = 11 uM and stoichiometry of 1:1.6), which
we had shown previously regulates the filament capping
activity of AtCP (Huang et al., 2003). To our knowledge, this
is the first evidence that any plant actin-binding protein
binds to and is regulated by the abundant phospholipid, PA.
The consequence of this interaction is that when cellular PA
levels increase, for example, during wounding, filament
ends become uncapped and net actin polymerization can
occur. Indeed, we confirm earlier results that exogenous PA
treatments stimulate actin polymerization in suspension
cells and pollen tubes.

The specificity of lipid micelle interaction with AtCP is as
follows: {PtdIns(4,5)P, and PA} > LPA >> PtdIns. This is
somewhat different from what is found by the blot overlay
assay, where binding to PtdIns(4,5)P, and LPA was just as
weak as or worse than binding to PtdIns. To confirm the
ability of the solution-based micelle binding assay to detect
specific changes, we measured the binding of recombinant
mouse CP (MmCP) to different phospholipids. Here, we
found that MmCP shows the preference: PtdIns(4,5)P, >
{LPA and PA} >> PtdIns. This is consistent with the results
of Cooper and colleagues for chicken CapZ showing that
PtdIns(4,5)P, and PtdIns(4)P are capable of blocking
barbed-end capping activity, whereas PA, PtdIns, and
PtdIns(3,4,5)P; have little or no effect on activity (Heiss and
Cooper, 1991; Schafer et al., 1996). Therefore, the ability of
CP to bind PA may be limited to the plant kingdom. We also
confirmed the ability of different phospholipids to interact
with CP indirectly by measuring the ability of selected lipids
to alter actin-binding properties. Fluorimetry and light mi-
croscope assays corroborate the finding that PA and
PtdIns(4,5)P, have roughly similar affinities for AtCP. Al-
though the affinity of AtCP for PtdIns(4,5)P, may be slightly
higher, the interaction with PA is perhaps more relevant

Molecular Biology of the Cell
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Figure 8. PA promotes the dissociation of
AtCP from the barbed ends of actin filaments.
(A) Except for the top curve, preformed actin
filament seeds (0.8 uM) were incubated with
200 nM AtCP for 5 min at room temperature.
Elongation of filaments from the barbed ends
of the seeds was initiated by addition of 1 uM
actin monomer saturated with 4 uM human

Fluorescence, a.u.

profilin I. Polymerization reactions were per-
formed with varying concentrations of PA,

ranging from 0 to 200 uM, and these are listed
at right of each polymerization curve. The

change in pyrene-actin fluorescence accompa-

nying polymerization was plotted versus 0

time after addition of actin monomer. In the 0
absence of capping protein, PA does not en-
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hance assembly of profilin—actin (top curve) relative to elongation in the absence of lipid (unpublished data). (B) Kinetic simulation of data
from the elongation assay was used to determine dissociation and association rate constants for AtCP-binding filament barbed ends.
Elongation of filaments from the barbed ends of the seeds (1.2 uM) was initiated by addition of seeds to a solution containing 1 uM actin
monomer saturated with 4 uM human profilin I. Elongation experiments were performed with varying concentrations of AtCP (0, 100, 200,
300, and 500 nM; curves from top to bottom) added to the profilin-bound actin monomers before addition to the actin filaments seeds. The
noisy dotted line is the actual time course for polymerization from actin filaments seeds. Solid lines are the simulation for each reaction
according to the model for actin elongation in presence of capping protein using FITSIM (see Materials and Methods). Association and
dissociation rate constants for AtCP binding to actin filaments barbed ends were respectively, k, = 0.035 uM~! s~ and k_ = 0.0002 s~ for

this representative experiment.

within the cell as this phospholipid species is substantially
more abundant in plant cells than is PtdIns(4,5)P,. Estimates
of PA concentration in Arabidopsis leaves range from 50 to
100 uM, and these levels may increase by more than 50% in
response to stress or phytohormone application (Li et al.,
2004; Zhang et al., 2004), whereas PtdIns(4,5)P, levels are
likely to be 10- to 100-fold lower (Drebak, 1993). In pollen
tubes, the endogenous levels of PA are nearly a 100 times
higher than are PtdIns(4,5)P, levels and PA can increase up
to sevenfold following hypo-osmotic stress (Zonia and Mun-
nik, 2004).

The interaction of PPIs with CP from vertebrates, lower
eukaryotes, and plants is now well established (Haus et al.,
1991; Heiss and Cooper, 1991; Amatruda and Cooper, 1992;
Schafer et al., 1996; Sizonenko et al., 1996; Huang et al., 2003).
Although the binding site(s) on the surface of CP remains to
be determined (Wear and Cooper, 2004b), there is some
evidence from gel filration analysis that the a-subunit of
muscle CP binds to PtdIns(4,5)P, (Heiss and Cooper, 1991).
Recently, Yamashita et al. (2003) solved the x-ray crystal
structure for chicken CapZ. Their study reveals that the
al/B1 heterodimer forms a compact structure resembling a
mushroom with pseudotwofold rotational symmetry. The
two C-terminal regions, of approximately 30 residues each,
lie on the “cap” of the mushroom and each contains a short
stretch of amphipathic a-helix. These are predicted to form
flexible “tentacles” that make intimate contact with the
barbed end of an actin filament. Biochemical, molecular, and
genetic data support this model and give evidence for a
slightly greater importance of the C-terminus of the a-sub-
unit (Kim et al., 2004; Wear et al., 2003). However, recent data
indicate that the a-subunit C-terminus may be immobilized
on the surface of CP and the hydrophobic residues of the
amphipathic helix masked by interaction with the underly-
ing B-sheet (Wear and Cooper, 2004a). Although a number
of PA-binding sequences are now known from different
proteins, they share rather little primary sequence similarity,
other than a few conserved basic amino acids, making se-
quence-based predictions rather difficult (Testerink and
Munnik, 2005). There is reasonable similarity (45% over 33
amino acids), however, between the C-terminal region from
the AtCP a-subunit and a recently identified PA-binding
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sequence from the Arabidopsis protein phosphatase 2C, ABI1
(Zhang et al., 2004; Figure 9). Indeed, several basic amino
acids are absolutely conserved, including one arginine (R73)
that was demonstrated to be necessary for PA binding by
ABI1 (Figure 9). The C-terminal region of chicken CPal
shares less overall similarity (30%) with the same region
from ABI1 (Figure 9), perhaps explaining why vertebrate CP
bound rather poorly to PA in our studies. We predict, there-
fore, that the C-terminus of AtCPA constitutes a PA-binding
motif. Interaction between CP and phospholipids on a mem-
brane surface would then sterically hinder the binding to an
actin filament and thereby prevent capping. An alternative
model, proposed by Yamashita et al. (2003) based on the
location of two bound nitrate ion sites on the overall fold of
chicken CapZ, is that the polar head group of a PPI makes
contact with a region of the g subunit immediately adjacent
to the C-terminal region of the a-subunit. Both models re-
quire additional structural, molecular or biochemical analy-
ses to test their validity.

Evidence for a connection between PLD signaling, or PA
production, and the cytoskeleton is emerging rapidly, espe-
cially in plant systems (Meijjer and Munnik, 2003; Wang,
2004; Testerink and Munnik, 2005). PLD isoforms from
plants, animals, and bacteria are quite clearly regulated by
interactions with the actin cytoskeleton (Lee et al., 2001;
Kusner et al., 2002, 2003). Like human PLD1, the activity of
a recombinant PLDg isoform from Arabidopsis is modulated
in a polymerization state-dependent manner by actin; mo-
nomeric actin inhibits PLD activity, whereas filamentous
actin stimulates it (Kusner et al., 2003). PLDB can also be
cosedimented with actin filaments in vitro. These studies all
suggest an intimate relationship between membrane target-
ing of PLD and regulation of its activity by the cortical
cytoskeleton.

Pollen tubes extend by a tip-growth mechanism that re-
quires precisely orchestrated changes in actin cytoskeletal
dynamics, cytoplasmic ion fluxes, vesicle trafficking events,
and phospholipid turnover. Constitutive PLD activity in
pollen tubes produces large amounts of PA that turn over
rapidly, and the level of PA can increase or decrease sub-
stantially in response to osmotic stress (Dorne et al., 1988;
Zonia and Munnik, 2004). Hindering the PLD activity and
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Figure 9. The C-terminal ‘tentacle’ domain from AtCPA may be a
phospholipid-binding site. Shown are sequence alignments between
the minimal sequence from ABI1 which is sufficient for binding to PA
(Zhang et al., 2004), less 6 amino acids, and the C-terminal domain of
capping proteins. Crystallographic structure, molecular and biochem-
ical data suggest that this domain forms a flexible “tentacle” involved
in actin binding. The gene accession numbers of proteins used for the
alignment are as follows: ABI1 (NM_118741); Arabidopsis thaliana «
subunit (AtCPA; NM_111425); Oryza sativa o subunit (OsCPA;
AP005247.2); chicken a1 subunit (M25534); and S. cerevisiae a subunit
(X61398). Alignments were prepared with the ClustalW algorithm in
MacVector v.7.1.1 software (Accelrys, Madison, WI). Gaps were intro-
duced to optimize the alignment and residues that are conserved in
>50% of the sequences are highlighted.

reducing the production of PA with 1-butanol treatments
results in the inhibition of pollen germination, cessation of
pollen tube growth, and reversible loss of cell polarity, dem-
onstrating that PA is essential for normal tip growth (Po-
tocky et al., 2003; Monteiro et al., 2005a). The turnover of PA
may be linked to the regulation of other phospholipids, to
intracellular membrane trafficking, or to the control of the
tip-focused, oscillatory cytosolic calcium gradient (Potocky
et al., 2003; Monteiro ef al., 2005a,b). There may also be direct
or indirect links to cytoskeletal organization and function;
decreased PA causes an increase in bundled actin filaments
in pollen tubes (Monteiro ef al., 2005a), excess PA results in
an increase in tip actin filaments (Monteiro et al., 2005b), and
the microtubule-stabilizing agent taxol can overcome the
inhibitory effects of 1-butanol (Potocky et al., 2003). In our
study, we did not observe any changes in actin filament
levels due to 1-butanol treatment, but did find that elevated
cellular PA could quantitatively increase actin filament lev-
els. The identification of CP as stimulus-response modulator
provides a mechanism to link cytoskeletal dynamics directly
to PA turnover in pollen.

Lee et al. (2003) were the first to show that actin filament
levels in plant suspension-cultured cells increased after PA
treatment and they propose a pathway whereby PA indi-
rectly leads to increases in filamentous actin via activation of
a protein kinase. In this article, we report that short treat-
ments with low levels of exogenous PA result in up to a 40%
increase in actin filament levels in pollen and Arabidopsis
suspension cells. At a biochemical level, we show that PA
binds directly to CP and prevents binding or uncaps fila-
ment barbed ends. This provides a potential direct link
between changes in PA levels and actin cytoskeleton remod-
eling in the plant cell. We propose a mechanism for actin
cytoskeleton response to elevated levels of PA. Our simple
model is that PA dissociates CP from the actin filament
barbed end, allowing profilin—actin complex to add onto the
free barbed ends and promotes filament elongation. As
shown in Figure 10, in the unstimulated cell (left), only a
small portion of total actin is in the filamentous form. This is
consistent with measurements from pollen and suspension
cultured cells (Gibbon ef al., 1999; Snowman ef al., 2002; Lee
et al., 2003; Wang et al., 2005), where as little as 2-10% of the
total actin pool is present in actin filaments. Additional
measurements from pollen indicate that the actin monomer
pool is buffered by a nearly equimolar amount of profilin
(100200 uM: Gibbon et al., 1999; Snowman et al., 2002). In
the presence of capped filament ends, monomeric actin is
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Figure 10. A simple model for actin cytoskeleton remodeling after
PA treatment. In an unstimulated cell (left), the barbed ends of the actin
filaments are mostly capped by CP. This prevents the addition of
profilin-actin complex (P-A complex) onto the barbed ends, and re-
sults in a large pool of monomeric actin and relatively little filamentous
actin. When PA levels increase (right), for example, during a wound or
stress response, CP dissociates from the actin filament barbed end. This
allows the profilin—actin complex to add onto the free barbed ends and
results in a large increase in filamentous actin levels.

“sequestered” and profilin functions to suppress actin nu-
cleation and prevents addition to filament pointed ends
(Pollard and Cooper, 1984; Kang et al., 1999). We proposed
previously that CP acts in concert with profilin to maintain
this large actin monomer pool (Huang et al., 2003; Staiger
and Hussey, 2004). However, after PA levels increase in a
stimulated cell (Figure 10, right), CP dissociates from the
barbed ends of actin filaments. The slow dissociation rate
constant for AtCP from the barbed ends in absence of PA,
corresponding to a half-time of dissociation of 38 min, sug-
gests that PA binding to AtCP increases the dissociation rate
constant of AtCP from the barbed ends. Consequently, pro-
filin-actin complex can add onto the free barbed ends of the
filaments and increase the level of filamentous actin. Where
such events occur in the cell may also be an important
consideration. The subcellular distribution of PA pools
within plant cells is not known, although some native PA-
binding proteins accumulate at the plasma membrane
(Zhang et al., 2004), and in mammalian cells, PA is abundant
on the plasma membrane, ER, Golgi and endosomal mem-
branes (Rizzo et al., 2000; Baillie et al., 2002; Loewen et al.,
2004). In our study and that of Potocky et al. (2003), exog-
enously supplied fluorescent PA showed association with an
intracellular compartment or organelle but little or no
plasma membrane labeling. We speculate that local uncap-
ping of cytoplasmic actin filaments through PA binding to
CP will allow actin polymerization on organelles and
thereby contribute to motility events. Further tests of these
global and local models for PA regulation of actin polymer-
ization will require quantification of actin filament levels in
stressed plant cells, or in mutants that elevate or depress
cellular PA levels, as well as subcellular localization of CP
and PA pools.
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