Profilin Enhances Cdc42-induced Nucleation of Actin Polymerization
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Abstract. We find that profilin contributes in several
ways to Cdc42-induced nucleation of actin filaments in
high speed supernatant of lysed neutrophils. Depletion
of profilin inhibited Cdc42-induced nucleation; re-addi-
tion of profilin restored much of the activity. Mutant
profilins with a decreased affinity for either actin or
poly-L-proline were less effective at restoring activity.
Whereas Cdc42 must activate Wiskott-Aldrich Syn-
drome protein (WASP) to stimulate nucleation by the
Arp2/3 complex, VCA (verpolin homology, cofilin, and
acidic domain contained in the COOH-terminal fragment
of N-WASP) constitutively activates the Arp2/3 com-
plex. Nucleation by VCA was not inhibited by profilin
depletion. With purified N-WASP and Arp2/3 complex,
Cdc42-induced nucleation did not require profilin but
was enhanced by profilin, wild-type profilin being more
effective than mutant profilin with reduced affinity for

poly-L-proline.

Nucleation by the Arp2/3 complex is a function of the
free G-actin concentration. Thus, when profilin addition
decreased the free G-actin concentration, it inhibited
Cdc42- and VCA-induced nucleation. However, when
profilin was added with G-actin in a ratio that main-
tained the initial free G-actin concentration, it in-
creased the rate of both Cdc42- and VCA-induced nu-
cleation. This enhancement, also seen with purified
proteins, was greatest when the free G-actin concentra-
tion was low. These data suggest that under conditions
present in intact cells, profilin enhances nucleation by
activated Arp2/3 complex.
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Introduction

Neutrophils provide the body’s first line of defense against
bacterial infection. They are produced in the bone marrow
and are carried passively in the circulation throughout the
body. At sites of injury or infection, they are activated to
move and directed to the site of infection by chemoat-
tractants. This activation is reversible: upon removal of
chemoattractant, the cells become round and immobile.
Activation involves actin polymerization: 10 s after ad-
dition of chemoattractant, the F-actin level doubles
(Howard and Oresajo, 1985). The F-actin is derived from a
reservoir of G-actin bound to thymosin 4 and profilin.
This reservoir is large enough that the free G-actin re-
mains fairly constant at ~0.5 uM during most of the
F-actin rise. However, when peak F-actin levels are
reached, the free G-actin is calculated to decline to ~0.15
wM (see Materials and Methods for details).

The chemoattractant-induced F-actin appears to be
turning over rapidly, since upon removal of the chemoat-

Address correspondence to Sally H. Zigmond, Department of Biology,
University of Pennsylvania, Philadelphia, PA 19104-6018. Tel.: (215) 898-
4559. Fax: (215) 898-8780. E-mail: szigmond@sas.upenn.edu

O The Rockefeller University Press, 0021-9525/2000/09/1001/12 $5.00

The Journal of Cell Biology, Volume 150, Number 5, September 4, 2000 1001-1012

http://www.jcb.org

tractant (or addition of cytochalasin), the concentration of
F-actin returns to basal levels, with a half-time between 3
and 10 s (Cassimeris et al., 1990; White et al., 1983). The
rapid filament treadmilling is facilitated by both cofilin
and profilin. Filament depolymerization is enhanced by
cofilin, which increases the pointed-end off-rate, and by
profilin, which sequesters G-actin from the pointed end of
an actin filament. Profilin also catalyzes the exchange of
ADP to ATP-G-actin, which stimulates depolymerization
by liberating cofilin (which preferentially binds ADP-
G-actin) and polymerization, which is fueled by ATP-
G-actin (Blanchoin and Pollard, 1998; Didry et al., 1998;
Goldschmidt-Clermont et al., 1992; Perelroizen et al.,
1996; Pollard and Cooper, 1984). Finally, profilin enhances
the rate of polymerization by delivering ATP-G-actin to
the barbed end of the filament.

However, treadmilling of monomers within a filament
probably accounts for a small part of the F-actin dynamics.
The increase in F-actin in neutrophils correlates with a
rapid increase in filament number (Cano et al., 1991). At
steady state, the F-actin turnover probably involves con-
tinual nucleation and elongation of new filaments matched
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by depolymerization and loss of existing filaments. Nucle-
ation of new filaments is much too fast to occur by “spon-
taneous nucleation” from the free G-actin present. To
investigate factors regulating agonist-induced filament nu-
cleation, we have examined Cdc42-induced nucleation in
supernatant of lysed neutrophils.

Cdc42, a member of the Rho family of small GTPases,
induces actin polymerization in a high speed supernatant
of cell extracts (Katanaev and Wymann, 1998; Ma et al.,
1998a; Moreau and Way, 1998; Zigmond et al., 1997). The
Cdc42-induced polymerization, like that induced by che-
moattractant in intact cells, correlates with an increase in
the number of filaments (Zigmond et al., 1998). Each new
filament nucleated appears to elongate transiently, the
mean filament length, early and late in the time course, be-
ing similar. The net increase in filaments results from the
rate of filament nucleation exceeding the rate of filament
loss.

Cdc42 stimulates actin nucleation through binding to
Wiskott-Aldrich Syndrome protein (WASP)! or its ubiqui-
tous relative N-WASP (Bear et al., 1998; Machesky and
Insall, 1998; Machesky et al., 1999; Miki et al., 1998a; Mul-
lins and Pollard, 1999; Rohatgi et al., 1999; Winter et al.,
1999; Yarar et al., 1999). WASP, in an unstimulated cell, is
present in an inactive conformation (Kim et al., 2000; Miki
et al., 1998a). Upon binding Cdc42, the conformation of
WASP changes and the COOH-terminal VCA (verprolin
homology, cofilin homology, and acidic) region is exposed
(Kim et al., 2000). The VCA region then activates the
Arp2/3 complex to nucleate an actin filament. The Arp2/3
complex—induced nucleation uses F-actin as a cofactor,
the new filament at least transiently forming a Y-shaped
branch on the existing filament (Machesky et al., 1999).

WASP and N-WASP are also activated by other factors
including PIP,, phosphorylation, and clustering (Castel-
lano et al., 1999; Oda et al., 1998; Rohatgi et al., 1999). Fi-
nally, WASP contains a proline-rich region that binds a
number of SH3 containing proteins including Grb2, sev-
eral src kinases, and PLCy (Banin et al., 1996; Bunnell et
al., 1996; Finan et al., 1996; Suetsugu et al., 1998). In addi-
tion, profilin binds to this proline-rich region. The binding
of profilin to proline-rich regions of various proteins in-
cluding WIP, VASP, and the formin family is thought to
contribute to signal transduction to the actin cytoskeleton
(Gertler et al., 1996; Lanier et al., 1999; Miki et al., 1998a;
Ramesh et al., 1997; Suetsugu et al., 1998; Watanabe et al.,
1997). However, the precise role of profilin remains ob-
scure.

In this paper, we focus on the role of profilin in Cdc42—
Arp2/3-induced actin nucleation. We show that the pres-
ence of profilin is critical for Cdc42-induced nucleation in
cell supernatant. We confirm previous studies showing
that profilin is not essential for Cdc42-induced nucleation
with pure proteins and that addition of profilin can inhibit
nucleation (Machesky et al., 1999). We extend these re-
sults to show that this inhibition is due to sequestration of

!Abbreviations used in this paper: CA, cofilin homology and acidic tail
contained in the COOH-terminal fragment of N-WASP; GST, glutathione
S-transferase; PLP, poly-L-proline; VCA, verpolin homology, cofilin, and
acidic domain contained in the COOH-terminal fragment of N-WASP;
VDBP, vitamin D binding protein; WASP, Wiskott-Aldrich Syndrome
protein.
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free G-actin and that when the free G-actin is not lowered,
profilin—actin enhances the rate of nucleation by activated
Arp2/3 complex.

Materials and Methods

Reagents

Rabbit pAb, raised against the glutathione S-transferase (GST)-human
profilin 1 or VASP peptide (NH,-CEAFVQELRKRGSP-COOH), were
used for immunodepletion of profilin or VASP from supernatants. Re-
combinant VASP was a gift from Dr. M.-F. Carlier (Centre National de la
Recherche Scientifique, Gif-sur-Yvette, France). This VASP was able to
restore Listeria motility to VASP-depleted supernatants (Laurent et al.,
1999). The constructs for the N-WASP, VCA (392-505), and CA (cofilin
homology and acidic tail contained in the COOH-terminal fragment of
N-WASP) (450-505) fragments were described previously (Miki et al.,
1996, 1998a) and the construct of GST—profilin in pGEX2T was a gift
from Dr. Y. Takai (Osaka University Medical School, Suita, Japan). We
obtained antibodies to WASP from Dr. W. Li (University of Chicago,
Chicago, Illinois); to WIP from Dr. N. Ramesh (Harvard Medical School,
Boston, Massachusetts); to Arp3 from Dr. L. Machesky (University of
Birmingham, Birmingham, UK). Native profilin was isolated from calf
spleen by the poly-L-proline (PLP) affinity method (Kaiser et al., 1989;
Perelroizen et al., 1994). Thymosin 34 was isolated from calf spleen as de-
scribed by Cassimeris et al. (1992). The purified Arp2/3 complex isolated
from thymus was the gift of Dr. Henry Higgs (Salk Institute for Biological
Studies, La Jolla, California). All other reagents were from Sigma—Aldrich
unless indicated.

Supernatant of Neutrophil Lysates

High speed supernatant of lysed rabbit peritoneal exudate neutrophils
(supernatant) was obtained as described by Zigmond et al. (1997).

Arp2/3 complex was depleted from supernatant using beads coupled to
CA (the COOH-terminal fragment of N-WASP containing cofilin and the
acidic tail). Supernatant was incubated with GSA-CA beads or control
GST beads (1:3, vol/vol) for 1 h on a rocker at 4°C. The beads were re-
moved by centrifugation and fresh beads were added to the supernatant;
again at a ratio of 1:3. This was repeated one more time (final of three
times).

Profilin was depleted with PLP beads. PLP (10-30 kD; Sigma-Aldrich)
was coupled to CNBr-activated Sepharose 4B (Amersham Pharmacia
Biotech) according to manufacturer’s instructions. After washing with
buffer (20 mM Tris-HCI, pH 7.4, 150 mM KCI. and 0.2 mM ATP), PLP
beads or control Separose beads were incubated with supernatants (1:3,
vol/vol) on a rocker at 4°C for 30 min.

VASP was depleted by immunoprecipitation. Protein A beads were in-
cubated with anti-VASP or 0.1% BSA at 4°C overnight amd then pelleted
by centrifugation. After washing with IP buffer (135 mM KCI, 10 mM
NaCl, 2 mM MgCl,, 2 mM EGTA, 10 mM Hepes, pH 7.1.), the beads were
incubated with supernatants at 4°C for 4 h. The extent of depletion was
determined by Western blots with a standard curve derived from serial di-
lutions of control supernatant run on the same gel and quantified with a
Phosphorimager using the ImageQuant program (Molecular Dynamics).

In each case, the concentration of the supernatant was adjusted with IP
buffer or concentrated via Centricon 10 (Amicon) to 3 or 4 mg/ml protein
for assays of F-actin and nucleation.

Preparation of Profilin Mutants

The site-directed mutation replacing Arg-74 with glutamic acid (R74E
mutant) and His-133 with serine (H133S mutant) was performed using
QuikChange™ site-directed mutagenesis kit (Stratagene). The mutagenic
oligonucleotides (mutated bases are underlined) 5'-GTTCGGTGATC-
GAGGACTCACTGCTGCAGGATGG-3' and 5'-GTTATGAAATGG-
CCTCCTCCCTTCGGCGTTCCC-3' and their reverse complements
were used. The GST—profilin cDNA in pGEX2T (Mammoto et al., 1998)
was amplified using Pfu DNA polymerase with these primers for 16 cycles
in a DNA thermal cycler (Perkin-Elmer). After digesting parental DNA
with Dpnl, the amplified mutant DNA was transformed into Escherichia
coli (XL 1-Blue strain). The presence of the desired mutations was con-
firmed by DNA sequencing. The resulting constructs were named R74E
and H133S, respectively.

1002



For expression of the GST fusion proteins, E. coli strain BL21 (DE3)
was freshly transformed with the DNA constructs. Expression of the pro-
teins was induced with 0.2 mM IPTG at 30°C for 3 h. Cells were then lysed
by sonication in 50 mM Tris-HCI, 1 mM EDTA, 150 mM NaCl, 1 mM
DTT, 2 pg/ml aprotinin, 2 pg/ml leupeptin, and 1 mM phenylmethylsulfo-
nyl fluoride. After centrifugation at 10,000 g for 10 min at 4°C, the GST-
profilin was purified by binding to glutathione-Sepharose beads (Amer-
sham Pharmacia Biotech). Profilin was cleaved from the beads with
thrombin. After removal of thrombin by benzamidine beads, profilin was
dialyzed against 10 mM Tris-HCI, pH 7.6, and 0.1 mM DTT.

The properties of the profilin mutants were characterized by their abil-
ity to bind proteins in neutrophil supernatant. Equal amounts (~100 p.g)
of GST-H133S profilin and GST-R74E profilin on 50 wl glutathione-
Sepharose beads (Amersham Pharmacia Biotech) were incubated with
400 wl supernatant (7 pg/wl) for 2 h at 4°C. After washing with IP buffer,
proteins bound to the beads were separated on SDS-PAGE, blotted onto
Immobilon-P Transfer Membrane (Millipore), and probed with various
antibodies. The affinities of wild-type and H133S profilin for G-actin were
both determined to be 0.1 wM by their ability to sequester actin from the
pointed end and decrease the concentration of gelsolin-capped F-actin.
The H133S mutant was able to support filament elongation as it was com-
parable to wild-type profilin in stimulating the rate of Listeria movement
in platelet extracts (Egile et al., 1999).

Purification of Recombinant Proteins

Recombinant Cdc42 was expressed in a baculovirus insect cell expression
system (Heyworth et al., 1993; Xu et al., 1994) and purified as described
previously by Zigmond et al. (1997). The purified Cdc42 was charged with
GTP~S as described by Knaus et al. (1992). In this manuscript, Cdc42, un-
less otherwise stated, means GTPyS-activated Cdc42. The Cdc42 used in
these experiments, based on protein concentration (Bio-Rad Laborato-
ries), had three- to tenfold lower activity than that used in previous stud-
ies reported from this lab (Zigmond et al., 1997, 1998). The Cdc42 ap-
peared as a single band on SDS and between 50 to 100% of the Cdc42
bound GTP~S. Partitioning in Triton X-115 suggested that this Cdc42 was
less fully prenylated than that used previously. Experiments comparing
nucleation activity and the time course of polymerization in supernatant
using two different preparations (i.e., old versus new) gave similar results
given the three- to tenfold difference in apparent concentration.

Recombinant N-WASP was expressed in a baculovirus insect cell ex-
pression system and purified using FPLC on HiTrap-Heparin column ac-
cording to the published methods of Miki et al. (1998a). GST-VCA and
GST-CA fragments of N-WASP were expressed and purified from E. coli
according to Miki et al. (1996).

F-actin Determination

F-actin was quantified from TRITC-phalloidin staining of pelleted mate-
rial as described originally by Howard and Oresajo (1985) and modified
slightly according to Zigmond et al. (1998).

Assays of Nucleation Sites in Supernatant

Pyrenyl-actin assays of nucleation were performed as described previously
by Cano et al. (1991). In brief, supernatants with or without agonists
(Cdc42 or VCA) were incubated for stated times at 37°C and then diluted
100-fold directly into 1.5 wM pyrenylactin. The initial rate of pyrenylactin
polymerization was determined from the rate of change of pyrenyl fluo-
rescence Ex370 /Em410. Because addition of 2 wM cytochalasin B de-
creased the agonist-induced rate of polymerization by ~90%, the initial
rate of polymerization is primarily due to barbed-end elongation and thus
the initial rate was considered proportional to the number of free barbed
ends.

Time Course of Polymerization with Purified Proteins

The time course of polymerization induced by N-WASP or VCA in the
presence of Arp2/3 complex was followed by using G-actin that contained
10% or less pyrenylactin. Lower enrichments of labeled G-actin (3% or
1%) were used in experiments in which a high concentration of profilin
was present. The mixture was placed, without dilution, into a cuvette and
the pyrenylactin fluorescence was monitored continuously. In this assay,
nucleation activity is detected from the decrease in the lag time before po-
lymerization begins, or the decrease in the time to achieve half-maximal
polymerization. Unlike the assay of nucleation sites described above, the
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rate of polymerization at any given time is the product of the number of
barbed ends present and the concentration of G-actin above the critical
concentration. With time, the concentration of G-actin decreases to the
critical concentration and the fluorescence reaches a plateau.

Calculation of Free G-actin

In supernatants at a concentration of 3 mg/ml protein, there is ~4 uM
profilin, 12 wM G-actin, and 17.5 pM thymosin B4 (Cassimeris et al.,
1992). Using the following affinities for G-actin: profilin, 0.1 wM and thy-
mosin B4, 0.6 wM (Cassimeris et al., 1992), we calculate that the concen-
tration of free G-actin in the supernatant is ~0.52 wM. The concentration
of “active” (able to bind G-actin) latrunculin A and vitamin D binding
protein (VDBP), was determined from their ability to decrease the initial
rate of polymerization of pyrenylactin from spectrin-actin seeds (using a
K4 for latrunculin A of 0.1 uM, and for VDBP of 1 nM). Using these val-
ues, we calculate the concentration of free G-actin in supernatant before
or after addition of each protein.

Results

Cdc42 Acts through the Arp2/3 Complex to Induce New
Actin Filaments in Neutrophil Supernatant

Cdc42, charged with GTPyS (Cdc42) and added to super-
natant of lysed neutrophils, increases the number of actin
filaments (Zigmond et al., 1998). To determine if the in-
crease in filament number in neutrophil supernatants, like
that in extracts of Xenopus oocytes or Acanthamoeba (Ma
et al., 1998a; Mullins and Pollard, 1999), depended on the
Arp2/3 complex, we depleted >99% of the Arp2/3 com-
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Figure 1. Depletion of Arp2/3 from supernatant inhibits Cdc42-

induced nucleation. (a) Serial dilutions of control (GST bead-
treated) supernatant (30, 15, 7.5, 3.75, 1. 8 pg/lane, labeled as
control 1, 1:2, 1:4, 1.8, 1:16, and 1:32), or GST-CA bead-treated
supernatant (60 p.g/lane, 2XCA) were loaded on a 10% gel. The
gel was blotted and probed with anti-Arp3 antibody. (b) Control
(GST bead-treated) supernatant and CA (CA bead- treated) su-
pernatant were incubated with buffer, 2 WM Cdc42, or Cdc42
plus 80 nM purified Arp2/3 complex (Arp+Cdc42) for 5 min be-
fore dilution into 1.5 wM pyrenylactin; the initial rate of pyren-
ylactin polymerization was determined as a measure of nucle-
ation sites (see Materials and Methods).
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Figure 2. Treatment of supernatant with PLP depletes profilin
and VASP. (a) Coomassie blue-stained SDS-PAGE of PLP
bead-treated supernatant (P) and control (Sepharose bead-—
treated) supernatant (C). Little or no change in protein staining
was detected. (b) Western blots of PLP-treated supernatant (P)
and control supernatant (C) stained with antibodies to IQGAP,
WAVE, WIP, WASP, Arp3, VASP, and profilin. Of these, only
VASP and profilin were decreased by PLP treatment. Each gel
lane was loaded with 30 g protein.

plex by treating supernatant with beads coupled with CA.
This depletion inhibited Cdc42-induced nucleation (Fig. 1,
a and b). Addition of 80 nM of purified Arp2/3 complex
fully restored the nucleation activity. Addition of Arp2/3
complex to control supernatant did not increase its nucle-
ation activity (not shown). This suggests that in control su-
pernatant, the concentration of Arp2/3 complex does not
limit nucleation.

Profilin Depletion Inhibited Cdc42—induced
Actin Nucleation

To investigate the role of profilin in Cdc42-induced actin
nucleation, we treated supernatant with beads coupled to
PLP. The PLP bead treatment depleted >90% of the pro-
filin, >90% of the VASP, and 5-10% of the actin in the
supernatant. There was no detectable depletion of WASP,
WIP, WAVE, Arp3, or IQGAP (Fig. 2). PLP treatment
severely inhibited the ability of Cdc42 to induce actin nu-
cleation (Fig. 3 a). The number of nucleation sites induced
by Cdc42 in PLP-treated supernatant was reduced to 10 =
12% (n = 7) of mock-treated supernatant.

If the ability of Cdc42 to increase F-actin levels depends
on its ability to create new filaments, profilin depletion
should also inhibit Cdc42-induced actin polymerization.
Indeed, PLP treatment decreased the Cdc42-induced in-
crease in F-actin to 11.2 = 4.8% (n = 12) of control level
(Fig. 3 b). Polymerization was not merely slowed since
even after 16 min of Cdc42 induction, the F-actin level in-
creased only slightly (Fig. 3 ¢). Supplementing the super-
natant with 100 wg/ml brain lipid and/or 0.1 wM F-actin
did not increase the response to Cdc42.

To determine if the inhibition was due to profilin and/or
VASP depletion, we investigated whether re-addition of
these proteins would restore activity. Addition of 1-2 uM
recombinant profilin restored ~60% of Cdc42-induced
nucleation and ~50% actin polymerization (Fig. 3, ¢ and
d). Purified spleen profilin and recombinant profilin were
similar in their ability to restore activity. Higher concen-
trations of profilin inhibited both nucleation and polymer-
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ization (see below), even though control supernatant con-
tains about 4 wM profilin. Inclusion of 0.5 wM G-actin
with 1.5 wM profilin restored Cdc42-induced nucleation to
>80% of the control level (data not shown). Higher con-
centrations of profilin—actin increased nucleation above
control levels (see below). Thus, complete restoration of
activity can be achieved by replacing both the depleted
profilin and the depleted actin.

Addition of VASP (up to 1 wM) had no effect on nucle-
ation or polymerization, with or without profilin. The con-
clusion that VASP is not required for Cdc42-induced po-
lymerization was supported by experiments in which
immunodepletion of >90% VASP, with no detectable de-
pletion of profilin, had no effect on actin polymerization
(data not shown).

To Restore Activity, Profilin Must Be Able to Bind
Actin and Polyproline

Profilin can simultaneously bind actin and PLP. To deter-
mine whether binding to one or both of these sites was re-
quired to restore nucleation, we used site-directed mu-
tagenesis to create two profilin mutants. The R74E mutant
has a decreased affinity for actin (Korenbaum et al., 1998);
the H133S mutant has a decreased affinity for PLP
(Bjorkegren-Sjogren et al., 1997), but a normal affinity for
actin (Egile et al., 1999). The binding of actin and proline-
rich proteins to the mutant profilins was examined by in-
cubating supernatant with beads containing GST-R74E
profilin or GST-H133S profilin. Western blots revealed
that H133S profilin beads bound much more actin, but
much less WAVE, WIP, WASP, and VASP, than did
R74E profilin beads (Fig. 4).

The H133S profilin had a reduced ability to restore
Cdc42-induced nucleation or polymerization to PLP-
treated supernatant (Fig. 3 d). At concentrations >2 uM,
H133S profilin, like wild-type profilin, inhibited nucle-
ation. No restoration (or inhibition) of nucleation was
seen with up to 32 wuM R74E profilin. Thus, both the PLP-
and actin-binding sites of profilin are needed to enhance
Cdc42-induced nucleation. Profilin might function at two
independent sites, one binding to the proline-rich domain,
the other to actin, however, this seems not to be the case
since simultaneous addition of H133S and R74E to PLP-
depleted supernatant did not restore activity (data not
shown). Thus, the same molecule of profilin must simulta-
neously bind a proline-rich domain and actin.

Profilin Was Not Required for Nucleation in
Supernatants Induced by VCA

Cdc42 stimulates nucleation by binding to a member of
the WASP family which then activates nucleation by the
Arp2/3 complex (Kim et al., 2000; Ma et al., 1998b; Ma-
chesky et al., 1999; Mullins and Pollard, 1999; Rohatgi et
al., 1999; Yarar et al., 1999). Since both WASP and Arp2/3
bind profilin (Mullins et al., 1998; Suetsugu et al., 1998),
we sought to determine which interaction was needed for
profilin function. GST-VCA, a constitutively active frag-
ment of N-WASP (containing the verpolin homology, cofi-
lin homology, and acidic tail domains but not the profilin
binding—proline-rich domain) is a potent stimulator of ac-
tin nucleation and polymerization in neutrophil superna-
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Figure 3. PLP treatment inhibits induction of nucleation sites and actin polymerization by Cdc42. Control (Sepharose bead-treated)

and PLP (PLP-bead-treated) supernatants were incubated with buffer or 1 WM Cdc42 for 5 min. (a) To measure filament number, the
supernatants were diluted into 1.5 wM pyrenylactin and the initial rate of increase in pyrenylactin fluorescence was determined as a
measure of nucleation sites (see Materials and Methods). Data from several experiments were normalized by setting the Cdc42-induced
increase in polymerization rate in the control supernatant as 100%. PLP treatment decreased the Cdc42-induced change in initial rate to
10.0 £ 12.0% (mean = SD, n = 7) of control. (b) To measure F-actin, the supernatants were diluted into TRITC-phalloidin, which
stains F-actin. The F-actin was pelleted and the TRITC-phalloidin extracted and its fluorescence used as a measure of F-actin (see Ma-
terials and Methods). The data from different experiments were normalized by setting the increase in F-actin induced by Cdc42 in con-
trol supernatant as 100%. PLP treatment decreased F-actin induced to 11.2 +4.8% of control (mean * SD, n = 12). (¢) Time course of
polymerization. PLP-treated (A) or control (Sepharose bead-treated, O) supernatants were incubated for 5 min without (open sym-
bols) or with (filled symbols) 1 wM Cdc42 before dilution into TRITC-phalloidin. The amount of TRITC-phalloidin bound was mea-
sured as in Fig. 3 b. (d and e) Re-addition of profilin restores ability of Cdc42 to induce actin nucleation sites and F-actin in PLP-treated
supernatant. VVarious concentrations of wild-type (WT) or mutant (H133S and R74E) profilins were added to PLP-treated supernatant,
which was then incubated for 5 min with Cdc42 before assaying for nucleation sites (d, as described in Fig. 3 a) or F-actin (e, as de-
scribed in Fig. 3 b). Data are expressed as the percentage of Cdc42-induced nucleation sites in control (Sepharose bead-treated) super-
natant; addition of 1.5-2 uM WT profilin restored the nucleation response to ~60% of control level (d) and F-actin to ~50% (e) of con-
trol level. Little or no restoration was seen with either H133S or R74E profilin.

tant. The ability of GST-VCA to induce nucleation sites
was similar in PLP-depleted and control supernatant (Fig.

phosphotidylinositol lipids stimulate N-WASP to activate
the Arp2/3 complex in vitro (Rohatgi et al., 1999). We

5). Thus, GST-VCA-induced nucleation did not require
profilin. This suggested that the role of profilin in Cdc42
induced-nucleation was upstream of the activated Arp2/3,
probably in the activation of WASP.

Profilin Modulation of Nucleation Induced by Cdc42,
Lipids, N-WASP, and the Arp2/3 Complex

To characterize how profilin enhanced the ability of Cdc42
to activate WASP, we examined its effect on nucleation in-
duced by purified proteins. Cdc42 in combination with

Yang et a. Profilin in Cdc42-induced Nucleation

found that profilin, though not required, could enhance
Cdc42/lipid-induced nucleation by N-WASP (Fig. 6 a).
The enhancement by profilin was small (less than or equal
to twofold) and most effective at early times after Cdc42
addition. As in the cell supernatant, both the actin-binding
and polyproline-binding sites of profilin were critical for
its activity. H133S profilin only slightly enhanced nucle-
ation activity, and R74E increased nucleation only at a
concentration 10-20 times higher than wild-type profilin.
Inhibition by higher concentrations of wild-type and
H133S profilin was due to their binding G-actin, since
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GST-Profilin

when equal concentrations of free G-actin were added
with the profilin there was no inhibition (Fig. 6 a).

With the pure proteins, the time course of actin poly-
merization could be directly monitored in the cuvette con-
taining G-actin spiked with pyrenylactin. The combination
of Cdc42 and lipid added to N-WASP, Arp2/3 complex,
and G-actin increased nucleation as detected by a de-
crease in the lag time before polymerization, as described
previously by Rohatgi et al. (1999). Addition of 100 nM
profilin further decreased the lag time (Fig. 6 b). In the ab-
sence of Cdc2 and lipid, profilin slightly increased the lag
time. F-actin decreased the lag period for polymerization
induced by the Arp2/3 complex, as described previously by
Machesky et al. (1999). The combination of profilin and
F-actin further decreased the lag period (Fig. 6 b). The
combined data with supernatants and with pure proteins
suggest that profilin enhances activation of N-WASP by
Cdc42 and lipid.

The effects of profilin on Cdc42 activation of purified
N-WASP were small compared with the effects in the cell
supernatant. In the supernatant, a reservoir of G-actin
buffered with thymosin B, allows addition of a low concen-
tration of profilin to form profilin-actin without signifi-
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cantly decreasing the free G-actin. To determine if a G-actin
reservoir would enhance the effects of profilin, we exam-
ined the effect of profilin in the presence of 10 WM thy-
mosin B, and 6 WM G-actin (K4 = 1 wM). Under these
conditions, addition of 0.5 wM profilin will form 0.45 uM
profilin—actin, and only decreasing the free G-actin from
1-0.88 wM. Indeed, addition of profilin decreased the long
lag (~900 s to half maximal polymerization) by 64%
(=6% range in two experiments) and increased the maxi-
mal rate of polymerization (Fig. 6 c¢). H133S profilin was
less effective than wild-type profilin, decreasing the lag by
55 * 3% and having no effect on the maximal rate. In the
presence of the thymosin-actin buffer, profilin also de-
creased the lag for polymerization induced by VCA, but in
this case the decrease by wild-type or H133S profilin was
similar (47 = 3%) (Fig. 6 d). Thus, the presence of a G-actin
reservoir accounts for some of the differences between the
effects of profilin in supernatant and with pure proteins.

Inhibition of Nucleation by Elevated Concentration of
Profilin Is Due to G-actin Sequestration

In the experiments above, we have examined the effects of
depleting profilin from cell supernatant. Since supernatant
preparation involves a ~tenfold dilution of cytoplasm, the
concentration of profilin in the intact cell is higher than in
the supernatant. Thus, we investigated the effects of in-
creasing the profilin concentration. Adding even 1 uM
profilin to cell supernatant or purified proteins decreased
the rate of nucleation (see Figs. 3 d and 6 a). Since high
concentrations of a profilin mutant, which does not bind
G-actin (R74E), did not inhibit nucleation, it seemed
likely that the inhibition was due to G-actin sequestration.
Indeed, addition of latrunculin A or VDBP, both of which
sequester G-actin, also inhibited nucleation (Fig. 7 a).
Addition of thymosin B, also inhibited nucleation (not
shown), although, due to its lower affinity, higher concen-
trations were required to sequester a comparable amount
free G-actin. Cdc42-induced nucleation could not be de-
tected when the calculated free G-actin was decreased to
0.1 wM (see Materials and Methods). This concentration
of G-actin appears to limit nucleation with pure proteins
as well. Addition of 5 nM Arp2/3 complex and 50 nM
VCA to 0.5 pM actin filaments at steady state (G-actin is
at its critical concentration of 0.1 wM) resulted in little or
no increase in the number of filament ends, even after a
two-hour incubation (data not shown).

Increasing the free G-actin concentration in the super-
natant by addition of exogenous G-actin increased Cdc42-
induced nucleation. Up to 2 puM G-actin could be added
without increasing basal nucleation (nucleation in the ab-
sence of Cdc42); addition of higher concentrations caused
a parallel increase in basal and agonist-induced nuclea-
tion (Fig. 7 b). Combined, these data suggest that Cdc42-
induced nucleation in neutrophil supernatant is a function
of the free G-actin calculated to be between 0.1-0.8 uM
(see Materials and Methods). G-actin bound to profilin or
thymosin B, did not effectively substitute for free G-actin
in this nucleation reaction.

Profilin—Actin Enhanced Cdc42-induced Nucleation
With a better understanding of the G-actin requirement
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Figure 6. Effect of profilin on nucleation by purified N-WASP

and Arp2/3. (a) Purified Arp2/3 complex (5 nM) was incubated
with N-WASP (100 nM), Cdc42 (100 nM), lipid (15 ng/wl), G-actin
(2 wM), and various concentrations of wild-type profilin (WT,
W), or mutant profilin (H133S, (0 or R74E, O) for 2 min at 37°C
before the samples were diluted 100-fold into 1.5 wM pyrenylac-
tin and the initial rate of polymerization was determined. In one
sample, wild-type profilin was added with enough G-actin (profi-
lin—actin, @) to keep the initial free G-actin concentration at 2
M. (b) Effect of profilin on the lag before polymerization. G-actin
(2 wM containing 10% pyrenylactin) was incubated (1) in a cu-
vette alone (Actin alone), (2) purified Arp2/3 complex (5 nM)
and N-WASP (100 nM) (N-WASP Arp), (3) Arp2/3 complex,
N-WASP, and profilin (100 nM) (Profilin+ N-WASP+Arp), (4)
Arp2/3 complex, N-WASP, Cdc42 (30 nM), and lipid (15 ng/pl)
(Cdc42), (5) Arp2/3 complex, N-WASP, Cdc42, lipid with profi-
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for nucleation, we next examined the effect of profilin
added to supernatant in combination with enough G-actin
to maintain a constant concentration of free G-actin. Un-
der these conditions, the presence of profilin-actin en-
hanced nucleation by Cdc42 without increasing basal nu-
cleation. The effects of profilin—actin were not due merely
to an increased pool of G-actin, since in a parallel experi-
ment, addition of the same amount of G-actin in combina-
tion with enough thymosin B4 to maintain the same con-
centration of free G-actin did not enhance nucleation (not
shown). The Cdc42-induced nucleation sites increased
with increasing concentrations of profilin-actin (Fig. 7 c).
To induce a comparable number of nucleation sites, profi-
lin—actin was required at ~10 times the concentration of
free G-actin. Since the concentration of profilin-actin in
the neutrophil cytoplasm is about 20-fold higher than that
of free G-actin (20 wM versus 0.5 wM; see Materials and
Methods), the contribution by profilin-actin is likely to be
physiologically meaningful.

Furthermore, increasing the concentration of profilin—
actin decreased the concentration of free G-actin needed
for nucleation. To vary the concentration of free G-actin
in the presence of profilin—actin, 10 wM profilin was added
to supernatant along with increasing concentrations of
G-actin. In parallel samples, increasing concentrations of
G-actin alone were added. The nucleation induced by
Cdc42 was then measured. The number of nucleation sites
versus the calculated free G-actin concentration is shown
in Fig. 7d.

G-actin and Profilin-Actin Also Stimulate Nucleation
Induced by GST-VCA

To determine if stimulation by increased concentrations of
profilin—actin in supernatant was unique to Cdc42-induced
nucleation, we examined nucleation induced by GST-
VCA. Profilin—actin enhanced nucleation and decreased
the requirement for free G-actin, similar to GST-VCA-
and Cdc42-induced nucleation (not shown). In summary,
in cell supernatant, profilin—actin is less efficient than free
G-actin in supporting Arp2/3-mediated nucleation acti-

lin (100 nM), (Cdc42+profilin), (6) Arp2/3 complex, N-WASP,
Cdc42, lipid with F-actin (100 nM) (Cdc42+F-actin), or (7)
Arp2/3 complex, N-WASP, Cdc42, lipid, profilin with F-actin
(Cdc42+profilin+F-actin). Pyrenyl fluorescence was monitored
over time. In this assay, unlike those shown previously, the py-
renylactin is included with the reactants and its polymerization is
followed continuously in the cuvette. Thus, nucleation in this as-
say is reflected by the decrease in the lag before polymerization.
(c) Effect of profilin on N-WASP activated nucleation in the
presence of thmyosin B,. Thmyosin B, (10 wM) and G-actin (4
wM, 4% labeled, i.e., pyrenylactin) were incubated in a cuvette
with purified Arp2/3 complex (30 nM), N-WASP (200 nM),
Cdc42 (30 nM), and lipid (15 ng/wl) without (buffer) or with 0.5
wM profilin, either wild-type (WT) or H133S. The pyrenyl fluo-
rescence (arbitrary units, a.u.) was monitored over time as in Fig.
6 b. (d) Effect of profilin on GST-VCA activated nucleation in
the presence of thmyosin B,. Thmyosin B4 (10 wM) and G-actin
(4 uM, 4% labeled) were incubated in a cuvette with purified
Arp2/3 complex (30 nM) and GST-VCA (5 nM) without (buffer)
or with 0.5 wM profilin, either wild-type (WT) or H133S. The
pyrenyl fluorescence was monitored over time.
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Figure 7. Effects of altering the concentration of G-actin. (a)
Addition of G-actin sequestering factors inhibits nucleation. Var-
ious concentrations of latrunculin A (O), VDBP (<), or profilin
(0OJ) were added to supernatant before warming for 5 min in the
presence of 2 WM Cdc42. The supernatant was then diluted into
pyrenylactin and the initial rate of polymerization determined.
The data from several experiments were normalized by setting
the initial rate of polymerization in the absence of added seques-
tering agent as 100%; error bars represent the SD. (b) Addition
of G-actin enhanced Cdc42-induced nucleation. Various concen-
trations of G-actin were added to supernatant and warmed at 37°C
for 5 min in the absence or presence of 2 WM Cdc42 before dilu-
tion into pyrenylactin. The initial rate of polymerization was de-
termined. The difference in the initial rate of polymerization
with and without Cdc42 was plotted versus the concentration of
G-actin added. (c) Addition of profilin—actin to supernatant en-
hances Cdc42-induced nucleation. Profilin and G-actin (P/A =
5:3.3, 7:4.6, 10:7, 12:7.9 nM) were added to the supernatant in a
ratio that, combined with the 4 uM profilin, 17.5 uM thymosin B4,
and 12 uM G-actin already in the supernatant (see Materials and
Methods), gave an initial free G-actin concentration ~0.42 pM.
After incubation with 2 wM Cdc42 for 2 min at 37°C, the samples
were diluted into pyrenylactin and the initial rate of pyrenylactin
polymerization was measured. Data shown are from a represen-
tative experiment; error bars represent duplicate samples. (d)
Profilin-actin allows nucleation at lowered concentrations of
G-actin. Profilin (10 wM), with different concentrations of
G-actin (3, 4, 5, 6, or 7 uM), was added to supernatant to give
various initial concentrations of the free G-actin (filled symboals;
free G-actin calculated as described in Methods). In parallel sam-
ples, different concentrations of G-actin (0, 0.5, 1, 1.5, and 2 pM)
were added to supernatant to give different concentrations initial
free G-actin (open symbols). Samples were incubated for 5 min
at 37°C with buffer or 2 uM Cdc42 before dilution into pyren-
ylactin and the initial rate of polymerization determined. The
data plotted for each sample are the difference in rate with and
without Cdc42 as a function of the calculated initial free G-actin
concentration. Data from three experiments using different su-
pernatant preparations are plotted using different symbols (cir-
cles, triangles, or squares).
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vated by either Cdc42 or GST-VCA, but profilin-actin, in
the presence of the same initial free G-actin concentration,
enhances nucleation. To examine the mechanism of this
enhancement we switched to a pure protein system.

Profilin—Actin Enhances Nucleation by
GST-VCA-activated Arp2/3 Complex

The activation of nucleation by GST-VCA and Arp2/3
complex depends on the concentration of free G-actin,
even in the presence of F-actin. Therefore, to determine if
profilin—actin could enhance the rate of nucleation with
pure proteins, we examined the time course of polymeriza-
tion of samples with profilin/G-actin ratios calculated to
give the same initial free concentration of G-actin as con-
trol samples in the absence of profilin. The rationale for
this strategy is as follows. At any particular concentration
of barbed ends, free G-actin will elongate the filaments at
a rate proportional to its concentration, independent of
the presence or absence of profilin. If profilin—actin is also
present it will contribute to filament elongation with a rate
constant ~70% of that of free G-actin (Gutsche-Perelroi-
zen et al., 1999), releasing profilin. Thus, both G-actin and
profilin—actin will be consumed by elongation in approxi-
mate proportion to their quantity present. However, some
of the profilin released will sequester G-actin, and so,
whereas the amount of free G-actin is initially the same, it
will fall more rapidly in the presence of profilin. There-
fore, under the null hypothesis that profilin—actin makes
no contribution to nucleation, we would predict that in the
presence of profilin, compared with a control with the
same initial free G-actin: (a) the concentration of free
G-actin will begin to fall more rapidly and follow a lower
trajectory over time; therefore (b) the concentration of
barbed ends will increase more slowly and also follow a
lower trajectory; and so (c) the fractional completion of
the conversion of G-actin to F-actin will be slowed.

Fig. 8 a shows a test of prediction b above. Profilin/
G-actin ratios giving a free G-actin concentration of ~0.1
wM (which on its own did not increase nucleation above
background) enhanced nucleation by VCA and the Arp2/
3 complex, contrary to the prediction. As in the superna-
tant, a much higher concentration of profilin—actin than
free G-actin was required to achieve a comparable num-
ber of nucleation sites. H133S profilin was as effective as
wild-type profilin in this respect (not shown), consistent
with there being no proline-rich region in VCA.

Fig. 8 b shows a test of prediction ¢ above. The time
course of the conversion of G-actin to F-actin was fol-
lowed by using partially pyrenylated G-actin with the same
initial concentration of G-actin (0.05, 0.3, or 2 wM) in the
presence and absence of profilin and normalized to the
same final fluorescence. In the presence of profilin, a low
percentage of pyrenyl-actin was used, since profilin prefer-
entially binds unlabeled actin, a fact that does not qualita-
tively alter the predictions made under the null hypothesis.
Again, the outcome was contrary to the prediction; when
the G-actin concentration was low, the presence of profilin
accelerated nucleation. These results suggest that profilin—
actin either participates directly in Arp2/3-induced nucle-
ation or enhances it in some less direct way, for example
by stabilizing nascent nuclei or by increasing the concen-
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Figure 8. Effect of profilin—actin on nucleation by VCA and

Arp2/3 complex. (a) Effect of G-actin and profilin-actin on the
number of nucleation sites induced by VCA and Arp2/3 complex.
The Arp2/3 complex (100 nM), GST-VCA (200 nM), and 0.2 uM
F-actin (phalloidin stabilized) were incubated with different con-
centrations of G-actin (0.1, 0.3, and 0.5 uM, @), or with profilin
and G-actin added in a ratio to give an initial free G-actin = 0.1
wM (P/A = 15:7.5, 10:5, 5:2.6, 3:1.6, and 2:1 nM, H). After incu-
bation for 2 min at 37°C, the samples were diluted into pyrenylac-
tin and the initial rate of polymerization determined. Data shown
are the increase in rate of polymerization over basal (without
Arp2/3) in a representative experiment. (b) Profilin-actin en-
hances nucleation by VCA activated Arp2/3 complex. Arp2/3
complex (5 nM) was incubated with GST-VCA (50 nM), 0.1 uM
F-actin, and either with different concentrations of G-actin (0.05
wM, O, 0.3 uM, A, 2 uM, [0, or 4 uM, +) or with 4 uM G-actin
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tration of a cofactor. The ability of profilin—actin to stimu-
late Arp2/3 complex nucleation depended on the concen-
tration of free G-actin. When the concentration of G-actin
was =1 M, the presence of profilin—actin did not acceler-
ate nucleation, presumably because any effect was masked
by the more efficient G-actin.

Increasing the total G-actin pool can, if it releases an ap-
propriate concentration of free G-actin, increase the amount
of actin polymerized and the number of nucleation sites
produced. To determine whether increasing the total
G-actin pool might, in some unexplained way, affect the
rate of nucleation, we increased the reservoir of G-actin by
adding G-actin together with thymosin 3,. Since under our
conditions, thymosin B,—actin does not contribute to fila-
ment elongation, we would expect its influence to be ex-
pressed via its effect of buffering the free G-actin as it is
consumed. Therefore, under the null hypothesis that nei-
ther thymosin B, nor the total G-actin pool affect nucle-
ation, we would predict that in the presence of thymosin
B4, compared with a control with the same initial con-
centration of free G-actin: (a) the concentration of free
G-actin will fall more slowly and follow a higher trajectory
over time; therefore (b) the concentration of barbed ends
will increase more rapidly and also follow a higher trajec-
tory; and so (c) the rate of the conversion of G-actin to
F-actin will be increased.

Fig. 8 ¢ shows an experiment in which the thymosin g, to
actin ratio was adjusted to give an initial concentration of
free G-actin of ~1 pM (T/A = 10 pM:6 wM), compared
with a control in the absence of thymosin B, with an initial
concentration of free G-actin of 1 wM. Again, the predic-
tion under the null hypothesis was not born out: in the
presence of thymosin B,, the conversion of G-actin to
F-actin was in fact slowed (best seen when the data are
normalized to the same final fluorescence). Therefore,
not only could we detect no effect of an increased total
G-actin pool in enhancing the rate of nucleation, but also
we conclude that either thymosin 3, or thymosin B,—actin
acts in some way to inhibit nucleation as compared with
the control with the same initial concentration of free
G-actin. The number of nucleation sites at plateau was,
however, increased (data not shown). Thus the reservoir
of G-actin did allow continued slow nucleation by the free

(1% labeled) and different concentrations of profilin, to give an
initial free G-actin concentration = 0.05 uM (profilin = 16 pM,
@), 0.3 M (profilin = 5 uM, A), or 2 uM (profilin = 3.3 uM, H).
The pyrenyl fluorescence was followed continuously (as in Fig. 6
b). The fluorescence of each sample (except the sample with 0.05
M G-actin alone, which did not polymerize) was normalized to
the same final level. (c) Time course of nucleation and polymer-
ization in the presence of thymosin 4. The Arp2/3 complex (5
nM) was incubated with GST-VCA (50 nM) in the presence of 1
wM G-actin (3% labeled) (gray circles, 1 wM A) or in the pres-
ence of a ratio of thymosin B,/actin (T/A = 10:6) to give a free
G-actin of 1 M (). The polymerization was followed continu-
ously in the cuvette. The increased pool of G-actin present in the
T/A samples allowed more polymerization, however the lag be-
fore polymerization was increased. To better compare the lag pe-
riod between samples, fluorescence of the G-actin sample is also
shown normalized (gray triangles, 1 uM A [normalized]) to the
same final fluorescence as the thymosin B,/actin sample.
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Figure 9. Models of activation of nucleation by profilin. (a)
Activation of WASP by profilin. In the inactive conformation,
WASP is folded back on itself with the acidic COOH-terminal
domain binding near the CRIB domain (Kim et al., 2000).
Since the ability of profilin to increase Cdc42-induced nucle-
ation sites in profilin-depleted supernatant or with pure pro-
teins was optimal with profilin able to bind both actin and
PLP, profilin—-actin presumably binds to the proline-rich do-
main (PRD) of WASP. This binding could extend the confor-
mational change induced by Cdc42 and lipid. In the fully “ac-
tive” conformation, the CA-terminus of WASP is able to bind
the Arp2/3 complex, with G-actin bound to the verprolin do-
main, thereby activating nucleation. Though not illustrated,

the three-dimensional structure of this complex may be such that the actin of the profilin-actin complex contributes to the nascent fila-
ment. (b) Stimulation of VCA-Arp2/3 nucleation by profilin-actin. In this model, we propose that profilin—actin can bind to a site on
the Arp2/3 complex (right side) that binds G-actin (left side) possibly with higher affinity. As proposed above, G-actin binds preferen-
tially to the VV domain. Upon dissociation of profilin, the actin from the profilin—actin complex contributes to nucleation of a new fila-

ment.

G-actin resulting in an increase in the final level of nucle-
ation sites.

Discussion

Profilin Has Multiple Effects on Nucleation

These studies illuminate the multiple effects, both positive
and negative, that profilin has on Arp2/3 complex—medi-
ated nucleation. In cell supernatant, profilin depletion
profoundly inhibited nucleation induced by Cdc42, but not
by VCA. Cdc42-induced nucleation was restored by addi-
tion of wild-type profilin, but not by mutant profilins un-
able to bind PLP or actin. PLP binding also contributed to
profilin’s ability to enhance Cdc42-nucleation via purified
N-WASP.

Profilin binds with submicromolar affinity to the pro-
line-rich domain of N-WASP (Suetsugu et al., 1998). Per-
haps this binding, in combination with Cdc42 and lipid, in-
duces a conformation of N-WASP that is better able to
activate Arp2/3 complex. The proline-rich region is be-
lieved to serve as a hinge, and by binding to this region,
profilin could modulate the thermodynamic balance in fa-
vor of activation (Abdul-Manan et al., 1999; Kim et al.,
2000). The adaptor Grb2, which binds via its SH3 domain
to the proline-rich region, also enhances Cdc42 activation
of N-WASP (Carlier, 2000). Because only profilin able to
bind actin stimulated nucleation, the profilin-actin bound
to WASP may deliver its actin to the Arp2/3 complex nu-
cleation site or to the barbed end of a growing filament
(Fig. 9 a).

Profilin Effects on Supernatant Are Not Fully
Explained by Results with Purified Proteins

Though studies with the purified proteins help define the
molecular interactions, they do not fully reflect the situa-
tion in the supernatant. Addition of profilin increased
Cdc42-induced nucleation in profilin-depleted superna-
tant more than sixfold, but with pure reagents only about
twofold. Most likely, other components in the supernatant,
including thymosin B4 and cofilin, increase the importance
of profilin. Other profilin-binding proteins, such as WIP,
may also play a role in the supernatant.
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Inhibitory Effects of Profilin on Nucleation Are Due to
G-actin Sequestration

The inhibitory effects of profilin on nucleation are due in
part to its sequestration of G-actin. Nucleation by Arp2/3
complex in supernatant or with pure proteins is a function
of the free G-actin concentration (Fig. 7; Higgs et al., 1999).
When profilin addition resulted in lowered free G-actin
concentration, it inhibited the rate of nucleation (Fig. 7;
Higgs et al., 1999; Machesky et al., 1999). Thus, profilin—
actin is less effective than free G-actin in supporting Arp2/3
complex-mediated nucleation. This decreased activity is
probably not due to profilin—actin’s slightly (30%) slower
barbed-end elongation rate, nor does it seem to be due
merely to an inhibition of spontaneous nucleation, since it
was observed in the presence of F-actin.

Rather, it appears that profilin-actin is less effective
than free G-actin in some aspect of the nucleation reac-
tion. G-actin binds to the verprolin domain of WASP pro-
teins. This domain, present in all members of the family, is
needed for activation of Arp2/3 by COOH-terminal frag-
ments of WASP family proteins (Machesky et al., 1999;
Rohatgi et al., 1999). WASP family members with deletion
in the verprolin domain are defective in vivo (Miki et al.,
1998a,b). Since the same surface of G-actin (domains one
and/or three) is involved in binding to the verprolin do-
main and to profilin (Egile et al., 1999; Higgs et al., 1999;
Machesky and Insall, 1998), G-actin can not bind both si-
multaneously. The inability of profilin-actin to bind the
verprolin domain may explain why it is less effective than
free G-actin (Fig. 9 b).

Profilin—Actin Can Enhance Nucleation Independent
of Polyproline Binding

Profilin-actin can enhance the rate of nucleation under
conditions where the free G-actin concentration was main-
tained, i.e., when profilin was added as profilin-actin or
added to a reservoir of G-actin buffered with thymosin B,.
This enhancement does not require that profilin be able to
bind PLP and may result from several different actions of
profilin. When F-actin, a cofactor in Arp2/3 complex-medi-
ated nucleation, is limiting, profilin-actin could enhance
nucleation by its ability to elongate at barbed ends thereby
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increasing F-actin. Indeed, the enhancement by profilin
was greater in the absence than in the presence of F-actin,
suggesting that it might function by increasing F-actin or
some other cofactor.

The enhancement by profilin—actin was greatest, in the
presence or absence of F-actin, when the free G-actin con-
centration was low. The presence of profilin-actin allowed
nucleation when the free G-actin concentration was too
low to support nucleation on its own (>0.1 wM). Consis-
tent with this result, branched filaments formed in the
presence of Arp2/3 complex, VCA, and profilin/actin at a
ratio expected to give a low concentration of free G-actin
(Blanchoin et al., 2000). The fact that nucleation can occur
when the free G-actin is below its critical concentration
need not imply that G-actin is not required. Since the K,
of binding of G-actin to verprolin is ~0.6 wM (Egile et al.,
1999; Higgs et al., 1999), 0.06 wM G-actin is sufficient to
bind ~10% of the verprolin domains. When G-actin is lim-
iting, profilin—actin could contribute by binding directly to
the Arp2/3 complex to form a new filament and/or by
barbed-end elongation to stabilize a nascent filament.

Profilin has long been known to enhance actin tread-
milling. These studies show that profilin also enhances
Arp2/3 complex-mediated actin nucleation. Profilin con-
tributes both to the activation of WASP by Cdc42 and to
nucleation by activated Arp2/3 complex. Profilin-actin al-
lows nucleation at decreased free G-actin concentrations.
Because neutrophil cytoplasm contains about 40 wM pro-
filin, the pool of profilin—actin in a resting cell (assuming
the concentration of free G-actin = 0.5 uM) is ~34 pM.
After chemoattractant stimulation, when the F-actin level
doubles, the free G-actin level may decrease to 0.1 uM,
but the profilin—actin would still be present at ~24 WM.
This profilin—actin can allow rapid nucleation of new actin
filaments to continue.
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