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The Actin-Binding Protein Profilin Binds to PIP, and
Inhibits Its Hydrolysis by Phospholipase C

PascaL J. GOLDSCHMIDT-CLERMONT, LAURA M. MACHESKY,
JOSEPH J. BALDASSARE,* THOMAS D. POLLARD

Profilin is generally thought to regulate actin polymerization, but the observation that
acidic phospholipids dissociate the complex of profilin and actin raised the possibility
that profilin might also regulate lipid metabolism. Profilin isolated from platelets
binds with high affinity to small clusters of phosphatidylinositol 4,5-bisphosphate
(PIP;) molecules in micelles and also in bilayers with other phospholipids. The molar
ratio of the complex of profilin with PIP, is 1:7 in micelles of pure PIP, and 1:5 in
bilayers composed largely of other phospholipids. Profilin competes efficiently with
platelet cytosolic phosphoinositide-specific phospholipase C for interaction with the
PIP, substrate and thereby inhibits PIP, hydrolysis by this enzyme. The cellular
concentrations and binding characteristics of these molecules are consistent with
profilin being a negative regulator of the phosphoinositide signaling pathway in
addition to its established function as an inhibitor of actin polymerization.

THE INHIBITION OF THE INTERAC-
tion of actin with profilin, the most
abundant actin-binding protein, by
the membrane phospholipid PIP, (1) is one
of a growing number of examples where
phospholipids can influence cytoplasmic
proteins (2). In the case of profilin and actin,
it has been assumed that PIP, binds to the
profilin. PIP; is also the precursor of two
second messengers, inositol 1,4,5-trisphos-
phate (IP3) and diacylglycerol, which regu-
late a variety of cellular processes (3). We
have characterized the interaction of human
platelet profilin with PIP, in vitro and pre-
sent evidence that profilin can regulate
phospholipid metabolism.

In a gel filtration assay (Fig. 1, A to E,
and Table 1), 12 molecules of platelet profi-
lin bound to micelles composed of 83 mole-
cules of PIP, (4). This corresponds to 1
profilin molecule bound to 7 lipid mole-
cules. The profilin that was bound to mi-
celles eluted in the void volume and was
well-separated from the free profilin. As the
molar ratio of profilin bound to PIP, was
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the same (1:7) at all micelle concentrations
tested, the affinity of the interaction must be
relatively high. The amount of profilin trail-
ing behind the micelle peak was small,
which is further evidence that the complex
has a dissociation constant (Kj) in the sub-

results as micelles of PIP; (5), whereas much
higher concentrations of small unilamellar
vesicles (SUVs) of pure phosphatidylinosi-
tol (PI) were required to bind profilin.

At a 1:7 binding ratio, the profilin mole-
cules should be tightly packed on the surface
of a PIP, micelle. This conclusion is based
on the dimensions of the profilin molecule
[~3.0 nm by 3.0 nm by 3.5 nm (6)] and the
5.5- to 6.0-nm diameter of PIP, micelles
(4). Thus, steric hindrance is likely to limit
the binding of more profilin molecules to
the micelles and to result in an overestimate
of the number of PIP, molecules actually
associated with each profilin molecule.

To obtain a better estimate of the molecu-
lar stoichiometry of the complex, we carried
out parallel experiments with small amounts
of PIP, incorporated into large unilamellar
vesicles composed of other lipids. We used
large unilamellar vesicles produced by the
extrusion technique (LUVETs) (7) that
were composed of a 5:1 'molar ratio of
phosphatidylcholine (PC) to PIP,. Electron
microscopy of negatively stained vesicles
showed that they were unilamellar and had a
mean diameter of 0.12 pm (SD = 0.03 pum,
n = 31). Freeze-fracturing (7) showed that
these vesicles were unilamellar, and nuclear
magnetic resonance (8) showed that PIP,
partitions between the two leaflets of such
vesicles. Thus, we have assumed that 50% of
the PIP, in the LUVETS is exposed to the
medium and available for binding to profi-

micromolar range. The amount of profilin  lin.

bound was the same in buffer with and In the gel filtration assay, all concentra-
without 75 mM KCI. Micelles of phosphati-  tions of PC-PIP, LUVETS that we tested
dylinositol 4-phosphate (PIP) gave similar  bound the same number of profilin mole-

Table 1. Characterization of the PIP,-profilin complex. Stoichiometry and K4 were estimated by fitting
theoretical curves (obtained by varying these two parameters independently) to the data from the
binding filtration assay (22) and the PLC inhibition assay (25) (Fig. 1, E and F; Fig. 2, B and C).
Because the bound and free profilin are separated during the gel filtration assay, the equilibrium is
perturbed, causing the complex to dissociate and profilin to trail behind the micelles and vesicles. In the
PLC inhibition assay, the equilibrium is also perturbed, as PIP; is hydrolyzed when profilin comes off
the PIP, clusters. Consequently, the Ky’s estimated by these assays are maximum values. The 95%
confidence intervals (in parentheses) were calculated from 8 to 12 separate filtrations for the binding
filtration assay, and from two separate experiments (each representing eight individual time courses) for
the PLC inhibition assay.

Stoichiometry
. i (number of PIP, molecules K4 (rM)
Lipid composition per profilin molecule)
Filtration PLC assay Filtration PLC assay
Micelles of PIP, 7.4 10.0 <0.1 <0.1
(6.7 t0 8.2)
LUVETs of PIP,:PC (1:5) 5.4 <1.0
(341t07.3)
LUVETs of PIP,:PC:PE (1:1:1) 4.8 <1.0
(3.9 t0 5.8)
LUVETs of PIP,:PC (1:12) 5.0 <5.0
LUVETs of PIP,:PC:PE (1:5:5) 5.0 <1.0
LUVETs of PI:PC (1:5) <1000
SUVs of PI <1000
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cules per PIP; molecule (Fig. 1F and Table
1). The molar ratio was 1 profilin per 5 PIP,
molecules in the outer leaflet. This result
suggests that the affinity of profilin for PIP,
is relatively high even in the presence of
excess PC. The data are also consistent with
the induction by profilin of aggregation of
PIP; into small patches of ~5 molecules in
the PC lipid bilayer.

We tested LUVETs with a variety of
different lipid compositions, but only those
with PIP, bound profilin with high affinity
(Fig. 1, F and G). LUVETSs composed of
pure PC or PC in a 5:1 ratio with PI or
phosphatidylserine (PS) did not bind profi-
lin; LUVETs composed of mixtures of PS
and phosphatidylethanolamine (PE), even
at high lipid concentrations, also did not
bind profilin.

We then tested the possibility that the
PIP,-profilin complex might be a poor sub-
strate for phospholipase C (PLC). Profilin
inhibited the hydrolysis of micellar PIP, by a
platelet soluble PLC (9) in a concentration-
dependent manner (Fig. 2, A and B, and
Table 1). At molar ratios of >1 profilin per

3
S

10 PIP; molecules, the rate of hydrolysis by
a low concentration of enzyme was near
zero. The inhibition of hydrolysis is mediat-
ed by the binding of profilin to the substrate
PIP, micelles rather than by interaction with
the enzyme, as profilin concentrations that
completely inhibited hydrolysis of a low
concentration of substrate did not inhibit
hydrolysis with excess PIP, (10). Profilin
inhibited the hydrolysis of micellar PIP; to a
greater extent than expected from the 1:7
stoichiometry of the profilin-PIP, complex
measured by the gel filtration assay. A possi-
ble explanation, consistent with the experi-
mental data, is that each profilin obstructs
the access of PLC [which is larger than
profilin (9)] to 10 molecules of PIP,. High
concentrations of enzyme gave low but mea-
surable rates of hydrolysis even in the pres-
ence of an excess of profilin over PIP, (10).
These observations are consistent with com-
petition between profilin and PLC for inter-
action with PIP,.

At an optimal concentration of Ca** (80
wM in our assay) and at pH 6.5, PLC
activity varied according to the type and

300

Fig. 1. Gel filtration assay for
the binding of profilin to lipid
micelles and vesicles. (A) Chro-
matogram (22) of profilin (23)
alone at 4°C in buffer A [2 mM
tris (pH 7.2), 0.2 mM ATP, 0.5
mM dithiothreitol, and 0.1 mM
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grams of mixtures of 22 uM
profilin and various concentra-
tions of micellar PIP, (24)
(PIPy-profilin  molar  ratios
2.1:1,4.3:1,and 6.3:1, respec-
tively) that had been incubated
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tion are expressed as the con-
centration of profilin bound to
micelles in the original sample
volume as a function of the PIP,
concentration. Symbols are as
follows: (e) profilin (22 pM) in
buffer A; and (0) profilin (18.5
wM) in buffer B [5 mM tris (pH
7.5), 75 mM KCl, 0.5 mM di-
thiothreitol, and 0.1 mM
NaN3;)]. The theoretical line cor-
responds to a stoichiometry of 1
profilin per 7 PIP, molecules
with all sites occupied. (F) 04—
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The results are expressed as the concentration of profilin bound to LUVETS in the original sample
volume as a function of the concentration of PIP,, PI, or PS exposed on the surface (assumed to be 50%
of the total). All experiments were performed in buffer B at room temperature. Symbols are as follows:
(®) 23 uM profilin with LUVETs composed of PIP, and PC or (0) 13 uM profilin with LUVETs
composed of PIP, and PC; (O) 23 wM profilin with LUVETs composed of PI and PC; and (M) 23 pM
profilin with LUVETSs composed of PS and PC. The theoretical line corresponds to a stoichiometry of 1
profilin per 5 PIP, molecules with all sites occupied. (G) Binding of profilin to lipids without PIP,. All
experiments were performed at room temperature with 23 wM profilin in buffer B. Symbols are as

follows: () LUVETS of PC; (0) LUVETs of a 1
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:1 molar ratio of PE and PS; and (O) SUVs of PI.

concentration of the lipids mixed with PIP,.
Compared to PLC activity measured with
PIP; micelles as the substrate, the activity was
higher with LUVETSs composed of PE and
PIP, and lower with LUVETs of PC and
PIP,. This agrees with reports that indicated
an enhancing effect of PE and an inhibitory
effect of PC on PLC-catalyzed hydrolysis of
PIP; in mixed SUVs (11).

Profilin inhibited hydrolysis of PIP, by
PLC in all LUVET compositions tested
(Fig. 2C and Table 1). In experiments with
high concentrations of LUVETS, each profi-
lin molecule protected ~5 PIP, molecules
from hydrolysis by PLC at all profilin con-
centrations. This suggests that profilin ag-
gregates PIP, into patches. These patches
are likely to be small, because formation of
large patches of PIP, would induce steric
hindrance among profilin molecules (as ob-
served with micellesy. Estimation of the K4
was difficult with high concentrations of
LUVETs, because the binding of profilin
was relatively tight. The best estimates were
obtained with small amounts (0.1 to 10
wM) of PIP, added to the outer leaflet of
PC:PE vesicles. Under these conditions, the
PLC inhibition data fit with models for the
binding of profilin to a PIP, pentamer in
LUVETSs with a submicromolar Ky (Fig. 2C
and Table 1). In control experiments, nei-
ther ovalbumin nor rabbit skeletal muscle
actin inhibited hydrolysis of PIP, in LU-
VETs.

Lassing and Lindberg (1) drew attention
to the interaction of profilin with acidic
phospholipids, particularly polyphosphoin-
ositides, as a possible mechanism to regulate
the sequestration of actin monomers by
profilin. Their evidence was based on the
ability of the polyphosphoinositides to re-
verse the inhibition of actin polymerization
by profilin. With a variety of different assays,
we have confirmed their results (10). Hu-
man platelet profilin binds to actin mono-
mers with a K4 of ~3 wM and increases the
rate of exchange of divalent cations and
adenosine triphosphate (ATP) bound to ac-
tin (10, 12). Profilin also inhibits nucleation,
and to a lesser extent elongation, of actin
filaments (10, 12). PIP, and PIP micelles
overcome these effects of profilin on actin,
whereas IP3; and SUVs of PI and PS have no
effect (10).

The properties of the complex of profilin
with PIP, described in this report explain
why PIP, micelles can reverse the effects of
profilin on actin. About 12 molecules of
profilin bind to each micelle of PIP, with
submicromolar affinity. At saturation, each
profilin is associated with 7 PIP, molecules.
The protein molecules are likely to be tightly
packed on the surface of the micelle, pre-
sumably bound by electrostatic forces be-
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tween the negatively charged polar head
groups of the micelle and the basic side
chains on profilin (13). The geometry of
such a complex makes it unlikely that the
profilin penetrates the hydrophobic core of
the micelle, which is composed of packed
aliphatic chains (4). This conclusion is sup-
ported by our observation that addition of
PIP, did not change the fluorescence of
mixtures of 2-p-toluidinylnaphthalene-6-sul-
fonate and profilin, as might be expected if
profilin disrupted the micellar structure
(10). The structure of platelet profilin has
not been determined, but a preliminary
model for Acanthamoeba profilin based on x-
ray diffraction data (6) has a large cluster of
basic residues in one place on the surface. If
the structure of platelet profilin is similar [as
would be expected from the sequences of
the proteins (14)], such a basic patch is a
likely candidate for the PIP,-binding site.
Chemical cross-linking has identified an ac-
tin contact site in the middle of the basic
patch near the COOH-terminus of Acantha-
tmoeba profilin (15). Such an overlap of bind-
ing sites and the higher affinity of profilin
for PIP, micelles than for actin suggest that
simple competition between actin and the
acidic lipids for binding to profilin may
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explain the actin polymerization data (1, 10).

A substantial fraction of the PIP, in the
inner leaflet of the platelet plasma mem-
brane may be bound to profilin. This con-
clusion is based on the high concentration of
profilin [30 to 40 wM (10, 16)], the concen-
tration of PIP, [140 to 240 wM (17)], the
1:5 stoichiometry and submicromolar affin-
ity of the complex, and the apparent ability
of profilin to aggregate PIP, into small
patches. Other phospholipids form patches
in lipid bilayers (18), and an association of
profilin with the cytoplasmic face of the
plasma membrane of human platelets (and
leukocytes) has been observed independent-
ly by electron microscopy (19). The high
concentration of actin in platelets will com-
pete with PIP, for profilin, but the affinity
of profilin for PIP, pentamers is at least one
order of magnitude higher than that for
actin under physiological conditions, and
the concentration of PIP, is about the same
as that of unpolymerized actin in platelets
(10).

Profilin bound to PIP, on the membrane
could be the negative regulator of PLC
activity that has been postulated to account
for the low rate of PIP, hydrolysis in resting
cells (20). Profilin is an effective inhibitor of
PIP, hydrolysis by PLC, even when PIP; is
incorporated into lipid bilayers composed
mainly of other lipids and when the concen-
tration of Ca’* is optimal for PLC activity.

Fig. 2. Profilin inhibits the hydrolysis of PIP, by
platelet soluble PLC. (A) Time course of micellar
PIP, hydrolysis by PLC (25) in the absence
(circles) or presence (squares) of 9.5 wM profilin.
Incubations were performed at 36°C, with PLC
(78 ng/ml) and 45 pwM PIP,, in 100 mM tris (pH
6.5), 1 mM CaCl,, and 0.1% deoxycholate. Open
and solid symbols represent two separate experi-
ments. (B) Profilin concentration dependence of
the hydrolysis of micellar PIP, by PLC. Condi-
tions were as in (A) except that PIP, concentra-
tion was 9 wM. Hydrolysis rates expressed as
percentage of maximal activity (in the absence of
profilin) were obtained from time courses. Both
curves are theoretical: the dashed curve was calcu-
lated by assuming that each profilin molecule
binds to 7 PIP, molecules with an infinitely small
K4 and protects only these heptamers from PLC.
The solid curve corresponds to each profilin
molecule binding to 10 PIP, molecules with a K4
of 0.1 pM. (C) The effect of profilin or ovalbumin
on the hydrolysis of PIP, incorporated into LU-
VETs. Incubations were performed at 36°C in
buffer B with 80 wM CaCl, and PLC (30 pg/ml).
PIP, was added to LUVETs containing PE and
PC (1:1) and purified away from micelles (26).
The concentration of PIP, was 2.3 pM. If we
assume that the PIP, was confined to the outer
leaflet (26), the ratio of PIP,:PC:PE was 1:5:5 in
the outer leaflet. The concentrations of human
platelet profilin (®) or ovalbumin (O) were varied
as indicated. Both curves are theoretical. The solid
curve was calculated for a Ky of 1 pM for the
complex of profilin with PIP, pentamers. The
dashed curve corresponds to a K4 of 1 mM.

In the cytoplasm, the low Ca** concentra-
tion together with profilin should reduce
the activity of PLC even further.

Because all platelet PLC isozymes, includ-
ing membrane-associated forms, have simi-
lar kinetic constants for PIP, hydrolysis (9),
the interaction of profilin with the substrate
would be expected to inhibit all PLC iso-
zymes. The human platelet soluble PLC-II
used in these studies can be distinguished
from membrane-bound isozymes with spe-
cific antibodies and by a difference in their
Michaelis constants (Kp,) for the hydrolysis
of PI, but not for PIP, (9). Studies suggest
that membrane-associated PLC isozymes are
responsible for the hydrolysis of PIP, in
response to stimulation of membrane recep-
tors (20). However, the amino acid se-
quences available for the cytosolic and the
membrane-associated PLCs are similar (20).
Posttranslational mechanisms (20) may be
responsible for the association of PLC iso-
zymes with membranes. .

If profilin inhibits PIP, hydrolysis in cells,
there must be some way for activated PLC
to compete effectively with profilin. One
possibility is that the activated PLC has a
higher affinity for PIP, than that of the
purified enzyme used in our experiments
(20). A central regulatory role for profilin in
both the cytoskeleton and the polyphos-
phoinositide pathway may explain why dele-
tion of the profilin gene can be lethal in
yeast (21).
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be directly calculated from the Michaelis-Menten
equation where S is replaced by: 1/2{[(Kq+
Pr = St)? + 4Kq St]'? = (Ky + Pr — St)}, where
Pr and St are the total profilin and total PIP,
concentrations, respectively, and Ky is the dissocia-
tion constant for the profilin-PIP, complex.

26. To add PIP; to the outer leaflet of LUVETS [P. A.
Janmey and T. P. Stossel, J. Biol. Chem. 264, 4825
(1989)], we incubated LUVETS (0.20 pum in diam-
eter; SD = 0.05, n = 29) of known composition
[PC or PC:PE (1:1)] with PIP, micelles in deion-
ized water at 36°C for 5 hours. Separation of
LUVETs from micellar PIP, was performed by
filration of the mixture on a 0.7 cm by 10 cm

Sepharose 2B column at room temperature, with a
flow rate of buffer B of 30 ml/hour, and a fraction
size of 0.4 ml. The fraction of PIP; incorporated in
the LUVETS, about 50% of the total, was quantitat-
ed by liquid scintillation counting of the void vol-
ume. After filtration, the LUVETSs remained 0.20
um in diameter (SD = 0.02 pm, n = 27) and unila-
mellar. To be sure that the PIP, remained incorpo-
rated in these LUVETS, a sample was refiltered on
Sepharose 2B 6 hours after preparation, by which
time the PLC assays had been completed. As trans-
verse diffusion of phospholipids in a bilayer (flip-
flop) is slow, we considered in our calculations that
all the PIP, was in the outer leaflet of the LUVETS.
We could not rule out that some of the PIP, was
incorporated into the inner leaflet of the vesicles or
trapped as micelles inside the vesicles. However, the
stoichiometry and affinity of profilin binding to
these LUVETS as measured in the PLC assay was
consistent with our other determinations if we as-
sumed that all of the PIP, in these fused LUVETs
was in the outer leaflet.
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Binding of GAP to Activated PDGF Receptors

ANDRIUS KAZ1AUSKAS, CHRISTINE ELLIS, TONY PAWSON,

JoNATHAN A. COOPER

The ras proto-oncogene products appear to relay intracellular signals via the Ras
guanosine triphosphatase (GTPase) activator protein, GAP. In dog epithelial cells
expressing human platelet-derived growth factor (PDGF) receptors, binding of PDGF
caused approximately one-tenth of the total GAP molecules to complex with the
receptor. Studies with mutant PDGF receptors showed that maximum association
required both receptor kinase activity and phosphorylatable tyrosine residues at both
the identified sites of receptor autophosphorylation.

HE PRODUCT OF THE ras PROTO-

oncogene, Ras, is a guanine nucleo-

tide binding protein (1). By analogy
with Saccharomyces cerevisiae RAS gene prod-
ucts and the mammalian G proteins that
couple membrane receptors to effector mol-
ecules such as adenylate cyclase, it is thought
that the guanosine diphosphate (GDP)
form of Ras is inactive, that the exchange of
bound GDP for guanosine triphosphate
(GTP) stimulates interaction between Ras
and an effector molecule, and that GTP
hydrolysis returns Ras to an inactive state (2,
3).

Ras is implicated in the control of cell
growth. Oncogenic mutations in ras cause
unregulated cell proliferation. In Xenopus
oocytes, microinjection of oncogenic forms
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of Ras stimulate maturation (1). Microinjec-
tion of a monoclonal antibody to Ras into
resting fibroblasts blocks mitogenic respon-
siveness to serum and to purified PDGF and
epidermal growth factor (EGF) (4).

A guanosine triphosphatase (GTPase) ac-
tivator protein known as GAP has proper-
ties of a mediator of signals generated by
Ras (5-7). GAP was isolated on the basis of
its ability to enhance the weak GTPase
activity of normal Ras. Oncogenic forms of
Ras are not sensitive to GAP, and persist as
GTP complexes. GAP action on normal Ras
converts it to a GDP complex. In this way,
GAP may attenuate signaling by normal
Ras-GTP. Several results suggest that GAP
may itself be the effector through which
Ras-GTP transmits a mitogenic signal to the
cell. Mutagenesis of the GAP interaction
domain on oncogenic forms of Ras blocks
signaling (6, 8). In the Xenopus oocyte sys-
tem, injection of a truncated form of Ras
that has increased affinity for GAP is able to
block some effects of oncogenically activated
Ras, and excess GAP protein overcomes this
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