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ABSTRACT: Previously, we have shown that protein kinase CR (PKCR) forms a direct high-affinity, isozyme-
specific and membrane lipid-independent interaction with Rho GTPases [Slater, S. J., Seiz, J. L., Stagliano,
B. A., and Stubbs, C. D. (2001)Biochemistry 40, 4437-4445]. Since the cellular activation of PKCR
involves an initial translocation from cytosolic to membrane compartments, the present study investigates
the interdependence between the direct protein-protein interaction of PKCR with the Rho GTPase, Cdc42,
and the protein-lipid interactions of PKCR with membranes. It was hypothesized that the interaction of
PKCR with membrane-bound Cdc42 would contribute to the overall membrane-binding affinity of the
kinase by providing an additional anchor. However, it was found that the incorporation of isoprenylated
Cdc42 into membranes resulted in an apparentdecreasein the membrane-binding affinity of PKCR, whereas
the association of PKCâI, PKCδ, PKCε, and PKCú was each unaffected. The presence of membrane-
bound Cdc42 resulted in a rightward shift in both the PS- and Ca2+-concentration response curves for
PKCR membrane association and for the ensuing activation, whereas the maximal levels of binding and
activation attained at saturating PS and Ca2+ concentrations were in each case unaffected. Overall, these
findings suggest that PKCR undergoes a isozyme-specific interaction with membrane-bound Cdc42 to
form a PKCR-Cdc42 complex, which possesses a membrane-binding affinity that isreducedrelative to
that of the individual components due to competition between Cdc42 and PS/Ca2+ for binding to PKCR.
Consistent with this, it was found that the interaction of PKCR with membrane-bound Cdc42 was
accompanied by the physical dissociation of the PKCR-Cdc42 complex from membranes. Thus, the
study provides a novel mechanism by which the membrane association and activation of PKCR and Cdc42
may be regulated by competing protein-protein and protein-lipid interactions.

Protein kinase C (PKC)1 consists of a family of minimally
12 serine-threonine kinases that occupy critical nodes in
receptor-initiated signaling networks which regulate both
normal and pathological cellular processes, including secre-
tion, proliferation, differentiation, apoptosis, and migration
(1-8). Each of the isozymes can be classified into three
groups based upon the presence or absence of structurally
conserved domains that dictate activator dependences for
membrane association and activation (5, 7, 9). In the case
of the “conventional” PKCR, -âI/âII, and -γ isozymes, these
include the activator-binding C1 domains and the Ca2+-
binding C2 domain. The C1 domains consist of a tandem
C1A and C1B arrangement, each of which can potentially

bind the endogenous activator, diacylglycerol, and exogenous
activators including phorbol esters (10, 11). The “novel”
PKCδ, -ε, -η, -θ, and -µ isozymes contain C2 domains that
lack Ca2+-binding ability, while retaining functional C1A
and C1B domains. The “atypical” PKCú, -ι, and -λ regulatory
domains also lack a functional C2 domain and contain a
single C1 domain that lacks the ability to bind activators,
the function of which remains obscure. Each isozyme
becomes catalytically competent by undergoing multiple
serine-threonine and tyrosine phosphorylations that are
either autocatalytic or catalyzed by another upstream kinase,
such as the phosphoinositide-dependent kinase, PDK1 (6).

The cellular activation of PKC isozymes is accompanied
by a reversible translocation from cytosol to membrane
compartments that is elicited by receptor- and phospholipase
C-coupled DAG production and inositol trisphosphate-
mediated Ca2+ release from internal stores (5). The initial
interaction of the conventional PKC isozymes with the
membrane is mediated by the formation of a relatively low
affinity Ca2+ bridge between anionic residues in the C2
domain and the head group of phosphatidylserine (PS), which
then facilitates the interaction of either DAG with the C1A
domain or the tumor-promoting phorbol esters with the C1B
domain (5, 11, 12). These parallel but independent protein-
lipid interactions supply the activation energy for a confor-
mational change in the membrane-associated PKC molecule
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that leads to the displacement of an autoinhibitory pseu-
dosubstrate from the active site, allowing substrate binding
and phosphorylation to occur (13-15).

The low molecular weight Rho GTPases that belong to
the Ras superfamily each play a central role in many cellular
processes, including the regulation of actin cytoskeleton
dynamics, gene transcription, cell cycle progression, and
membrane trafficking (16, 17). The closely related mam-
malian Rho GTPase family consists of minimally 14
members, of which RhoA, Cdc42, and Rac1 have been
widely studied with respect to their roles in the regulation
of the cytoskeleton (18, 19), and their structures and
molecular mechanisms of action have been characterized in
detail (16, 20). Similar to the PKC isozymes, the Rho
GTPases also act as tightly regulated molecular switches by
cycling between inactive GDP-bound cytosolic forms and
active GTP-bound membrane-associated forms. Each of the
Rho GTPases are retained in an inactive GDP-bound state
in the cytosol by interaction with the Rho GDP-dissociation
inhibitor (RhoGDI), and translocation to the membrane is
triggered by a guanine nucleotide exchange factor (GEF)
catalyzed GDP exchange for GTP (16, 21). Membrane
association is also coupled to posttranslational modifications
which consist of the sequential attachment of a geranylgera-
nyl chain to a cysteine residue within a conserved C-terminal
CAAX domain, followed by proteolysis of the three C-
terminal residues and carboxymethylation (20). In general,
the GTP-bound membrane-associated form of each Rho
GTPase can then specifically interact with and activate
membrane-associated downstream targets or effectors, ex-
amples of which include phospholipases D (22-24) and C
(25, 26), rhophillin (27), diacylglycerol kinaseθ (28),several
protein kinases including PKN (27, 29), PRK1, and 2 (30,
31), and the Rho-associated kinases p160-ROCK and p150-
ROK-R and -â (32, 33).

Recent studies have provided evidence supporting cross-
talk between PKC and Rho GTPase mediated signaling
pathways and have revealed a close association between the
mammalian proteins (34-41) and also between the yeast
homologues Pkc1p and Rho1p (42, 43). In particular, studies
from this laboratory have shown that PKCR undergoes a
direct, isozyme-specific and lipid-independent protein-
protein interaction with RhoA, Cdc42, and to a lesser extent
Rac1 (44, 45). In each case this interaction was shown to
result in kinase activation with respect to the phosphorylation
of a downstream PKCR substrate, supporting the notion that
PKCR should be added to the list of downstream effectors
for these Rho GTPases. Both the interaction and the ensuing
PKCR activation were found to be dependent on the Ca2+-
and DAG/phorbol ester-induced conformational state of
PKCR and also on the GTP/GDP-induced conformational
states of the Rho GTPases. Whereas it was necessary to
exclude membrane lipids from the assay systems used in the
previous study in order to provide evidence for a direct
protein-protein interaction between PKCR and Rho GTPases
(44), the conformational changes in each protein that result
in activation both occur at the membrane. Thus, an important
question remains whether there is interdependence between
the direct protein-protein interaction of PKCR with Rho
GTPases and the protein-lipid interactions that mediate the
membrane association of the kinase.

The aim of this study was to investigate the interplay
between protein-lipid and protein-protein interactions in
the association of PKCR with membranes containing the Rho
GTPase, Cdc42. It was initially hypothesized that if the direct
PKCR-Cdc42 interaction occurred at the membrane surface,
then this would result in an enhancement of PKCR membrane
association by providing an additional anchoring element in
addition to Ca2+/PS binding to the C2 domain and DAG/
phorbol ester binding to the C1 domains. However, it was
found that the incorporation of Cdc42 into membranes
resulted in adecreasein the membrane-binding affinity of
PKCR, which was observed as a rightward shift in the PS-
and Ca2+-concentration dependencies for both membrane
association and activation. Thus, whereas the results indicate
that the previously reported direct interaction between PKCR
and Cdc42 also occurs at the membrane surface, the findings
suggest that the binding affinity of the resultant PKCR-
Cdc42 complex isreducedrelative to each of the individual
protein components. Consistent with this, the PKCR-Cdc42
complex formed by the direct interaction between the two
proteins at the membrane surface was found to physically
dissociate from the membrane. These findings provide a
novel mechanism by which the interaction of PKCR and
Cdc42 with downstream targets could be regulated by
competing protein-protein and protein-lipid interactions.

MATERIALS AND METHODS

Materials. Primers, Grace’s insect media, phosphate-
buffered saline (PBS), 5-hexadecanoylaminofluorescein (HAF),
3′-O-(N-methylanthraniloyl)-â,γ-imidoguanosine 5′-triphos-
phate trisodium salt (MANT-GMP-PNP), andSpodoptera
frugiperda (Sf9) cells were each obtained from Invitrogen
Technologies (Carlsbad, CA), and the hepatic stellate cell
line-T6 (HSC-T6) was a kind gift from Dr. William S.
Blaner (Department of Medicine, Columbia University, New
York). The L1 sensor chip was purchased for use in a Biacore
2000 SPR system from Biacore, Inc. (Piscataway, NJ). Fetal
bovine serum (FBS), protease inhibitor cocktail, guanosine
5′-[â,γ-imido]triphosphate trisodium salt (GMP-PNP), and
all other research grade chemicals were from Sigma (St.
Louis, MO). Chicken eggL-R-phosphatidylcholine (EYPC),
1-palmitoyl-2-oleoylphosphatidylserine (POPS), and 1,2-
dioleoyl-sn-glycero-3-{[N-(5-amino-1-carboxypentyl)imino-
diacetic acid]succinyl} nickel salt) (DOGS-NTA/Ni2+) were
from Avanti Polar Lipids, Inc. (Alabaster, AL). Adenosine
5′-triphosphate (ATP) was from Boehringer Mannheim
(Indianapolis, IN), and [γ-32P]ATP was from New England
Nuclear (Boston, MA). Baculovirus encoding human Cdc42
N-terminal tagged with 6×His was a kind gift from Dr. R.
A. Cerione (Department of Molecular Medicine, Veterinary
Medical Center, Cornell University, New York), and a
baculovirus containing RhoGDI N-terminal tagged with GST
was custom manufactured by Orbigen (San Diego, CA).
Where required, free Ca2+ and Mg2+ concentrations in EDTA
buffers were calculated using the program “MAXC” at http://
www.stanford.edu/∼cpatton/maxc.html (46), which takes into
account the total concentrations of EDTA, Ca2+, and Mg2+

present in the assay system.
BaculoVirus Construction.Recombinant PKCR, PKCâI,

PKCδ, PKCε, and PKCú (rat brain) were each prepared using
the Bac-to-Bac baculovirus Sf9 cell expression system
(Invitrogen, Carlsbad, CA) as originally described (47), with
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modifications (48), and purified to homogeneity by following
published procedures (48, 49). The isoforms PKCδ, PKCε,
and PKCú were overexpressed in Sf9 cells as fusion proteins
containing a 6×His attached to the C-terminus (48) and were
purified as described previously (48, 50). Baculovirus
containing human RhoA N-terminal tagged with 6×His was
also prepared using the Bac-to-Bac baculovirus SF9 cell
expression system (Invitrogen, Carlsbad, CA). Briefly, the
RhoA coding sequence was double digested from pUSEamp-
RhoA (Upstate, Lake Placid, NY) usingEcoRI/XhoI and
ligated into the baculovirus transfer vector pfastbacHta.
Correct ligation was confirmed by colony PCR, and the
construct was recombined with bacmid according to the
manufacturer’s instructions (Invitrogen, Carlsbad, CA).
Expression of proteins was confirmed by SDS-PAGE
followed by Western blotting using the ECL system (Am-
ersham Biosciences, Piscataway, NJ) and the appropriate
primary antibodies (Cytoskeleton, Inc., Ann Arbor, MI).

Coexpression of RhoA and Cdc42 with RhoGDIR. Since
the presence of the geranylgeranyl chain attached to the
C-terminus of RhoA and Cdc42 reduces their aqueous
solubility, each protein was coexpressed and purified as a
complex with RhoGDIR-GST, as described previously (51).
In this complex, the geranylgeranyl chain of each Rho
GTPase is shielded from the aqueous environment by
insertion into a hydrophobic binding pocket on RhoGDIR
(52, 53). Briefly, log phase Sf9 cells in 1 L of Grace’s insect
media containing 10% FBS were infected with baculovirus
encoding Cdc42-6×His or RhoA-6×His and RhoGDIR-GST
at a multiplicity of infection of 5, 1, and 2, respectively,
followed by incubation for 4 days. The cells were then
washed once with PBS, pelleted, and then lysed using a
Dounce homogenizer in buffer A (50 mM Tris-HCl, pH 8.0,
150 mM NaCl, 5 mM MgCl2) containing a protease inhibitor
cocktail. The cell debris was removed by centrifugation at
3500g for 15 min (4°C), and the resultant supernatant was
centrifuged at 100000g for 1 h to pellet membranes. The
supernatant was incubated with Ni2+/NTA chelating resin
in buffer A for 45 min at 4°C with gentle rocking, and the
resin was then packed into a 5 mL column attached to an
ÄKTApurifier FPLC system (GE Healthcare, Piscataway,
NJ). The column was washed with buffer A until the
absorbance of the flow-through at 280 nm was<0.01
absorbance unit. The bound protein was then eluted from
the column by incubation with buffer A containing 50 mM
imidazole. Fractions containing the required proteins were
pooled and incubated with glutathione resin in buffer A for
60 min at 4°C with gentle rocking. Following this, the resin
was again packed into a 5 mLcolumn, which was washed
with buffer A until the flow-through had an absorbance at
280 nm of<0.01 absorbance unit. The bound protein was
then eluted with buffer A containing 15 mM reduced
glutathione, and the pooled eluted protein was dialyzed
against buffer B (10 mM HEPES, 150 mM NaCl, 5 mM
MgCl2) for 36 h with buffer changes every 12 h. Protein
concentration was determined by the Bradford protein assay
(Bio-Rad, Faraday, CA), and protein was stored at-80 °C
in buffer B containing 20% glycerol. The stoichiometry of
the Cdc42-RhoGDIR complex was determined to be 1:1
using Coomassie Blue staining (results not shown).

Preparation of HSC-T6 Plasma Membranes. The HSC-
T6 cell line was chosen as a source of plasma membranes

due to the established presence of both PKC- and Rho
GTPase-mediated signaling in these cells and also due to
the high growth rate (see, e.g., ref54 and a review in ref
55). Cells were grown to confluency in 10 mL of Way-
mouth’s MB 752/1 media (Gibco) supplemented with 10%
(v/v) fetal bovine serum (Sigma) and 1% (v/v) penicillin/
streptomycin (Gibco) under a 5% CO2 atmosphere at 37°C.
The media were then removed, and the cells were harvested
by scraping in 10 mL of PBS followed by low-speed
centrifugation. Each of the proceeding steps was performed
at 4°C. Pellets were resuspended in a lysis buffer consisting
of 10 mM HEPES, pH 7.5, and 20 mM imidazole with 1%
protein inhibitor cocktail (Sigma) by passage through a 20-
gauge needle five times, followed by passage through a 23-
gauge needle ten times. Lysates were then pooled, briefly
sonicated, centrifuged at 1500g for 15 min, and then made
up to ∼35 mL in lysis buffer in a 50 mL centrifuge tube.
The suspension was then centrifuged at 1000g for 12 min,
and the resultant supernatant was centrifuged at 8000g for a
further 20 min. The resultant supernatant was again trans-
ferred to a clean tube and centrifuged at 100000g for 30 min.
The pellet was then homogenized in lysis buffer and applied
to a 35%-45% sucrose gradient. After centrifugation at
50000g for 120 min, the plasma membrane fraction present
at the interface between the 35% and 45% layers was
removed and suspended in 20 mM Tris-HCl (pH 7.4). The
plasma membranes were pelleted by centrifugation at
100000g for 30 min, resuspended in 20 mM Tris-HCl (pH
7.4), and stored at-80 °C.

Preparation of Vesicles.Large unilamellar vesicles (LUV)
were prepared from lipids as described previously (49).
Briefly, chloroform solutions of EYPC, POPS, and DAG
(500µM total lipid concentration) were mixed in a test tube,
and the solvent was removed under a stream of nitrogen to
form a homogeneous thin film. The required volume of
buffer (10 mM HEPES, pH 7.4, 150 mM NaCl) was then
added, and the lipids were allowed to hydrate for 15 min at
25 °C. Following this, multilamellar vesicles were formed
by vortexing for 1 min. Large unilamellar vesicles of 100
nm diameter (LUV) were prepared from multilamellar
vesicles by the extrusion technique, using an Avestin
Liposofast extruder (MM Developments, Ottawa, Canada),
also as previously described (56). The mole fractions of
EYPC, POPS, and DAG in the LUV were (100- X):X:4,
respectively, whereX is the required mole fraction of POPS.

Surface Plasmon Resonance (SPR) Determinations.The
membrane association of RhoA, Cdc42, and PKCR was
quantified from the time dependence of the accompanying
increase in the SPR signal (response) using a Biacore 2000
(Biacore, Inc., Piscataway, NJ). All measurements were
performed at 25°C using a running buffer consisting of 10
mM HEPES, pH 7.4, and 150 mM NaCl. Briefly, the
hydrophobic surface of an L1 sensor chip was initially
cleaned by two injections of 10 mM CHAPS, and EYPC/
POPS/DAG LUV of the required composition was then
captured on this surface at a flow rate of 5µL/min and a
contact time of 15 min. Previous studies have shown that
the L1 chip surface is completely covered under the
conditions used and that the resultant lipid surface resembles
a rough bilayer structure (57, 58). For experiments involving
HSC-T6 plasma membranes, lipid concentrations were
estimated on the basis of a protein:lipid mass ratio of 1:4.
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Each membrane surface was then conditioned with sequential
injections of 10 mM glycine (pH 1.5) and 10 mM NaOH in
order to remove loosely associated vesicles and to minimize
baseline drift. The RhoA-RhoGDIR or Cdc42-RhoGDIR
complex was diluted to the required final concentration in
buffer B containing 50µM GMP-PNP, and the free Mg2+

concentration was reduced to<0.5 µM by chelation with
14.3 mM EDTA in order to trigger nucleotide exchange and
initiate complex dissociation. The final complex concentra-
tion present in experiments was typically 0.5 M, unless
otherwise stated. The resultant mixture was then immediately
injected over the EYPC/POPS/DAG surface at a flow rate
of 10 µL/min, and binding due to capture of geranylgera-
nylated Rho GTPases was monitored as a function of time.
For determinations of the effects of Cdc42 on PKC isozyme
binding to membranes, Cdc42 was in each case captured to
a level of∼200 response units, unless otherwise stated. Since
binding response is directly proportional to the mass of
Cdc42 bound to the membrane surface, the surface concen-
tration of Cdc42 was identical in each experiment. After
equilibration for 5 min, the required PKC isozyme, each
diluted to a final concentration of 10 nM in a buffer
containing 10 mM HEPES (pH 7.4), 150 mM NaCl, and
0.1 mM Ca2+, was injected over the surface at a flow rate
of 20 µL/min, and the increase in response resulting from
PKC binding was measured as a function of time. Following
each co-injection, the chip surface was regenerated with three
10 µL injections of CHAPS at a flow rate of 5µL/min.

Analysis of SPR Data. Whereas the Biacore system allows
affinity constants to be determined from the ratio of
association and dissociation rate constants, the rates of
dissociation of Cdc42 and PKCR from membranes were in
each case found to be too slow for accurate determination
of a dissociation rate constant. The binding constants for the
interaction of PKCR and Cdc42 with membranes were
therefore determined by measuring the extent of PKCR
(Req,PKCR) or Cdc42 binding at equilibrium (Req,Cdc42) as a
function of the concentration of PKCR or the Cdc42-
RhoGDIR complex injected. For the determination of binding
constants from POPS- and Ca2+-concentration dependences
for the membrane association of PKCR, values ofReq,PKCR

for PKC binding were measured as a function of POPS mole
fraction or free Ca2+ concentration. Values ofReq,PKCR were
obtained by fitting the response (Rt) verses time curves for
each analyte concentration to an integrated first-order rate
equation using nonlinear regression analysis:

whereR0 is the initial response andkobs is the observed first-
order rate constant. Values ofReq,PKCR as a function of analyte
concentration data were then fitted to a modified Hill
equation (59):

whereR0 is the initial response in the absence of analyte,
Rmax is the response corresponding to maximal occupation
of membrane binding sites,C is the concentration of analyte,
Kapp is the apparent association constant, andn is the Hill
coefficient. Goodness of fit was assessed from values of the
average squared residual (ø2).

Detection of the Dissociation of the PKCR-Cdc42 Com-
plex from Membranes by SPR.In order to determine whether
the PKCR-Cdc42 complex dissociates from membranes,
advantage was taken of the ability to link the flow cells of
the Biacore 2000 system in series, so that the output of the
first flow cell (FC) was directed over the surface of the
second (Figure 5A). Briefly, membranes composed of EYPC
and DAG (96:4, molar), EYPC, POPS, and DAG (76:20:4,
molar), or HSC-T6 plasma membranes were captured on the
surface of FC1, and Cdc42 was then incorporated into these
membrane surfaces by inducing the dissociation of the
Cdc42-RhoGDIR complex (0.5 M) upon Mg2+ chelation,
as described above. Membranes composed of EYPC and
DOGS-NTA/Ni2+ at a molar ratio of 95:5 were captured on
the surface of FC2. The output of FC1 was then directed to
the input of FC2, and PKCR (10 nM) in a buffer containing
10 mM HEPES (pH 7.4), 150 mM NaCl, and 0.1 mM Ca2+

was injected into FC1 at a flow rate of 20µL/min. The Ni2+

chelating lipid, DOGS-NTA/Ni2+, binds 6×His-tagged pro-
teins with high affinity (60). On the basis of this, the
dissociation of the Cdc42-PKCR complex from membranes
in FC1 was determined from a corresponding increase in
response in FC2 resulting from the specific binding of the
complex to DOGS-NTA/Ni2+ through the 6×His-tagged
Cdc42.

Fluorescence-Based Assay of Cdc42-PKCR and Cdc42-
RhoGDI Complex Dissociation from Membranes. The dis-
sociation of the Cdc42-PKCR and Cdc42-RhoGDIR com-
plex from membranes was determined from the accompanying
decrease in fluorescence energy transfer (FRET) between the
MANT fluorophore of MANT-GMP-PNP bound to Cdc42
and the membrane probe, HAF, based on a previously
described method (61, 62). For these experiments, Cdc42
was expressed in Sf9 cells and purified in the absence of
RhoGDIR using procedures that were identical to that
described above for the Cdc42-RhoGDIR complex, except
that the purification by glutathione affinity chromatography
was omitted. Cdc42 was initially loaded with MANT-GMP-
PNP as described previously (62). Briefly, to 60 nM Cdc42
in buffer B containing 2µM MANT-GMP-PNP was added
14.3 mM EDTA, which triggers nucleotide exchange by
reducing the free Mg2+ concentration to<0.5 µM. The
emission fluorescence intensity of MANT-GMP-PNP was
then measured at 25°C as a function of time at 430 nm
upon excitation at 355 nm using an ISS modified LSM 48000
multifrequency phase and modulation fluorometer. Upon
attaining a stable baseline, LUV composed of either EYPC/
DAG (96:4, molar) or EYPC/POPS/DAG (76:20:4, molar)
containing 2 M HAF (300µM total lipid concentration) were
added and allowed to equilibrate for 30 min. To this, either
PKCR at the required concentration or 60 nM RhoGDIR in
buffer B was added, and the emission fluorescence intensity
of MANT-GMP-PNP was measured as a function of time.

Measurement of Cdc42-Induced PKCR ActiVity in the
Presence of Membranes.PKCR activity was assayed by
measuring the rate of phosphate incorporation into a peptide
corresponding to the phosphorylation site domain of myelin
basic protein (QKRPSQRSKYL, MBP4-14). The assay (75
µL) consisted of 50 mM Tris-HCl (pH 7.4), 0.1 mM CaCl2,
50 µM MBP4-14, and LUV composed of EYPC, DAG, and
POPS (150µM) in the molar ratio (100- X):4:X, whereX
is the required mole fraction of POPS. Cdc42 was captured

Rt - Req,PKCR ) (R0 - Req,PKCR)[1 - exp(-kobst)]
(1)

Req,PKCR ) R0 + Rmax[C
n/(Kapp

n + Cn)] (2)

Interaction of PKCR with Rho GTPases and Membranes Biochemistry, Vol. 45, No. 48, 200614455



on LUV by dissociation of the Cdc42-RhoGDIR complex
(100 nM), triggered by nucleotide exchange and Mg2+

chelation in buffer B containing 50µM GMP-PNP with 14.3
mM EDTA. For lipid-free assays, free Cdc42 purified in the
absence of RhoGDIR was added at a concentration of 100
nM. After thermal equilibration to 30°C, assays were
initiated by the simultaneous addition of PKCR (0.1 nM)
along with 15 mM Mg2+, 15µM ATP, and 0.3µCi of [γ-32P]-
ATP (3000 Ci/mmol) and terminated after 30 min with 100
µL of 175 mM phosphoric acid. Following this, 100µL was
transferred to P81 filter papers, which were washed three
times in 75 mM phosphoric acid. The phosphorylated peptide
was quantified by scintillation counting.

RESULTS

On the basis of our previous observation that PKCR forms
a direct protein-protein interaction with RhoA, Cdc42, and
to a lesser extent Rac1 (44), it was hypothesized that such
an interaction occurring at the membrane would result in an
enhanced level of PKCR membrane association. In order to
address this, the effect of the presence of recombinant Cdc42
incorporated into membranes of defined lipid composition
on the association of purified recombinant PKCR with these
membranes was determined along with the corresponding
effects on kinase activity.

Incorporation of Cdc42 into Membranes. In order to
determine the effects of membrane-bound Cdc42 on PKCR
membrane association, geranylgeranylated Cdc42 was ini-
tially captured on membranes composed of EYPC and DAG
(96:4, molar), which were immobilized on the hydrophobic
surface of a Biacore L1 sensor chip (57, 58). This was
achieved by inducing the dissociation of the corresponding
RhoGDIR complex by triggering GDP--GMP-PNP ex-
change on Cdc42 upon Mg2+ chelation (61, 63). It was found
that the injection of the Cdc42-RhoGDIR complex in the
presence of GMP-PNP and excess EDTA resulted in a time-
dependent increase in binding to EYPC/DAG membranes
(Figure 1A). The extent of Cdc42 binding at equilibrium was
found to be markedly reduced when either EDTA or GMP-
PNP was absent and to be negligible in the absence of both
compounds. This indicates that the Cdc42-RhoGDIR com-
plex has a negligible affinity for the membranes used and
that the observed binding signal resulted from the membrane
association of Cdc42.

The binding constants for the interaction of Cdc42 with
membranes were determined from fits ofReq,Cdc42against the
concentration of the Cdc42-RhoGDIR complex to eq 2
(Figure 1B,b). Values ofReq,Cdc42were obtained from fits
of the association phases of Cdc42 binding as a function of
time data obtained with increasing concentrations of the
Cdc42-RhoGDIR complex to eq 1, which are shown for
illustration in Figure 1C. The value ofKappfor the interaction
of Cdc42 with EYPC/DAG/POPS membranes was 0.5( 0.2
µM, which is∼15-fold greater than the value determined in
a previous study of the affinity constant for the interaction
of GMP-PNP-loaded Cdc42 with RhoGDI in the absence of
membranes (28 nM) (61). This indicates that the release of
Cdc42 from the RhoGDI complex is likely to correspond to
the rate-determining step in the association of the Rho
GTPase with membranes under the experimental conditions
used in the present study. The value of the Hill coefficient

(n) for the interaction of Cdc42 with EYPC/DAG membranes
resulting from dissociation from the RhoGDIR complex was
1.1 ( 0.2, indicating a lack of cooperativity with respect to
Cdc42-RhoGDIR complex dissociation and Cdc42 mem-
brane association. By contrast to Cdc42, the injection of the
RhoA-RhoGDIR complex under the same conditions used
for dissociation of the Cdc42-RhoGDIR complex resulted
in only a marginal level of RhoA binding to membranes
(Figure 1B,O). Due to this, the effects of membrane-bound
RhoA on PKCR membrane association were not addressed
in the present study.

The possibility that RhoGDIR may also associate with
membranes upon dissociation of the complex and thus might
contribute to the observed binding signal was ruled out in
separate control experiments which showed that purified
RhoGDIR alone bound negligibly to membranes within a

FIGURE 1: Membrane association of Cdc42 triggered by the
dissociation of the RhoGDIR-Cdc42 complex. (A) Time-dependent
increase in Cdc42 binding to EYPC/DAG/POPS membranes due
to dissociation of the RhoGDIR-Cdc42 complex in the presence
of 50 µM GMP-PNP and 14.3 mM EDTA (free Mg2+ > 0.5 µM),
separately or combination, and in the absence of GMP-PNP and
EDTA. (B) Binding of Cdc42 and RhoA to EYPC/DAG/POPS
membranes at equilibrium (Req,Cdc42) as a function of the Cdc42-
RhoGDIR or RhoA-RhoGDIR complex concentration. Values of
Req,Cdc42were obtained from fits of the association phases of Cdc42
binding as a function of time data measured for increasing
concentrations of the RhoGDIR-Cdc42 complex shown in panel
C to eq 1. The data are representative of triplicate experiments.
Other details are given under Materials and Methods.
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concentration range that would be present assuming complete
dissociation of the Cdc42-RhoGDIR complex (results not
shown).

Effects of Membrane-Bound Cdc42 on the Membrane
Association of PKCR. The effect of membrane-bound Cdc42
on the membrane association of PKCR was investigated by
injecting increasing levels of the isozyme in the presence of
Ca2+ over an EYPC/DAG (96:4, molar) or EYPC/DAG/
POPS (76:4:20, molar) surface, with or without membrane-
incorporated Cdc42 (Figure 2). In order to avoid the
possibility that the presence of Cdc42 on membranes might
limit the availability of lipid binding sites for PKCR, the
level of Cdc42 captured on membranes in FC1 in these
experiments was∼200 Ru, which is submaximal with respect
to Cdc42 binding (see Figure 1B). Also, the mole fraction
of DAG (4 mol %) and Ca2+ concentration (0.1 mM) used
have been shown previously to be sufficient for the optimal
membrane association and activation of PKCR (64-66).

In the absence of Cdc42, PKCR was found to bind with
relatively low affinity to EYPC/DAG membranes, and the
affinity of this interaction was enhanced by the presence of
20 mol % POPS in these membranes, as expected (Figure
2, closed symbols). The value ofKapp ) 5.2 ( 0.2 nM
determined from data obtained in the presence of POPS is
close to that reported in a recent SPR-based study of the
interaction of PKCR with membranes of similar composition
(67). PKCR binding to EYPC/DAG/POPS membranes was
found to be cooperative with respect to the PKCR injection

concentration (n ) 3.0 ( 0.1), which is in keeping with the
results of recent reports suggesting that this isozyme may
self-associate at the membrane surface (68-70). The pres-
ence of Cdc42 on EYPC/DAG or EYPC/DAG/POPS mem-
branes was in each case found to result in a marked decrease
in the extent of PKCR binding (Figure 2, open symbols).
On the basis of the data obtained for EYPC/DAG/POPS
membranes, this effect appeared to correspond to a rightward
shift in the concentration-response curve, as reflected by
an increase in the value ofKapp to 9.4 ( 0.4 nM. The
presence of Cdc42 and POPS also resulted in a decrease in
the value ofn to 2.1( 0.2 relative to that obtained without
Cdc42, suggesting that the presence of the Rho GTPase at
the membrane surface decreases the cooperativity of the
PKCR-membrane interaction.

Since we have previously shown that the direct interaction
between PKCR and Cdc42 that occurs in the absence of
membranes is a specific property of this isozyme (44), the
question arises whether the inhibitory effects of Cdc42 on
membrane association may also share similar isozyme
specificity. In order to address this, the effects of a fixed
level of Cdc42 captured on EYPC/POPS/DAG membranes
on the association of equimolar concentrations of PKCR,
PKCâI, PKCδ, PKCε, and PKC were determined (Figure
2B). It was found that only the association of PKCR with
membranes was significantly inhibited by the presence of
membrane-bound Cdc42, consistent with an isozyme-specific
interaction between PKCR and Cdc42 at the membrane
surface.

Effects of Cdc42 on the PS and Ca2+ Dependence of PKCR
Membrane Association.The effects of membrane-bound
Cdc42 on PKCR membrane association were determined as
a function of the mole fraction of POPS in EYPC/DAG
membranes at a fixed level of Ca2+ (0.1 mM) and also as a
function free Ca2+ levels at a fixed mole fraction of POPS
(20 mol %). Values ofReq,PKCR were determined from fits of
PKCR binding as a function of time data obtained for each
POPS mole fraction and free Ca2+ concentration in the
presence and absence of membrane-associated Cdc42 to eq
1 using nonlinear regression analysis (results not shown).
Plotting values ofReq,PKCR obtained in the absence of Cdc42
against the POPS mole fraction (Figure 3A,b) yielded a
sigmoidal concentration response curve, which is consistent
with the results of previous studies (64, 65), as was the Ca2+

concentration-response for the interaction of PKCR with
EYPC/DAG/POPS membranes of composition 76:4:20,
molar (Figure 3B,b) (59, 71). The values ofKapp and n
obtained from fits of these curves to eq 2 (Table 1), were
also found to be in close agreement with previously reported
values (59, 64, 65, 71). Also consistent with previous results
(59), a relatively small amount of PKCR binding was
observed in the presence of 4 mol % DAG and 20 mol %
POPS with Ca2+ absent (Figure 3A) and also with 4 mol %
DAG and 0.1 mM Ca2+ with POPS absent (Figure 3B).

The level of PKCR binding to EYPC/DAG membranes
was found to be unaffected by the presence of Cdc42 at
saturating mole fractions of POPS (Figure 3A,O) or Ca2+

(Figure 3B,O), whereas PKCR binding at submaximal levels
was in each case decreased. Furthermore, the values ofKapp

obtained from fits ofReq,PKCR versus POPS mole fraction or
free Ca2+ concentration were both increased in the presence
of Cdc42 by∼2- and∼5-fold, respectively (Table 1), which

FIGURE 2: Effect of membrane-bound Cdc42 on the membrane
association of PKCR. (A) The interaction of PKCR with EYPC/
DAG (b, O) and EYPC/DAG/POPS (9, 0) membranes (Req,PKCR)
was determined in the presence of 0.1 mM Ca2+ either with (O,
0) or without Cdc42 (b, 9). Solid curves correspond to fits of
each data set to eq 2. (B) Values ofReq,PKC obtained for the
interaction of PKCR, PKCâI, PKCδ, PKCε, and PKCú, each at a
level of 10 nM, with EYPC/POPS/DAG membranes in the presence
(open bars) and absence (solid bars) of Cdc42. In each case Cdc42
was initially captured on the membrane by dissociation from the
RhoGDIR-Cdc42 complex to a level of∼200 Ru. Data are each
representative of three independent experiments. Other details are
described in Materials and Methods.
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reflected a rightward shift in both of the concentration-
response curves. However, values ofn obtained from POPS-
and Ca2+-concentration responses were in each case unaf-
fected by the presence of Cdc42 (Table 1). The Cdc42-
concentration dependence of the inhibitory effect on the
association of PKC with membranes composed of EYPC/
POPS/DAG (76:20:4, molar) was determined by plotting
values ofReq,PKCR as a function of the amount of Cdc42
captured,Req,Cdc42(Figure 3A, inset). It was found that the
extent of PKCR binding to membranes decreased as a
function of the concentration of membrane-bound Cdc42 in
a saturable manner, suggesting a specific interaction between
PKCR and Cdc42 at the membrane surface.

Effects of Cdc42 on the PS and Ca2+ Dependence of
Membrane-Associated PKCR ActiVation. The results pre-
sented so far indicate that the presence of Cdc42 at the
surface of EYPC/DAG membranes leads to a decrease in
the membrane-binding affinity of PKCR and suggest that

this effect may involve competition between Cdc42 and PS/
Ca2+ for interaction with the isozyme. In order to address
whether the apparent decrease in membrane-binding affinity
translates into an effect on membrane-associated PKCR
activity, the effects of Cdc42 on the PS- and Ca2+-
concentration dependences for activation induced by as-
sociation with EYPC/DAG membranes were determined
(Figure 4). In the absence of Cdc42, it was found that the
POPS concentration-response curve for PKCR activation
with EYPC/DAG LUV and 0.1 mM Ca2+ coincided with
that obtained for membrane association (compare Figures
4A and 3A,b), as shown by the similar values ofKapp and
n derived from fits of the activity data to eq 2 (Table 1).
This finding is consistent with the results of previous studies
showing that the PS dependences of PKC activation and
membrane association are linearly related (64, 72). Com-
parison of the Ca2+ response curve for PKCR activation
(Figure 4B,b) with that obtained for binding to EYPC/DAG
membranes (Figure 3B,b) indicates that the Ca2+ levels
required to induce PKC activity are∼2 orders of magnitude
greater than those required for membrane association, which
is again consistent with previous findings (59, 71). The low
level of PKCR binding to EYPC/DAG membranes that was
observed in the absence of either POPS (Figure 3A) or Ca2+

(Figure 3B) did not appear to result in a measurable increase
in the level of activity under the same conditions (Figure
4), suggesting that under these conditions PKCR is associated
with membranes in an inactive state.

The presence of membrane-associated Cdc42 was found
have biphasic effects on the POPS- and Ca2+-concentration-
response curves for PKCR activation (Figure 4,O). Thus,
similar to the effects on PKCR binding to EYPC/DAG
membranes (Figure 3), each curve was found to be shifted
to the right, which was again reflected by an increase in the
corresponding values ofKappby ∼2- and 5-fold, respectively
(Table 1). Furthermore, the values ofn obtained from these
curves were found to be unaffected by the presence of Cdc42,
as was the case for PKCR binding to EYPC/DAG mem-
branes (Table 1). However, contrasting with effects on
membrane association, the level of activity obtained within
low POPS and Ca2+ concentration ranges was found to be
increased in the presence of Cdc42 (Figure 4,O). Notably,
the level of PKCR activity determined in the absence of
POPS was found to be close to that induced by the direct
interaction of the enzyme with Cdc42 measured in the
absence of membranes (Figure 4A, inset).

FIGURE 3: Effect of membrane-bound Cdc42 on the POPS- and
Ca2+-concentration dependences for PKCR membrane association.
(A) Values ofReq,PKCR for PKCR binding to membranes composed
of EYPC/DAG/POPS in the molar ratio (100- X):X:4, whereX is
the mole fraction of POPS, were determined in the presence of 0.1
mM Ca2+, with (O) or without Cdc42 (b) initially captured on the
membrane by dissociation from the RhoGDIR-Cdc42 complex to
a level of 200 Ru, from fits of the association phases of the
corresponding response verses time curves to eq 1. Inset: Depen-
dence ofReq,PKCR binding to EYPC/POPS/DAG membranes (76:
20:4, molar) on the amount of Cdc42 captured (Req,Cdc42). (B) Values
of Req,PKCR for PKCR binding to EYPC/DAG/POPS membranes
(76:4:20, molar) were determined as a function of free Ca2+

concentration, with (O) or without Cdc42 (b) initially captured on
the membrane by dissociation from the RhoGDIR-Cdc42 complex
to a level of∼200 Ru, from fits of the association phases of the
corresponding response verses time curves to eq 1. Solid curves
correspond to fits of each data set to eq 2. Data represent the means
of triplicate determinations from two independent experiments.
Other details are described in Materials and Methods.

Table 1: Effects of Membrane-Bound Cdc42 on the PS- and
Ca2+-Concentration Responses for Membrane Association and
Activation of PKCRa

POPS Ca2+

Kapp

(mol %) n
Kapp

(µM) n

membrane 12( 1 3.0( 0.5 0.09( 0.01 1.0( 0.1
association 24( 1b 3.0( 0.5b 0.50( 0.09b 0.9( 0.1b

activation 11( 1 3.0( 0.3 11( 1.6 1.0( 0.1
21 ( 2b 3.0( 0.5b 60 ( 3.5b 1.0( 0.2b

a Values of affinity constants (Kapp) and Hill coefficients (n) were
obtained from fits ofReq versus POPS mole fraction or free Ca2+

concentration data shown in Figures 3 and 4, respectively, to a modified
Hill equation (59). bValues ofKapp andn obtained in the presence of
membrane-bound Cdc42. Errors in values are( standard deviation.
See Materials and Methods for details.

14458 Biochemistry, Vol. 45, No. 48, 2006 Cook et al.



Detection of the Membrane Dissociation of the PKCR-
Cdc42 Complex by Measurements of SPR.The apparent
reduction in the binding affinity of PKCR for EYPC/DAG
membranes that results from interaction with membrane-
bound Cdc42 raises the intriguing possibility that the PKCR-
Cdc42 complex thus formed may physically dissociate from
the membrane. This possibility was investigated by linking
the output of the first flow cell of the L1 chip (FC1) to the
input of the second flow cell (FC2), as illustrated in Figure
5A. The second membrane surface immobilized in FC2 was
composed of EYPC and the Ni2+ chelating lipid, DOGS-
NTA/Ni2+ (95:5, molar), which binds 6×His-tagged proteins
with high affinity (60). Thus, separate control experiments
confirmed that this DOGS-NTA/Ni2+surface bound 6×His-
tagged Cdc42 in a specific manner, whereas the extent of
PKCR binding to this surface was marginal at the concentra-
tion present in experiments (results not shown). This ar-
rangement therefore allowed the PKCR-Cdc42 complex

dissociating from the membrane surface in FC1 to be
detected as an increase in response in FC2 due to its specific
capture on the DOGS-NTA/Ni2+surface through the 6×His-
tagged Cdc42.

The level of PKCR binding at equilibrium to EYPC/DAG
membranes incorporating Cdc42 captured in FC1 was found
to be reduced by∼75% compared to that obtained in the
absence of Cdc42 (Figure 5B), which is consistent with the
data shown in Figure 2. Importantly, the injection of PKCR
over the EYPC/DAG surface with Cdc42 present in FC1
resulted in a time-dependent increase in the level of binding
to the DOGS-NTA/Ni2+surface in FC2, the magnitude of
which was similar to the amount by which PKCR binding
in FC1 was decreased (Figure 5C). This is in keeping with
the capture of the PKCR-Cdc42 complex on the DOGS-
NTA/Ni2+surface in FC2 due to its dissociation from the
EYPC/DAG surface in FC1. Since the amount of Cdc42

FIGURE 4: Effect of membrane-bound Cdc42 on POPS- and Ca2+-
concentration dependences for PKCR activation. (A) The activity
of PKCR was measured in the presence of 0.1 mM Ca2+ and LUV
composed of EYPC/DAG/POPS in the molar ratio (100- X):X:4,
whereX is the mole fraction of POPS in the presence (O) and
absence (b) of Cdc42 bound to membranes upon dissociation of
the RhoGDIR-Cdc42 complex (0.5µM). Inset: The effects of
Cdc42 on membrane-associated and lipid-free activities and PKCR
activity were determined in the presence of Ca2+ (0.1 mM) and
EYPC/DAG (96:4, molar) or EYPC/DAG/POPS (76:4:20, molar)
or in the absence of LUV, with (open bars) and without Cdc42
(solid bars). For lipid-free assays, free Cdc42 purified in the absence
of RhoGDIR was added at a concentration of 100 nM. (B) The
activity of PKCR was measured in the presence of EYPC/DAG/
POPS membranes (76:4:20, molar) as a function of free Ca2+

concentration, with (O) or without Cdc42 (b) captured on the
membrane by dissociation from the RhoGDIR-Cdc42 complex (0.5
µM). Solid curves correspond to fits of each data set to eq 2. Data
represent the means of triplicate determinations from three inde-
pendent experiments. Other details are described in Materials and
Methods.

FIGURE 5: Dissociation of the PKCR-Cdc42 complex from
membranes detected from SPR measurements. In the experimental
system used (panel A), FC1 and FC2 of a Biacore L1 chip were
connected in series. PKCR was injected (10 nM) in the presence
of 0.1 mM Ca2+ over EYPC/DAG (96:4, molar) membranes (panel
B), EYPC/DAG/POPS (76:4:20, molar) membranes (panel D), or
HSC-T6 plasma membranes (panel F) immobilized in FC1 with or
without Cdc42 initially captured by dissociation from the RhoGDIR-
Cdc42 complex to the levels indicated (solid arrows). Binding of
the PKCR-Cdc42 complex to EYPC/DOGS-NTA/Ni2+ (95:5,
molar) membranes in FC2 was determined upon injection of PKCR
over each membrane in FC1 with or without Cdc42 (panels C, E,
and G). Data are representative of experiments carried out in
triplicate. Other details are described in Materials and Methods.
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initially captured on the EYPC/DAG surface in FC1 was
∼60 Ru, and the increase in binding in FC2 due to PKCR-
Cdc42 complex capture was∼60 Ru, then the percentage
of Cdc42 extracted from the EYPC/DAG membrane in FC1
by injection of 10 nM PKCR over this surface was∼[60-
(Mw of Cdc42/Mw of PKCR)/60] × 100 ∼ 25%.

The extent of binding of PKCR to EYPC/POPS/DAG
membranes (76:4:20, molar) captured in FC1 was again
found to be reduced in the presence of Cdc42 (Figure 5D),
and this again corresponded to an increase in the level of
binding to the DOGS-NTA/Ni2+surface in FC2 (Figure 5E).
Moreover, the amount by which binding observed in FC2
was increased due to the presence of Cdc42 on POPS-
containing membranes in FC1 was similar to the amount by
which PKCR binding to these membranes was decreased.
However, the magnitude of these effects of Cdc42 (∼30%)
was reduced compared to that observed in the absence of
POPS (Figure 5B). The amount of Cdc42 initially captured
on the EYPC/POPS/DAG surface in FC1 was∼150 Ru, and
the increase in binding in FC2 due to complex capture was
∼85 Ru. Therefore, the percentage of Cdc42 extracted from
the EYPC/POPS/DAG membrane in FC1 by injection of 10
nM PKCR over this surface was∼[85(Mw of Cdc42/Mw of
PKCR)/150] × 100 ∼ 15%.

In order to address the question whether PKCR may also
extract Cdc42 from plasma membranes, PKCR was injected
with Ca2+ over HSC-T6 plasma membranes immobilized on
FC1 in the presence and absence of Cdc42 (Figure 5F).
Similar to effects on PKCR binding to LUV, the extent of
PKC binding to HSC-T6 plasma membranes in FC1 was
again found to be reduced in the presence of membrane-
bound Cdc42 (∼100 Ru), and this reduction in binding again
corresponded to a similar increase in binding to the DOGS-
NTA/Ni2+ surface in FC2 (Figure 5G). The percentage of
Cdc42 extracted from the plasma membranes was∼[55(Mw

of Cdc42/Mw of PKCR)/100] × 100 ∼ 15%.
Membrane Dissociation of the PKCR-Cdc42 Complex

Detected by Measurements of FRET.In order to provide
further evidence supporting the physical dissociation of the
PKCR-Cdc42 complex from membranes, the ability of
PKCR to extract membrane-bound Cdc42 was determined
on the basis of measurements of FRET between the MANT-
donor fluorophore of MANT-GMP-PNP loaded onto Cdc42
and the membrane-associated acceptor fluorophore of HAF.
This experimental paradigm has been used previously for
studies of the kinetic properties of the extraction of Cdc42
from membranes by RhoGDI (61, 62). Thus, in order to
validate observations made with PKCR, initial experiments
were undertaken to confirm that Cdc42 could be extracted
from the EYPC/DAG/POPS membranes by RhoGDIR under
the experimental conditions used in the present study. It was
found that the addition of EYPC/DAG/POPS (76:4:20,
molar) labeled with 2 M HAF quenched the emission
fluorescence intensity of MANT-GMP-PNP loaded on Cdc42
by ∼50%, which is consistent with FRET between MANT
and HAF fluorophores at the membrane surface (Figure 6A).
The addition of RhoGDIR at an equimolar concentration with
Cdc42 (60 nM) was found to result in a rapid dequenching
of MANT emission fluorescence due to a decrease in FRET,
which was promoted slightly by the addition of excess Mg2+

(Figure 6A). These observations are in keeping with those
reported previously (61, 62) and confirm that MANT-GMP-

PNP-loaded Cdc42 is extracted from membranes by RhoG-
DIR under the present experimental conditions.

Similar to RhoGDIR, the addition of PKCR to EYPC/
POPS/DAG/HAF LUV incorporating MANT-GMP-PNP-
loaded Cdc42 again resulted in a dequenching of MANT
emission fluorescence (Figure 6B), which is consistent with
the physical dissociation of the PKCR-Cdc42 complex from
the membrane. The MANT-fluorescence dequenching due
to extraction of Cdc42 was further promoted by the addition
of excess Ca2+ whereas neither the rate nor the magnitude
of extraction from membranes was found to be affected upon
replacement of Ca2+ with an excess of Mg2+ (results not
shown). It was also found in a separate control experiment
that the addition of Ca2+ alone in the absence of PKCR did
not affect the emission fluorescence intensity of MANT
(results not shown).

The concentration-dependent effects of PKCR on the
kinetics of the extraction of Cdc42 from EYPC/DAG and
EYPC/POPS/DAG LUV were determined on the basis of
plots of the percentage extraction of Cdc42 against time
(Figure 7). The maximal levels of Cdc42 extraction from
EYPC/DAG and EYPC/POPS/DAG LUV were in each case
found to increase with PKCR concentration (Figure 7) and
to attain saturation (Figure 7A, inset). Whereas the rate of
PKCR-mediated extraction from EYPC/DAG LUV was
found to be decreased compared to that induced by RhoG-
DIR, the extent of Cdc42 extraction from these LUV induced
by saturating levels of PKCR approached that observed with
RhoGDIR (Figure 7A). Furthermore, consistent with the SPR
results shown in Figure 5, the extent of extraction was found

FIGURE 6: Dissociation of the PKCR-Cdc42 complex from
membranes detected on the basis of FRET. The emission fluores-
cence intensity at 430 nm upon excitation at 355 nm was measured
as function of time, with sequential additions of MANT-GMP-PNP
(2 µM) loaded on Cdc42 (60 nM) and LUV composed EYPC/
POPS/DAG (76:20:4, molar) containing 2µM HAF (300 µM total
lipid concentration). (A) Recovery of fluorescence quenching upon
addition of 60 nM RhoGDIR followed by Mg2+ (1 mM free
concentration). (B) Fluorescence recovery resulting from the
addition of PKCR (65 nM) followed by Ca2+ (0.1 mM free
concentration). Data are representative of experiments carried out
in duplicate. Other details are described in Materials and Methods.
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to be markedly reduced by the incorporation of 20% POPS
in these LUV (Figure 7B).

DISCUSSION

In this study, the interplay between the direct protein-
protein interaction of PKCR with Cdc42 and the protein-
lipid interactions that mediate the membrane association of
this isozyme was investigated. It was found that the isozyme-
specific protein-protein interaction previously shown to
occur between Cdc42 and PKCR in the absence of lipids
(44, 45) is also retained at the membrane surface. Whereas
it was initially hypothesized that this protein-protein interac-
tion would supplement the PS- and Ca2+-mediated protein-
lipid interactions that anchor PKCR at the membrane, it was
found that the interaction of PKCR with Cdc42competed
with the interaction of PKCR with PS and Ca2+, resulting in
a net decreasein membrane-binding affinity. In order to
investigate the effects of membrane-bound Cdc42 on the
membrane association of PKCR, a novel procedure was
developed for immobilizing geranylgeranylated Cdc42 on
membranes captured on the surface of a Biacore L1 sensor
chip by inducing the dissociation of the Cdc42-RhoGDIR

complex. Using this approach, it was found that the observed
decrease in membrane-binding affinity corresponded to the
physical dissociation of the PKCR-Cdc42 complex from
membranes composed of purified lipids and also from
isolated HSC-T6 plasma membranes. The results point to a
novel mechanism for the regulation of the association of
PKCR and Cdc42 with membranes by competing protein-
protein and protein-lipid interactions (Figure 8).

Membrane Association of Cdc42 Is Triggered by the
Dissociation of the RhoGDIR Complex.The steps that lead
to the functional activation of Rho GTPases include the
release from the corresponding cytosolic RhoGDI complex,
membrane association of the Rho GTPase, and GEF-
catalyzed exchange of GDP for GTP (16, 21). However, the
order of these events and the mechanism by which the
membrane cycling of Rho GTPases and nucleotide exchange
are coupled remain unclear. Thus, it has been suggested that
GEFs interact with and catalyze nucleotide exchange on the
cytosolic Rho GTPase-RhoGDI complex, which then pro-
motes the dissociation of the complex and the translocation
of the Rho GTPases to membranes (73, 74). Alternatively,
the dissociation of the RhoGDI-Rho GTPase complex and
the translocation of GDP-bound Rho GTPases to membranes
might precede GEF-catalyzed GDP-GTP exchange (75). The
present observation that binding to membranes upon injection
of the Cdc42-RhoGDIR complex was only detected in the
presence of EDTA and GMP-PNP (see Figure 1A) indicates
that nucleotide exchange on Cdc42 bound to RhoGDIR is
both necessary and sufficient for Cdc42 membrane associa-
tion and that this can occur even in the absence of a GEF.
Consistent with this, it was shown recently that the associa-
tion of Rac1 with asolectin liposomes was induced by
triggering the dissociation of the Rac1-RhoGDI complex
upon Mg2+ chelation and nucleotide exchange and that this
was facilitated by the GEF, Tiam1 (63).

The observation that GDP-GMP-PNP exchange triggers
the dissociation of the Cdc42-RhoGDIR complex and the
membrane association of Cdc42 indicates that GMP-PNP-
bound Cdc42 either has a lower binding affinity for
RhoGDIR or has a higher affinity for EYPC/DAG/POPS
membranes compared to GDP-bound Cdc42. Interestingly,
it has been reported previously that, in the absence of
membranes, RhoGDIR binds to both the GDP- and GTP-
bound forms with equivalent affinities (61). Thus, the present
results suggest that GMP-PNP-bound Cdc42 may have a
higher affinity for EYPC/DAG/POPS membranes compared
to the corresponding GDP-bound form, and further experi-
ments are currently underway in the laboratory to address
this issue.

The finding that the level of RhoA binding to membranes
induced by triggering nucleotide exchange on RhoA-
RhoGDIR was marginal relative to Cdc42 suggests that
RhoA may bind either with higher affinity to RhoGDI or
with lower affinity to the EYPC/DAG membranes compared
to Cdc42. The possibility that the apparent decrease in the
extent of dissociation of the RhoA-RhoGDIR complex and/
or membrane association of RhoA upon nucleotide exchange
might be due to differences in nucleotide exchange kinetics
is unlikely since these have been reported previously to be
similar for Cdc42 and RhoA (76). By contrast to the lack of
binding of RhoA to EYPC/DAG/POPS membranes reported
here, a recent study showed recently that nucleotide exchange

FIGURE 7: PKCR concentration dependence of the extraction of
Cdc42 from membranes. The percentage extraction of Cdc42
induced by the addition of increasing levels of PKCR together with
a fixed level of 0.1 mM Ca2+ was determined as a function of time
for LUV composed of 96:4, molar, EYPC/DAG (panel A) or 76:
20:4, molar, EYPC/POPS/DAG (panel B). The PKCR concentra-
tions used were 0 (O), 30 (0), 60 (4), 90 (3), and 120 (]). For
comparison, the time course for the fluorescence dequenching by
the addition of RhoGDIR and 1 mM Mg2+ (b) is shown in panel
A. Percentage extraction was calculated from (MANT fluorescence
increase due to extraction at time) t)/(MANT fluorescence
decrease due to MANT quenching by HAF)× 100. Solid curves
correspond to fits of each data set to a first-order rate equation.
Inset: Maximal percentage extraction of Cdc42 from EYPC/DAG
(b) and EYPC/POPS/DAG (O) LUV plotted as a function of PKCR
concentration. Data are representative of experiments carried out
in duplicate. Other details are described in Materials and Methods.
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on RhoA was sufficient to induce its release from RhoGDI
and for association with liposomes composed of purified
lipids derived fromEscherichia colimembranes (73). This
apparent difference in results may arise from the presence
of lipid factors inE. coli membranes, not present in those
used here, that promote RhoA-RhoGDIR complex dissocia-
tion and/or RhoA membrane association. Further studies are
required to address the interesting question whether Rho
GTPase binding to membranes can be modulated by changes
in membrane lipid composition.

Membrane-Bound Cdc42 Reduces PKCR Membrane Bind-
ing Affinity by Competing for PS and Ca2+ Interactions.The
observation that the membrane association of PKCR was
inhibited by membrane-bound Cdc42 supports the contention
that these proteins engage in a specific protein-protein
interaction at the membrane surface. Evidence for this was
provided by the finding that the inhibitory effect of membrane-
bound Cdc42 on membrane association was confined to
PKCR, which is similar to the isozyme specificity reported
previously for the direct protein-protein interaction with Rho
GTPases determined in the absence of membranes (44).
Further evidence for a specific interaction between PKCR
and Cdc42 at the membrane surface was provided by the
finding that the extent of the inhibitory effect of Cdc42 on
PKCR membrane association was dependent on both the
concentration of PKCR (Figure 7B, inset) and membrane-
bound Cdc42 (Figure 3A, inset). Also, the observation that
an excess of Mg2+ failed to replace Ca2+ in enhancing the
PKCR-mediated Cdc42 extraction from membranes (results
not shown) is consistent with the established specificity of

the C2 domain of PKCR for Ca2+ binding and again supports
a specific interaction between the two proteins.

The finding that the presence of Cdc42 at the surface of
membranes resulted in a shift in the PKCR binding isotherm
to the right is consistent with a reduction in membrane-
binding affinity and suggests competitive binding of PKCR
to membranes and to Cdc42 (Figure 2A). On the basis of
the rightward shift in both the POPS- and Ca2+-concentration
curves for membrane association (Figures 3 and 4), it appears
that this reduced binding affinity results from competition
between Cdc42 and PS/Ca2+ interactions with PKCR. Since
the Ca2+ binding loops of the C2 domain of PKCR contain
the site(s) of interaction of PS and Ca2+ (see, e.g., ref67),
this suggests that Cdc42, and potentially other Rho GTPases
including RhoA, may compete with PS/Ca2+ for binding to
overlapping sites within this region. However, the finding
that the presence of Cdc42 at the surface of EYPC/DAG
membranes without POPS also resulted in a reduction of the
extent of PKCR membrane association suggests that Cdc42
may compete for regions on the PKC molecule in addition
to the C2 domain that also stabilize the membrane interaction.
Consistent with these findings, it was shown recently that
the PS/Ca2+-binding C2 domain as well as the DAG-binding
C1 domains of PKCR contains sites that participate in the
direct protein-protein interaction with RhoA in the absence
of membranes (39). This would provide a plausible mech-
anism for the apparent reduction in membrane-binding
affinity since a displacement of PS/Ca2+ binding to the C2
domain and DAG binding to the C1 domain by Cdc42 would
weaken the PKCR-membrane interaction.

FIGURE 8: Model for PKCR membrane association governed by competitive protein-protein and protein-lipid interactions. The membrane
association of PKCR results from the dissociation of intramolecular C1 and C2 domain interactions due to binding of DAG and PS/Ca2+

to these domains at the membrane surface (11, 67, 68, 77-85). This corresponds to a conformational shift from a closed inactive to an open
active form. Membrane-bound Cdc42 competes for PS/Ca2+ interactions with the C2 domain and, based on the results of a previous study,
also interacts with the C1 domains (39), leading to a net decrease in membrane-binding affinity and dissociation of the PKCR-Cdc42
complex from the membrane. Binding of Cdc42 to the C1 and C2 domains competes for C1-C2 domain interactions and locks the PKCR
molecule in an open active form that no longer requires DAG or Ca2+ for its stabilization. The specific activity of Cdc42-bound PKCR is
reduced compared to the membrane-associated form.*Note that this model also requires that the geranylgeranyl (GG) chain of Cdc42 be
incorporated into an, as yet, unknown region of the PKCR molecule.
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Membrane-Bound Cdc42 Reduces PKCR Membrane-
Associated ActiVity. In addition to decreasing membrane-
binding affinity, the interaction of Cdc42 with PKCR also
appears to result in a decrease in PKCR activity relative to
that obtained for the membrane-associated enzyme in the
absence of the GTPase (Figure 4). The observation that the
level of activity obtained in the presence of EYPC/DAG
membranes and Cdc42 was close to that measured for PKCR
in complex with Cdc42 in the absence of membranes (Figure
4A, inset, and ref44) is again consistent with a reduction in
the membrane-binding affinity of PKCR. Furthermore, the
finding that the presence of membrane-bound Cdc42 shifted
the PS- and Ca2+-concentration response curves for PKCR
activation to the right without affecting the maximal level
of activity achieved (Figure 4) again suggests competition
between Cdc42 and PS/Ca2+ for binding to the C2 domain
of PKC.

The PKCR-Cdc42 Complex Physically Dissociates from
Membranes.The results of this study are consistent with a
model in which PKCR interacts with Cdc42 at the membrane
surface to form a complex that possesses a reduced membrane-
binding affinity, due to competition between Cdc42 and PS/
Ca2+ interactions (Figure 8). The finding that the presence
of Cdc42 resulted in a decrease in the level of PKCR binding
at equilibrium to membranes in FC1 supports a “noncom-
petitive” type of mechanism in which the PKCR-Cdc42
complex formed by direct interaction between the proteins
is physically removed from this flow cell under the continu-
ous flow conditions present in the Biacore system. Evidence
supporting this was provided by the observation that PKCR
injection over membranes containing 6×His-tagged Cdc42
in FC1 resulted in specific binding of the PKCR-Cdc42
complex to a DOGS-NTA/Ni2+ surface in FC2 (Figure 5).
Also, the observation that the addition of PKCR resulted in
a dequenching of MANT-GMP-PNP-loaded Cdc42 fluores-
cence due to FRET with membrane-associated HAF (Figure
6) provides further evidence supporting the membrane
dissociation of the PKCR-Cdc42 complex.

The observation that the level of binding of the PKCR-
Cdc42 complex to the DOGS-NTA/Ni2+ surface in FC2 upon
injection of PKCR over the EYPC/DAG/POPS membrane
was reducedcompared to that obtained for injection over
membranes lacking POPS is again consistent with competi-
tion between Cdc42 and PS/Ca2+ interactions with PKCR.
This is also supported by the finding that the dequenching
effect of PKCR addition on MANT fluorescence due to
FRET with membrane-associated HAF was reduced in the
presence of POPS (Figure 7). Moreover, the finding that the
addition of Ca2+ enhanced the dequenching effect of PKCR
addition (Figure 6B) again suggests that the Ca2+/PS-binding
C2 domain might contribute to the interaction between PKCR
and Cdc42 at the membrane surface. In connection with this,
we have shown previously that Ca2+ is absolutely required
for the formation of the direct protein-protein interaction
between PKCR and Rho GTPases in the absence of
membranes (44). Since PKCR also binds to PS in a Ca2+-
dependent manner (5, 12), the extent by which Cdc42 is
extracted from PS-containing membranes by PKCR is
predicted to be a function of the relative Ca2+-binding
affinities of the PS-bound and Cdc42-bound enzyme.

The observation that the interaction of PKCR with
membrane-bound Cdc42 resulted in the dissociation of the

complex from the membrane suggests that PKCR may act
in an analogous manner to RhoGDIR which also extracts
Rho GTPases from membranes by virtue of a direct protein-
protein interaction (16). However, since the interactions of
RhoGDIR and PKCR with the membrane and with Cdc42
differ, it is likely that divergent mechanisms are involved in
the extraction of Cdc42 from membranes by each protein.
For example, contrasting with RhoGDIR, PKCR interacts
with membranes in a Ca2+- and PS-dependent manner. The
apparent difference in the rates of extraction induced by
RhoGDIR compared to PKCR may therefore reflect divergent
affinities of each protein for binding to membranes and to
Cdc42 (see Figure 7A). Experiments designed to investigate
the details of the mechanism by which PKCR extracts
membrane-bound Cdc42 are currently underway in the
laboratory.

The interaction of Rho GTPases with membranes involves
the insertion of a hydrophobic geranylgeranyl chain into the
membrane interior, which is otherwise occluded by interac-
tion with a hydrophobic pocket within the globular C-
terminal fold of RhoGDIR (52). Thus, the observed disso-
ciation of Cdc42 from the membrane in complex with PKCR
implies that a hydrophobic region capable of shielding the
geranylgeranyl chain from the aqueous environment may also
exist within the PKCR molecule. Furthermore, our previous
study showed that the presence of a phorbol ester or a soluble
DAG is required for the optimal formation of the membrane-
independent protein-protein interaction between PKCR and
Rho GTPases (44, 45). Since the diglyceride used in the
present study is hydrophobic and would therefore be expected
to be partitioned into the membrane, the question arises how
the stability of the PKCR-Cdc42 complex is maintained in
the absence of DAG as it dissociates from the membrane. It
is hypothesized that the binding of Cdc42 to PKCR irrevers-
ibly locks the protein conformation in an active conforma-
tional form that no longer requires DAG or Ca2+ for
stabilization. In this regard, it has been proposed that the
activation of PKCR results from a conformational shift from
a “closed” inactive to an “open” active form, which is
controlled by the dissociation of intramolecular C1 and C2
domain interactions that occurs upon binding of DAG and
PS/Ca2+ to these domains at the membrane surface (11, 67,
68, 77-85). Thus, on the basis of the present data and the
results of a previous study (39), which indicated an interac-
tion of Cdc42 with the C2 domain, we hypothesize that
Cdc42 might also compete for these intramolecular C1-C2
domain interactions, leading to a shift of the conformational
equilibrium from the closed inactive toward a “locked open“
active state (see Figure 7). Consistent with this, we have
shown previously that the direct protein-protein interaction
between PKCR and Rho GTPases, including Cdc42, results
in kinase activation (44).

CONCLUSION

The finding that the net binding affinity of PKCR for
membranes containing Rho GTPases is a product of the
affinities of competing protein-protein and protein-lipid
interactions provides a novel mechanism for the regulation
of membrane-associated PKCR activity. In particular, since
we have previously shown that the formation of a direct
protein-protein interaction with Rho GTPases is a specific
property of PKC (44), the interaction with membrane-bound
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Cdc42, which is shown here to share this isozyme specificity,
may serve to target this particular isozyme to specific regions
of the plasma membrane and therefore localize it with
specific downstream targets. In this regard, the function of
the interaction of PKCR with Cdc42 may be analogous to
those formed with a growing family of PKC binding proteins
that mediate the recruitment of individual isozymes to
specific signaling complexes involved in discrete signaling
cascades (86-88). The PKCR-Cdc42 interaction at the
membrane surface and the ensuing decrease in membrane-
binding affinity should, however, be viewed in the context
of an extended network of protein-protein and protein-
lipid interactions involving these proteins, and caution should
be engendered in drawing the conclusion that anidentical
interaction occurs in the cellular environment. Nevertheless,
the observation that the interaction of PKCR with Cdc42 at
the membrane surface results in the dissociation of the
PKCR-Cdc42 complex raises the intriguing possibility that
PKCR might act in an analogous manner to RhoGDI in the
termination of Cdc42 signal by disabling interactions with
downstream effectors.
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