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ABSTRACT. Previously, we have shown that protein kinase(€KCa) 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. (200Biochemistry 404437-4445]. Since the cellular activation of PI&C
involves an initial translocation from cytosolic to membrane compartments, the present study investigates
the interdependence between the direct pretpiotein interaction of PK@ with the Rho GTPase, Cdc42,

and the proteirtlipid interactions of PK@ with membranes. It was hypothesized that the interaction of
PKCa 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 appadenteasen the membrane-binding affinity of PKG whereas

the association of PKE&, PKCd, PKCe, and PKE was each unaffected. The presence of membrane-
bound Cdc42 resulted in a rightward shift in both the PS- antf-€ancentration response curves for
PKCa membrane association and for the ensuing activation, whereas the maximal levels of binding and
activation attained at saturating PS and"Ceoncentrations were in each case unaffected. Overall, these
findings suggest that PK&Cundergoes a isozyme-specific interaction with membrane-bound Cdc42 to
form a PKGx—Cdc42 complex, which possesses a membrane-binding affinity thedlicedrelative to

that of the individual components due to competition between Cdc42 and PSéCainding to PKGx.
Consistent with this, it was found that the interaction of RK@ith membrane-bound Cdc42 was
accompanied by the physical dissociation of the BKCdc42 complex from membranes. Thus, the
study provides a novel mechanism by which the membrane association and activationoofR&Cdc42

may be regulated by competing proteiprotein and proteinlipid interactions.

Protein kinase C (PKCXxonsists of a family of minimally ~ bind the endogenous activator, diacylglycerol, and exogenous
12 serine-threonine kinases that occupy critical nodes in activators including phorbol esterdéQ, 11). The “novel”
receptor-initiated signaling networks which regulate both PKC9, -¢, -5, -6, and u isozymes contain C2 domains that
normal and pathological cellular processes, including secre-lack C&"-binding ability, while retaining functional C1A
tion, proliferation, differentiation, apoptosis, and migration and C1B domains. The “atypical’ PKC-:, and - regulatory
(1-8). Each of the isozymes can be classified into three domains also lack a functional C2 domain and contain a
groups based upon the presence or absence of structurallgingle C1 domain that lacks the ability to bind activators,
conserved domains that dictate activator dependences fokhe function of which remains obscure. Each isozyme
membrane association and activatién 7, 9). In the case  pecomes catalytically competent by undergoing multiple
of the “conventional” PK@, -pI/fll, and -y isozymes, these  serine-threonine and tyrosine phosphorylations that are
include the activator-binding C1 domains and the*€a  gijther autocatalytic or catalyzed by another upstream kinase,

binding C2 domain. The C1 domains consist of a tandem g ch as the phosphoinositide-dependent kinase, PBK1 (
C1A and C1B arrangement, each of which can potentially N . . .
The cellular activation of PKC isozymes is accompanied

T . red by U.S. Public Health Service Grant by a reversible translocation from cytosol to membrane
AAOLO990 and ARGLOGEe. DY o= FUBIC Heallil Service BIants - compartments that is elicited by receptor- and phospholipase
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50112-b|;a><2, (t2_15) 9S?6é251%TEA;/ﬂl\1??Jlilglfgo?-Sl?ter@l)leﬁersg{r}ﬁdll- mediated C& release from internal store§)( The initial
reviations: - , 1,Z-dioleoylsnglycero- - : : : H :
(5-amino-1-carboxypentyl)iminodiacetic acid]succinyhickel salt; interaction _Of the_conventlonal PKC? ISozymes \_N'th the
EYPC, chicken egg_-a_phosphat|dy|ch0||ne; FC, flow cell; FRET, membrane is mediated by the formation of a relat|Ve|y low
ﬂu%fe]SQeﬂce rﬁsona_ncedenergyltraHrE'ieréGhMP;jPNP, gulano_e{;&f?s affinity Ca?" bridge between anionic residues in the C2
mi otrlp osp ate trisodium salt; , o-Nexadecanoylaminoriuores- H 7 H H
cei_n; HSC-T6, immortalized hepat_ic stellatt_a cell HnEG LU_V, Iarg(_a dhome:cm alnd the ?]ea.d grOUp. of pf;ogpr?atldD)'/Al\SGerlr!eh(PhS),C\:I\ifjAlch
unilamellar vesicles; MBR 1, bovine myelin basic protein peptide  then acl itates the Interacthn ot either W't_ the
substrate; MANT-GMP-PNP, '3-(N-methylanthraniloyl),y-imi- domain or the tumor-promoting phorbol esters with the C1B

doguanosine'&riphosphate trisodium salt; PKCo-isoform of protein i i ;
kinase C; POPS, 1-palmitoyl-2-oleogirglycero-3-phosphoserine; domain 6, 11, 12). These parallel but independent protein

RhoGDly, a-isoform of Rho GDP-dissociation inhibitor; SPR, surface |ipid. interactions §upply the activation energy for a confor-
plasmon resonance. mational change in the membrane-associated PKC molecule
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that leads to the displacement of an autoinhibitory pseu- The aim of this study was to investigate the interplay
dosubstrate from the active site, allowing substrate binding between proteirtlipid and protein-protein interactions in
and phosphorylation to occut3—15). the association of PK&€with membranes containing the Rho
The low molecular weight Rho GTPases that belong to GTPase, Cdc42. It was initially hypothesized that if the direct
the Ras superfamily each play a central role in many cellular PKCo—Cdc42 interaction occurred at the membrane surface,
processes, including the regulation of actin cytoskeleton then this would result in an enhancement of RKi@embrane

dynamics, gene transcription, cell cycle progression, and assc_)_ciation by providing_an additional anchoring elementin
membrane trafficking X6, 17). The closely related mam- addition to C&/PS binding to the C2 domain and DAG/

malian Rho GTPase family consists of minimally 14 phorbol ester b|r_1d|ng to th_e C1 domalns..However, it was
members, of which RhoA, Cdc42, and Racl have been found that the incorporation of Cdc42 into membranes

widely studied with respect to their roles in the regulation '€Sulted in adecreasen the membrane-binding affinity of

of the cytoskeleton 18, 19), and their structures and PKCa, VJ‘r’hiCh was ok_)served asa rightward shift in the PS-
molecular mechanisms of action have been characterized inand C_é_-concentrghon dependencies for both me”.‘b“?‘”e
detail (16, 20). Similar to the PKC isozymes, the Rho association and activation. Thus, whereas the results indicate

GTPases also act as tightly regulated molecular switches bythat the previously reported direct interaction between KC

cycling between inactive GDP-bound cytosolic forms and and Cdc42 also occurs at the membrane surface, the findings
active GTP-bound membrane-associated forms. Each of the>Ud9€st that the binding affinity of the resultant RKC

Rho GTPases are retained in an inactive GDP-bound stateCdC42 complex iseducedrelative to each of the individual

in the cytosol by interaction with the Rho GDP-dissociation protein components. Consistent with this, the BKEdc42

inhibitor (RhoGDI), and translocation to the membrane is complex formed by the direct interaction between the.two
triggered by a guanine nucleotide exchange factor (GEF) proteins at the membrane surface was found to physically

dissociate from the membrane. These findings provide a
catalyzed GDP exchange for GTR6( 21). Membrane . . . .
association is also coupled to posttranslational modifications rc]:?j\éilzmv(\a/iiﬂaggansbt)r/e\ggC?a:hgtsmtcegilcdtlogeO:epéﬁl(itr:a?j b
which consist of the sequential attachment of a geranylgera- . . . 9 AR gu! y
: . ) L .~ competing proteifrprotein and proteirlipid interactions.
nyl chain to a cysteine residue within a conserved C-terminal
CAAX domain, followed by proteolysis of the three C- MATERIALS AND METHODS

terminal residues and carboxymethylati@®) In general, . . . .
y y X In g Materials. Primers, Grace's insect media, phosphate-

the GTP-bound membrane-associated form of each Rhobuf‘fered saline (PBS), 5-hexadecanoylaminofluorescein (HAF),

GTPase can then specifically interact with and activate . . T
membrane-associated downstream targets or effectors, ex?’ -O-(N-methylanthraniloyl),y-imidoguanosine 'Striphos-

amples of which include phospholipases Z2424) and C phate trisodium salt (MANT-GMP-PNP), arSpodoptera

e i . frugiperda (Sf9) cells were each obtained from Invitrogen
E)ngt;? ,krif;](;psfgg|Ii’lngz)ai?]gcg:?ll\)é%erzoé)klgz;slfl(zg{gezv g{)al Technologies (Carlsbad, CA), and the hepatic stellate cell

. . line—T6 (HSC-T6) was a kind gift from Dr. William S.
31), and the Rho-associated kinases p160-ROCK and p150- Iy . . ;
ROK-o. and 8 (32, 33). Blaner (Department of Medicine, Columbia University, New

York). The L1 sensor chip was purchased for use in a Biacore
Recent studies have provided evidence supporting cross-2000 SPR system from Biacore, Inc. (Piscataway, NJ). Fetal
talk between PKC and Rho GTPase mediated signaling hovine serum (FBS), protease inhibitor cocktail, guanosine
pathways and have revealed a close association between thg'_[ »-imido]triphosphate trisodium salt (GMP-PNP), and
mammalian proteins34—41) and also between the yeast g other research grade chemicals were from Sigma (St.
homologues Pkclp and Rho4#(43). In particular, studies | ouis, MO). Chicken egg-a-phosphatidylcholine (EYPC),
from this laboratory have shown that PKQindergoes a  1-palmitoyl-2-oleoylphosphatidylserine (POPS), and 1,2-
direct, isozyme-specific and lipid-independent protein  dioleoyl-sn-glycero-3{[N-(5-amino-1-carboxypentyl)imino-
protein interaction with RhoA, Cdc42, and to a lesser extent diacetic acid]succinylnickel salt) (DOGS-NTA/Ni*) were
Racl @4, 45). In each case this interaction was shown to from Avanti Polar Lipids, Inc. (Alabaster, AL). Adenosine
result in kinase activation with respect to the phosphorylation 5'-triphosphate (ATP) was from Boehringer Mannheim
of a downstream PK& substrate, supporting the notion that  (Indianapolis, IN), andj[-*P]ATP was from New England
PKCa should be added to the list of downstream effectors Nuclear (Boston, MA). Baculovirus encoding human Cdc42
for these Rho GTPases. Both the interaction and the ensuing\-terminal tagged with &His was a kind gift from Dr. R.
PKCa activation were found to be dependent on thé'€a A, Cerione (Department of Molecular Medicine, Veterinary
and DAG/phorbol ester-induced conformational state of Medical Center, Cornell University, New York), and a
PKCa and also on the GTP/GDP-induced conformational baculovirus containing RhoGDI N-terminal tagged with GST
states of the Rho GTPases. Whereas it was necessary tgvas custom manufactured by Orbigen (San Diego, CA).
exclude membrane lipids from the assay systems used in thenhere required, free Gaand Mg concentrations in EDTA
previous study in order to provide evidence for a direct buffers were calculated using the program “MAXC” at http://
protein—protein interaction between PKCand Rho GTPases  www.stanford.edutcpatton/maxc.htmiég), which takes into
(44), the conformational changes in each protein that result account the total concentrations of EDTA,*Caand Mg ™"
in activation both occur at the membrane. Thus, an important present in the assay system.
question remains whether there is interdependence between Baculairus Construction.Recombinant PK@, PKCI,
the direct proteir-protein interaction of PK&@ with Rho PKC), PKCe, and PKC (rat brain) were each prepared using
GTPases and the proteitipid interactions that mediate the the Bac-to-Bac baculovirus Sf9 cell expression system
membrane association of the kinase. (Invitrogen, Carlsbad, CA) as originally describdd), with
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modifications 48), and purified to homogeneity by following due to the established presence of both PKC- and Rho
published procedureg8, 49). The isoforms PKG, PKCe, GTPase-mediated signaling in these cells and also due to
and PKQ were overexpressed in Sf9 cells as fusion proteins the high growth rate (see, e.g., /&4 and a review in ref
containing a & His attached to the C-terminu48) and were 55). Cells were grown to confluency in 10 mL of Way-
purified as described previously4g 50). Baculovirus mouth’s MB 752/1 media (Gibco) supplemented with 10%
containing human RhoA N-terminal tagged witk Bis was (v/v) fetal bovine serum (Sigma) and 1% (v/v) penicillin/
also prepared using the Bac-to-Bac baculovirus SF9 cell streptomycin (Gibco) under a 5% G@tmosphere at 37C.
expression system (Invitrogen, Carlsbad, CA). Briefly, the The media were then removed, and the cells were harvested
RhoA coding sequence was double digested from pUSEamp-by scraping in 10 mL of PBS followed by low-speed
RhoA (Upstate, Lake Placid, NY) usingcaRI/Xhd and centrifugation. Each of the proceeding steps was performed
ligated into the baculovirus transfer vector pfastbacHta. at 4°C. Pellets were resuspended in a lysis buffer consisting
Correct ligation was confirmed by colony PCR, and the of 10 mM HEPES, pH 7.5, and 20 mM imidazole with 1%
construct was recombined with bacmid according to the protein inhibitor cocktail (Sigma) by passage through a 20-
manufacturer’'s instructions (Invitrogen, Carlsbad, CA). gauge needle five times, followed by passage through a 23-
Expression of proteins was confirmed by SBRAGE gauge needle ten times. Lysates were then pooled, briefly
followed by Western blotting using the ECL system (Am- sonicated, centrifuged at 15§®@r 15 min, and then made
ersham Biosciences, Piscataway, NJ) and the appropriateup to ~35 mL in lysis buffer in a 50 mL centrifuge tube.
primary antibodies (Cytoskeleton, Inc., Ann Arbor, MI). The suspension was then centrifuged at I0fad 12 min,
Coexpression of RhoA and Cdc42 with Rho@D&ince and the resultant supernatant was centrifuged at@69ta
the presence of the geranylgeranyl chain attached to thefurther 20 min. The resultant supernatant was again trans-
C-terminus of RhoA and Cdc42 reduces their agueous ferred to a clean tube and centrifuged at 10@0f@0 30 min.
solubility, each protein was coexpressed and purified as aThe pellet was then homogenized in lysis buffer and applied
complex with RhoGDd-GST, as described previouskyl). to a 35%-45% sucrose gradient. After centrifugation at
In this complex, the geranylgeranyl chain of each Rho 5000@ for 120 min, the plasma membrane fraction present
GTPase is shielded from the aqueous environment byat the interface between the 35% and 45% layers was
insertion into a hydrophobic binding pocket on Rho@DI removed and suspended in 20 mM Tris-HCI (pH 7.4). The
(52, 53). Briefly, log phase Sf9 cellsiil L of Grace’s insect plasma membranes were pelleted by centrifugation at
media containing 10% FBS were infected with baculovirus 10000@ for 30 min, resuspended in 20 mM Tris-HCI (pH
encoding Cdc42-8His or RhoA-6xHis and RhoGDd-GST 7.4), and stored at80 °C.
at a multiplicity of infection of 5, 1, and 2, respectively, Preparation of Vesicled.arge unilamellar vesicles (LUV)
followed by incubation for 4 days. The cells were then were prepared from lipids as described previoug$).(
washed once with PBS, pelleted, and then lysed using aBriefly, chloroform solutions of EYPC, POPS, and DAG
Dounce homogenizer in buffer A (50 mM Tris-HCI, pH 8.0, (500uM total lipid concentration) were mixed in a test tube,
150 mM NacCl, 5 mM MgCJ) containing a protease inhibitor  and the solvent was removed under a stream of nitrogen to
cocktail. The cell debris was removed by centrifugation at form a homogeneous thin film. The required volume of
350@ for 15 min (4°C), and the resultant supernatant was buffer (10 mM HEPES, pH 7.4, 150 mM NacCl) was then
centrifuged at 1000@Pfor 1 h to pellet membranes. The added, and the lipids were allowed to hydrate for 15 min at
supernatant was incubated with?NINTA chelating resin 25 °C. Following this, multilamellar vesicles were formed
in buffer A for 45 min at 4°C with gentle rocking, and the by vortexing for 1 min. Large unilamellar vesicles of 100
resin was then packed mta 5 mLcolumn attached to an nm diameter (LUV) were prepared from multilamellar
AKTApurifier FPLC system (GE Healthcare, Piscataway, vesicles by the extrusion technique, using an Avestin
NJ). The column was washed with buffer A until the Liposofast extruder (MM Developments, Ottawa, Canada),
absorbance of the flow-through at 280 nm wa$.01 also as previously describe®6). The mole fractions of
absorbance unit. The bound protein was then eluted fromEYPC, POPS, and DAG in the LUV were (160 X):X:4,
the column by incubation with buffer A containing 50 mM respectively, wher& is the required mole fraction of POPS.
imidazole. Fractions containing the required proteins were Surface Plasmon Resonance (SPR) Determinatiohs.
pooled and incubated with glutathione resin in buffer A for membrane association of RhoA, Cdc42, and eK®as
60 min at 4°C with gentle rocking. Following this, the resin  quantified from the time dependence of the accompanying
was again packed iata 5 mLcolumn, which was washed increase in the SPR signal (response) using a Biacore 2000
with buffer A until the flow-through had an absorbance at (Biacore, Inc., Piscataway, NJ). All measurements were
280 nm of <0.01 absorbance unit. The bound protein was performed at 25C using a running buffer consisting of 10
then eluted with buffer A containing 15 mM reduced mM HEPES, pH 7.4, and 150 mM NaCl. Briefly, the
glutathione, and the pooled eluted protein was dialyzed hydrophobic surface of an L1 sensor chip was initially
against buffer B (10 mM HEPES, 150 mM NaCl, 5 mM cleaned by two injections of 10 mM CHAPS, and EYPC/
MgCly) for 36 h with buffer changes every 12 h. Protein POPS/DAG LUV of the required composition was then
concentration was determined by the Bradford protein assaycaptured on this surface at a flow rate of«b/min and a
(Bio-Rad, Faraday, CA), and protein was stored-80 °C contact time of 15 min. Previous studies have shown that
in buffer B containing 20% glycerol. The stoichiometry of the L1 chip surface is completely covered under the
the Cdc42-RhoGDl complex was determined to be 1:1 conditions used and that the resultant lipid surface resembles
using Coomassie Blue staining (results not shown). a rough bilayer structuré&{, 58). For experiments involving
Preparation of HSC-T6 Plasma Membrand$e HSC- HSC-T6 plasma membranes, lipid concentrations were
T6 cell line was chosen as a source of plasma membranesstimated on the basis of a protein:lipid mass ratio of 1:4.
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Each membrane surface was then conditioned with sequential Detection of the Dissociation of the PIgE Cdc42 Com-

injections of 10 mM glycine (pH 1.5) and 10 mM NaOH in

plex from Membranes by SPR.order to determine whether

order to remove loosely associated vesicles and to minimizethe PKQ—Cdc42 complex dissociates from membranes,

baseline drift. The RhoARhoGDl or Cdc42-RhoGDlo
complex was diluted to the required final concentration in
buffer B containing 5«M GMP-PNP, and the free Mg
concentration was reduced t0.5 uM 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

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

otherwise stated. The resultant mixture was then immediatelymembrane surfaces by inducing the dissociation of the
injected over the EYPC/POPS/DAG surface at a flow rate Cdc42-RhoGDlo. complex (0.5 M) upon M#' chelation,

of 10 uL/min, and binding due to capture of geranylgera-

as described above. Membranes composed of EYPC and

nylated Rho GTPases was monitored as a function of time. DOGS-NTA/NP* at a molar ratio of 95:5 were captured on
For determinations of the effects of Cdc42 on PKC isozyme the surface of FC2. The output of FC1 was then directed to
binding to membranes, Cdc42 was in each case captured tdhe input of FC2, and PK& (10 nM) in a buffer containing

a level of~200 response units, unless otherwise stated. Sincel0 mM HEPES (pH 7.4), 150 mM NacCl, and 0.1 mM%Ca
binding response is directly proportional to the mass of was injected into FC1 at a flow rate of 2Q./min. The NF*
Cdc42 bound to the membrane surface, the surface concenehelating lipid, DOGS-NTA/Ni", binds 6« His-tagged pro-

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 NacCl, and
0.1 mM C&", was injected over the surface at a flow rate
of 20 uL/min, and the increase in response resulting from
PKC binding was measured as a function of time. Following

teins with high affinity 60). On the basis of this, the
dissociation of the Cdc42PKCa 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/Ni" through the 6&His-tagged
Cdc42.

Fluorescence-Based Assay of Cde42Ca. and Cdc42-

each co-injection, the chip surface was regenerated with threeRhoGDI Complex Dissociation from Membrangse dis-

10 uL injections of CHAPS at a flow rate of sL/min.
Analysis of SPR DataVhereas the Biacore system allows
affinity constants to be determined from the ratio of

sociation of the Cdc42PKCo and Cdc42-RhoGDla com-
plex from membranes was determined from the accompanying
decrease in fluorescence energy transfer (FRET) between the

association and dissociation rate constants, the rates ofMANT fluorophore of MANT-GMP-PNP bound to Cdc42

dissociation of Cdc42 and PKCfrom membranes were in

and the membrane probe, HAF, based on a previously

each case found to be too slow for accurate determinationdescribed method6(, 62). For these experiments, Cdc42
of a dissociation rate constant. The binding constants for thewas expressed in Sf9 cells and purified in the absence of

interaction of PK@ and Cdc42 with membranes were
therefore determined by measuring the extent of BKC
(Req,pxa) Or Cdc42 binding at equilibriumReq,caca) @s a
function of the concentration of PKCor the Cdc42
RhoGDlo. complex injected. For the determination of binding
constants from POPS- and €aconcentration dependences
for the membrane association of PECvalues ofReq prax

RhoGDl using procedures that were identical to that
described above for the Cdc4RhoGDlo. complex, except
that the purification by glutathione affinity chromatography
was omitted. Cdc42 was initially loaded with MANT-GMP-
PNP as described previousl§2). Briefly, to 60 nM Cdc42

in buffer B containing 2«M MANT-GMP-PNP was added
14.3 mM EDTA, which triggers nucleotide exchange by

for PKC binding were measured as a function of POPS mole reducing the free Mg concentration t0<0.5 uM. The

fraction or free C&" concentration. Values d®qpka Were
obtained by fitting the respons&j) verses time curves for

emission fluorescence intensity of MANT-GMP-PNP was
then measured at 28C as a function of time at 430 nm

each analyte concentration to an integrated first-order rateupon excitation at 355 nm using an 1SS modified LSM 48000

equation using nonlinear regression analysis:

R — Req,PKQx =(Ry— Req,PKQx)[l — exp(—kyd)] )

whereRy is the initial response andysis the observed first-
order rate constant. Values By pka. as a function of analyte
concentration data were then fitted to a modified Hill
equation 59):

Req,PKGl = R0 + Rmax[cn/(Kappn + Cn)] (2)

whereR, is the initial response in the absence of analyte,

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)
containirg 2 M HAF (300uM total lipid concentration) were
added and allowed to equilibrate for 30 min. To this, either
PKCa at the required concentration or 60 nM Rho@Dh
buffer B was added, and the emission fluorescence intensity
of MANT-GMP-PNP was measured as a function of time.
Measurement of Cdc42-Induced P&QActivity in the
Presence of Membrane®KCa activity was assayed by
measuring the rate of phosphate incorporation into a peptide
corresponding to the phosphorylation site domain of myelin

Rmax is the response corresponding to maximal occupation basic protein (QKRPSQRSKYL, MBP14). The assay (75

of membrane binding site§, is the concentration of analyte,
Kapp iS the apparent association constant, and the Hill

uL) consisted of 50 mM Tris-HCI (pH 7.4), 0.1 mM Cagl
50 uM MBP,-14, and LUV composed of EYPC, DAG, and

coefficient. Goodness of fit was assessed from values of thePOPS (15Q:M) in the molar ratio (100- X):4:X, whereX

average squared residugP)

is the required mole fraction of POPS. Cdc42 was captured
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on LUV by dissociation of the Cdc42RhoGDlo. complex 400
(100 nM), triggered by nucleotide exchange and?Mg
chelation in buffer B containing 50M GMP-PNP with 14.3
mM EDTA. For lipid-free assays, free Cdc42 purified in the
absence of RhoGIal was added at a concentration of 100
nM. After thermal equilibration to 30°C, assays were
initiated by the simultaneous addition of PKG0.1 nM)
along with 15 mM Md@*, 15uM ATP, and 0.3«Ci of [y-*%P]- ST
ATP (3000 Ci/mmol) and terminated after 30 min with 100 go Ly 1, o
uL of 175 mM phosphoric acid. Following this, 104 was 0 100 200 300
transferred to P81 filter papers, which were washed three Time (sec)
times in 75 mM phosphoric acid. The phosphorylated peptide 400
was quantified by scintillation counting.

+ GMP-PNP

+EDTA \

320 |
240 |-
160 |-

80 -

Binding (response units)

300 |-
RESULTS

200 + ® Cdc42-RhoGDlo,

O RhoA-RhoGDla

On the basis of our previous observation that BKGrms
a direct protein-protein interaction with RhoA, Cdc42, and 100 -
to a lesser extent Rac#4), it was hypothesized that such @%@
an interaction occurring at the membrane would result in an or
enhanced level of PK€€ membrane association. In order to 0o 1 2 3 a4
address this, the effect of the presence of recombinant Cdc42 [Rho GTPase-RhoGDlo] (M)
incorporated into membranes of defined lipid composition
on the association of purified recombinant RK®ith these
membranes was determined along with the corresponding
effects on kinase activity.

Incorporation of Cdc42 into Membranes$n order to
determine the effects of membrane-bound Cdc42 on®KC
membrane association, geranylgeranylated Cdc42 was ini-
tially captured on membranes composed of EYPC and DAG
(96:4, molar), which were immobilized on the hydrophobic Lo 4.
surface of a Biacore L1 sensor chip7( 58). This was 0 100 200 300
achieved by inducing the dissociation of the corresponding Time (sec)
RhoGDlo. complex by triggering GDP-GMP-PNP ex- FiGure 1: Membrane association of Cdc42 triggered by the

change on Cdc42 upon Migchelation 61, 63). It was found dissociation of the RhoG—Cdc42 complex. (A) Time-dependent
that the injection of the Cdc42RhoGDIx. complex in the increase in Cdc42 binding to EYPC/DAG/POPS membranes due

- ] to dissociation of the RhoGIb-Cdc42 complex in the presence
presence of GMP-PNP and excess EDTA resulted in a time- 5t 50, GMP-PNP and 14.3 mM EDTA (free Mg > 0.5 M),

dependent increase in binding to EYPC/DAG membranes separately or combination, and in the absence of GMP-PNP and
(Figure 1A). The extent of Cdc42 binding at equilibrium was EDTA. (B) Binding of Cdc42 and RhoA to EYPC/DAG/POPS
found to be markedly reduced when either EDTA or GMP- gﬁc’)“é’lgi‘%sr ;th%(iu':'qbr:gggé&cgé% alz fgggggg?r;‘;ggevg?gg‘sz of
PNP was absent E_md_ to be negligible in the absence of bOthReq,Cdmwere obtained from fits of tﬁe association phases of Cdc42
compounds. This indicates that the Cde4hoGDl. com- binding as a function of time data measured for increasing
plex has a negligible affinity for the membranes used and concentrations of the RhoGR+Cdc42 complex shown in panel

that the observed binding signal resulted from the membraneC to eq 1. The data are representative of triplicate experiments.
association of Cdc42. Other details are given under Materials and Methods.
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The binding constants for the interaction of Cdc42 with
membranes were determined from fitsRaf; caca-against the
concentration of the Cdc4ZRhoGDlo complex to eq 2
(Figure 1B,®). Values 0fReq cacazWere obtained from fits
of the association phases of Cdc42 binding as a function of

time data obtained with increasing concentrations of the i
Cdc42-RhoGDlo. complex to eq 1, which are shown for RhoA—RhoGDl. complex under the same conditions used

illustration in Figure 1C. The value ¢, for the interaction  [oF dissociation of the Cdc42RhoGDl. complex resulted

of Cdc42 with EYPC/DAG/POPS membranes was-8.6.2 N Only @ marginal level of RhoA binding to membranes
M, which is~15-fold greater than the value determined in (F'gure 1B,0). Due to this, the effects of membrane-bound
a previous study of the affinity constant for the interaction RhoA on PKG. membrane association were not addressed

of GMP-PNP-loaded Cdc42 with RhoGDI in the absence of 1N the present study.

membranes (28 nM)5(). This indicates that the release of The possibility that RhoGI may also associate with
Cdc42 from the RhoGDI complex is likely to correspond to membranes upon dissociation of the complex and thus might
the rate-determining step in the association of the Rho contribute to the observed binding signal was ruled out in
GTPase with membranes under the experimental conditionsseparate control experiments which showed that purified
used in the present study. The value of the Hill coefficient RhoGDl alone bound negligibly to membranes within a

(n) for the interaction of Cdc42 with EYPC/DAG membranes
resulting from dissociation from the RhoGidtomplex was
1.1+ 0.2, indicating a lack of cooperativity with respect to
Cdc42-RhoGDla complex dissociation and Cdc42 mem-
brane association. By contrast to Cdc42, the injection of the
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Ficure 2: Effect of membrane-bound Cdc42 on the membrane
association of PK@. (A) The interaction of PK@ with EYPC/
DAG (@, O) and EYPC/DAG/POPM, O0) membranesReq pka.)

was determined in the presence of 0.1 mMPCaither with O,

0O) or without Cdc42 @, W). Solid curves correspond to fits of
each data set to eq 2. (B) Values Bfqpkc Obtained for the
interaction of PK@, PKCpI, PKCo, PKCe, and PKQE, each at a
level of 10 nM, with EYPC/POPS/DAG membranes in the presence
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concentrationr{ = 3.0 £ 0.1), which is in keeping with the
results of recent reports suggesting that this isozyme may
self-associate at the membrane surf&®—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 PK@ 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 concentrationresponse curve, as reflected by
an increase in the value df;,p 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
PKCa—membrane interaction.

Since we have previously shown that the direct interaction
between PK@ and Cdc42 that occurs in the absence of
membranes is a specific property of this isozymé)( the
guestion 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 BKC
PKCBI, PKCo, PKCe, and PKC were determined (Figure
2B). It was found that only the association of P&@vith
membranes was significantly inhibited by the presence of
membrane-bound Cdc42, consistent with an isozyme-specific
interaction between PK& and Cdc42 at the membrane
surface.

(open bars) and absence (solid bars) of Cdc42. In each case Cdc42 Effects of Cdc42 on the PS andC®ependence of PKE

was initially captured on the membrane by dissociation from the
RhoGDl—Cdc42 complex to a level 6f200 Ru. Data are each

Membrane AssociationThe effects of membrane-bound
Cdc42 on PK@ membrane association were determined as

representative of three independent experiments. Other details are, function of the mole fraction of POPS in EYPC/DAG

described in Materials and Methods.

membranes at a fixed level of &€a(0.1 mM) and also as a

concentration range that would be present assuming completdunction free C&" levels at a fixed mole fraction of POPS

dissociation of the Cdc42RhoGDlo. complex (results not
shown).

Effects of Membrane-Bound Cdc42 on the Membrane
Association of PK@. The effect of membrane-bound Cdc42
on the membrane association of PiK@as investigated by

(20 mol %). Values oReq pra: Were determined from fits of
PKCa binding as a function of time data obtained for each
POPS mole fraction and free €aconcentration in the
presence and absence of membrane-associated Cdc42 to eq
1 using nonlinear regression analysis (results not shown).

injecting increasing levels of the isozyme in the presence of Plotting values o0Req pka Obtained in the absence of Cdc42

C&" 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

against the POPS mole fraction (Figure 38) yielded a
sigmoidal concentration response curve, which is consistent
with the results of previous studie84, 65), as was the Ca

possibility that the presence of Cdc42 on membranes mightconcentratiorresponse for the interaction of Pi§Gwith

limit the availability of lipid binding sites for PK@, the

EYPC/DAG/POPS membranes of composition 76:4:20,

level of Cdc42 captured on membranes in FC1 in these molar (Figure 3B,®) (59, 71). The values ofKap, andn

experiments was-200 Ru, which is submaximal with respect
to Cdc42 binding (see Figure 1B). Also, the mole fraction
of DAG (4 mol %) and C&" concentration (0.1 mM) used
have been shown previously to be sufficient for the optimal
membrane association and activation of RK®4—66).
In the absence of Cdc42, PikGvas found to bind with

relatively low affinity to EYPC/DAG membranes, and the
affinity of this interaction was enhanced by the presence of

obtained from fits of these curves to eq 2 (Table 1), were
also found to be in close agreement with previously reported
values B9, 64, 65, 71). Also consistent with previous results
(59), a relatively small amount of PK& binding was
observed in the presence of 4 mol % DAG and 20 mol %
POPS with Ca&" absent (Figure 3A) and also with 4 mol %
DAG and 0.1 mM Ca&" with POPS absent (Figure 3B).

The level of PK@ binding to EYPC/DAG membranes

20 mol % POPS in these membranes, as expected (Figurevas found to be unaffected by the presence of Cdc42 at

2, closed symbols). The value &, = 5.2 £ 0.2 nM

saturating mole fractions of POPS (Figure 32), or C&"

determined from data obtained in the presence of POPS is(Figure 3B,0), whereas PK@ binding at submaximal levels
close to that reported in a recent SPR-based study of thewas in each case decreased. Furthermore, the valuégof

interaction of PK@ with membranes of similar composition

obtained from fits 0Req pra VErsus POPS mole fraction or

(67). PKCa binding to EYPC/DAG/POPS membranes was free C&" concentration were both increased in the presence

found to be cooperative with respect to the RKi@jection

of Cdc42 by~2- and~5-fold, respectively (Table 1), which
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450 A ° Table 1: Effects of Membrane-Bound Cdc42 on the PS- and

__ 400 - Ca*-Concentration Responses for Membrane Association and
£ 350 | Activation of PKCu@

2 300 [ POPS ca

§ 250 - Kapp Kapp

3 200 L (mol %) n (uM) n

$ 150 L membrane 121 3.0+05 0.09+0.01 1.0+0.1

] association 24-1° 3.04+£0. 0.504+0.09 0.9+0.2°
x” 100 - activation 11+1 3.0+03 11+1.6 1.0+0.1

50 R T 21+2° 3.0+05 60+3.% 1.0+ 0.2
0 R coon aValues of affinity constantskipy and Hill coefficients () were

. . ' ' ' obtained from fits ofRe, versus POPS mole fraction or free a
0 20 40 60 80

) concentration data shown in Figures 3 and 4, respectively, to a modified
, [POPS] (mol%) Hill equation 69). PValues ofKa,, andn obtained in the presence of

350 _’B membrane-bound Cdc42. Errors in values arestandard deviation.

— o See Materials and Methods for details.

£ 300

5 250 this effect may involve competition between Cdc42 and PS/
é C&" for interaction with the isozyme. In order to address
2 200 whether the apparent decrease in membrane-binding affinity

:s 150 |- translates into an effect on membrane-associated dPKC
= 100 | activity, the effects of Cdc42 on the PS- and?2Ca

x 5 ] concentration dependences for activation induced by as-

® EYPC/DAG iati I i
YRS ¢ etz sociation with EYPC/DAG membranes were determined

0 (Figure 4). In the absence of Cdc42, it was found that the
POPS concentratiefresponse curve for PKC activation
with EYPC/DAG LUV and 0.1 mM C#& coincided with

that obtained for membrane association (compare Figures
Ficure 3: Effect of membrane-bound Cdc42 on the POPS- and ( P g

Ca*-concentration dependences for RK@embrane association. 4A and 3A.@), as shown by t.h‘? similar values ko, and

(A) Values 0fReq pra; for PKCa binding to membranes composed 1 de“_vet_i fr(_)m f'tS_Of the ?Ct'V'ty data to eq 2_(Tab|e 1_)-
of EYPC/DAG/POPS in the molar ratio (169 X):X:4, whereX is This finding is consistent with the results of previous studies
the mole fraction of POPS, were determined in the presence of 0.1showing that the PS dependences of PKC activation and

T e o 0o i 2 0) il optred o e membrane associaon are inealy a6, 12, Co
a level of 200 Ru, from fits of the association phases of the parison of the C# response curve for PKL activation

corresponding response verses time curves to eq 1. Inset: Depen(Figure 4B,@) with that obtained for binding to EYPC/DAG
dence 0fReqpra: binding to EYPC/POPS/DAG membranes (76: membranes (Figure 3B®) indicates that the Ca levels
20:4, molar) on the amount of Cdc42 capturBghcac4). (B) Values required to induce PKC activity are2 orders of magnitude

?;6%55&rgoglalj;((\fv%rtgngiqurrtﬁingjpgs/ D;f‘% ';8:;‘:’ g}e?pggir(‘:? greater than those required for membrane association, which

concentration, with®) or without Cdc42 @) initially captured on IS again ConS|st'ent. with previous findindsy( 71). The low

the membrane by dissociation from the Rho@BCdc42 complex  level of PKGux binding to EYPC/DAG membranes that was
to a level of~200 Ru, from fits of the association phases of the observed in the absence of either POPS (Figure 3A) éf Ca
corresponding response verses time curves to eq 1. Solid curvegFigure 3B) did not appear to result in a measurable increase

correspond to fits of each data set to eq 2. Data represent the mean the level of activity under the same conditions (Figure
of triplicate determinations from two independent experiments.

ful_n.umﬂ_u.mnl_uuuﬂ_u.mﬂ_u.unﬂ_uunﬂ_
0 10® 10% 10" 10° 10" 10*> 10°
[Ca™] (uM)

Other details are described in Materials and Methods. 4), suggesting that under these conditions BK€associated
with membranes in an inactive state.
reflected a rightward shift in both of the concentration The presence of membrane-associated Cdc42 was found

response curves. However, valuesabtained from POPS-  have biphasic effects on the POPS- and'@ncentration-
and C&"-concentration responses were in each case unaf-response curves for PKCactivation (Figure 40). Thus,
fected by the presence of Cdc42 (Table 1). The Cdc42- similar to the effects on PK& binding to EYPC/DAG
concentration dependence of the inhibitory effect on the membranes (Figure 3), each curve was found to be shifted
association of PKC with membranes composed of EYPC/ to the right, which was again reflected by an increase in the
POPS/DAG (76:20:4, molar) was determined by plotting corresponding values &, by ~2- and 5-fold, respectively
values 0fReqpka @s a function of the amount of Cdc42 (Table 1). Furthermore, the valuesbbtained from these
captured Req.cdcaz(Figure 3A, inset). It was found that the curves were found to be unaffected by the presence of Cdc42,
extent of PK@ binding to membranes decreased as a as was the case for PKCbinding to EYPC/DAG mem-
function of the concentration of membrane-bound Cdc42 in branes (Table 1). However, contrasting with effects on
a saturable manner, suggesting a specific interaction betweermembrane association, the level of activity obtained within
PKCo and Cdc42 at the membrane surface. low POPS and Cd concentration ranges was found to be
Effects of Cdc42 on the PS and €aDependence of increased in the presence of Cdc42 (Figur©},Notably,
Membrane-Associated PKCActivation. The results pre-  the level of PK@ activity determined in the absence of
sented so far indicate that the presence of Cdc42 at thePOPS was found to be close to that induced by the direct
surface of EYPC/DAG membranes leads to a decrease ininteraction of the enzyme with Cdc42 measured in the
the membrane-binding affinity of PKiCand suggest that  absence of membranes (Figure 4A, inset).
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the RhoGD&—Cdc42 complex (0.5tM). Inset: The effects of i 0 100 200 300 0 100 200 300

Cdc42 on membrane-associated and lipid-free activities ancdPKC Time (sec) Time (sec)
activity were determined in the presence oC#&.1 mM) and

EYPC/DAG (96:4, molar) or EYPC/DAG/POPS (76:4:20, molar) FIGURE 5: Dissociation of the PKG—Cdc42 complex from
or in the absence of LUV, with (open bars) and without Cdc42 membranes detected from SPR measurements. In the experimental

(solid bars). For lipid-free assays, free Cdc42 purified in the absence System used (panel A), FC1 and FC2 of a Biacore L1 chip were
of RhoGDk. was added at a concentration of 100 nM. (B) The connected in series. PKCwas injected (10 nM) in the presence
activity of PKCo. was measured in the presence of EYPC/DAG/ ©0f 0.1 mM C&* over EYPC/DAG (96:4, molar) membranes (panel
POPS membranes (76:4:20, molar) as a function of fre& Ca B), EYPC/DAG/POPS (76:4:20, molar) membranes (panel D), or
concentration, with @) or without Cdc42 @) captured on the ~ HSC-T6 plasma membranes (panel F) immobilized in FC1 with or
membrane by dissociation from the Rho@B{Cdc42 Comp|ex (05 W|th0ut CdC42 |n|t|a”y Captured by d|SSOC|at|On from the RhOGBl

uM). Solid curves correspond to fits of each data set to eq 2. Data Cdc42 complex to the levels indicated (solid arrows). Binding of
represent the means of triplicate determinations from three inde-the PKQx—Cdc42 complex to EYPC/DOGS-NTA/Ni (95:5,

pendent experiments. Other details are described in Materials andmolar) membranes in FC2 was determined upon injection ofd®KC
Methods. over each membrane in FC1 with or without Cdc42 (panels C, E,

and G). Data are representative of experiments carried out in

Detection of the Membrane Dissociation of the RKE triplicate. Other details are described in Materials and Methods.

Cdc42 Complex by Measurements of SHRe apparent  dissociating from the membrane surface in FC1 to be
reduction in the binding affinity of PK& for EYPC/DAG detected as an increase in response in FC2 due to its specific
membranes that results from interaction with membrane- capture on the DOGS-NTA/Riisurface through the>6His-
bound Cdc42 raises the intriguing possibility that the [BI<C tagged Cdc42.

Cdc42 complex thus formed may physically dissociate from  The level of PK@ binding at equilibrium to EYPC/DAG

the membrane. This possibility was investigated by linking membranes incorporating Cdc42 captured in FC1 was found
the output of the first flow cell of the L1 chip (FC1) to the to be reduced by-75% compared to that obtained in the
input of the second flow cell (FC2), as illustrated in Figure absence of Cdc42 (Figure 5B), which is consistent with the
5A. The second membrane surface immobilized in FC2 was data shown in Figure 2. Importantly, the injection of RiKC
composed of EYPC and the Nichelating lipid, DOGS- over the EYPC/DAG surface with Cdc42 present in FC1
NTA/Ni2* (95:5, molar), which binds 8His-tagged proteins  resulted in a time-dependent increase in the level of binding
with high affinity (60). Thus, separate control experiments to the DOGS-NTA/Nitsurface in FC2, the magnitude of
confirmed that this DOGS-NTA/Risurface bound gHis- which was similar to the amount by which PikGinding
tagged Cdc42 in a specific manner, whereas the extent ofin FC1 was decreased (Figure 5C). This is in keeping with
PKCa binding to this surface was marginal at the concentra- the capture of the PK&—Cdc42 complex on the DOGS-
tion present in experiments (results not shown). This ar- NTA/Ni2fsurface in FC2 due to its dissociation from the
rangement therefore allowed the P&ECdc42 complex EYPC/DAG surface in FC1. Since the amount of Cdc42
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initially captured on the EYPC/DAG surface in FC1 was 115 ry

~60 Ru, and the increase in binding in FC2 due to BKC 110 il ]+Rh°GD"’

Cdc42 complex capture was60 Ru, then the percentage 105 L

of Cdc42 extracted from the EYPC/DAG membrane in FC1

by injection of 10 nM PK@: over this surface was-[60- 10.0 |-

(M, of Cdc42M,, of PKCa)/60] x 100 ~ 25%. 7 95F \
The extent of binding of PK& to EYPC/POPS/DAG S ool “g”

membranes (76:4:20, molar) captured in FC1 was again g 85 L e CUoA2 MANT-GMPPNP

found to be reduced in the presence of Cdc42 (Figure 5D), > L L L L

and this again corresponded to an increase in the level of g 0 1000 2000 3000

binding to the DOGS-NTA/Nifsurface in FC2 (Figure 5E). k=

Moreover, the amount by which binding observed in FC2 8 1051B +PKCa| | +ca®

was increased due to the presence of Cdc42 on POPS- 3 J [

containing membranes in FC1 was similar to the amount by g 100

which PKCGu binding to these membranes was decreased. .

However, the magnitude of these effects of Cdc43{%)

was reduced compared to that observed in the absence of 9.0 | I*HAF'L“"

POPS (Figure 5B). The amount of Cdc42 initially captured  + CAOAZMANT-GMPPNP

on the EYPC/POPS/DAG surface in FC1 wa$50 Ru, and ~ L ! ! ! L
the increase in binding in FC2 due to complex capture was 0 1000 2000 3000 4000
~85 Ru. Therefore, the percentage of Cdc42 extracted from Time (sec)

the EYPC/POPS/DAG membrane in FC1 by injection of 10 Ficure 6: Dissociation of the PK&—Cdc42 complex from

nM PKCa. over this surface was[85(M, of Cdc42M,, of membranes detected on the basis of FRET. The emission fluores-
PKCa)/150] x 100 ~ 15%. cence intensity at 430 nm upon excitation at 355 nm was measured

. as function of time, with sequential additions of MANT-GMP-PNP
In order to address the question whether BK@ay also (2 uM) loaded on Cdc42 (60 nM) and LUV composed EYPC/

extract Cdc42 from plasma membranes, RK€as injected ~ POPS/DAG (76:20:4, molar) containing1 HAF (300 «M total
with Ca&2™ over HSC-T6 plasma membranes immobilized on Iipid_ (_:oncentration). (A) Recovery of fluorescence quenching upon
FC1 in the presence and absence of Cdc42 (Figure 5F).addition of 60 nM RhoGD4 followed by Mg™ (1 mM free

P, S concentration). (B) Fluorescence recovery resulting from the
Similar to effects on PK@& binding to LUV, the extent of addition of PK@x (65 nM) followed by C&* (0.1 mM free

PKC binding to HSC-T6 plasma membranes in FC1 was concentration). Data are representative of experiments carried out
again found to be reduced in the presence of membrane-in duplicate. Other details are described in Materials and Methods.

bound Cdc42100 Ru), and this reduction in binding again
corresponded to a similar increase in binding to the DOGS- PNP-loaded Cdc42 is extracted from membranes by RhoG-
NTA/Ni?* surface in FC2 (Figure 5G). The percentage of Dla under the present experimental conditions.
Cdc42 extracted from the plasma membranes was(M,, Similar to RhoGD#, the addition of PK@ to EYPC/
of Cdc42M,, of PKCa)/100] x 100 ~ 15%. POPS/DAG/HAF LUV incorporating MANT-GMP-PNP-
Membrane Dissociation of the PKC-Cdc42 Complex  loaded Cdc42 again resulted in a dequenching of MANT
Detected by Measurements of FRHEf.order to provide emission fluorescence (Figure 6B), which is consistent with
further evidence supporting the physical dissociation of the the physical dissociation of the PKE-Cdc42 complex from
PKCo—Cdc42 complex from membranes, the ability of the membrane. The MANT-fluorescence dequenching due
PKCa to extract membrane-bound Cdc42 was determined to extraction of Cdc42 was further promoted by the addition
on the basis of measurements of FRET between the MANT- of excess C& whereas neither the rate nor the magnitude
donor fluorophore of MANT-GMP-PNP loaded onto Cdc42 of extraction from membranes was found to be affected upon
and the membrane-associated acceptor fluorophore of HAF.replacement of Cd with an excess of Mg (results not
This experimental paradigm has been used previously for shown). It was also found in a separate control experiment
studies of the kinetic properties of the extraction of Cdc42 that the addition of Cd alone in the absence of PKQid
from membranes by RhoGDE{, 62). Thus, in order to not affect the emission fluorescence intensity of MANT
validate observations made with PKCinitial experiments (results not shown).
were undertaken to confirm that Cdc42 could be extracted The concentration-dependent effects of RKOn the
from the EYPC/DAG/POPS membranes by Rho@Dhder kinetics of the extraction of Cdc42 from EYPC/DAG and
the experimental conditions used in the present study. It wasEYPC/POPS/DAG LUV were determined on the basis of
found that the addition of EYPC/DAG/POPS (76:4:20, plots of the percentage extraction of Cdc42 against time
molar) labeled wih 2 M HAF quenched the emission (Figure 7). The maximal levels of Cdc42 extraction from
fluorescence intensity of MANT-GMP-PNP loaded on Cdc42 EYPC/DAG and EYPC/POPS/DAG LUV were in each case
by ~50%, which is consistent with FRET between MANT found to increase with PK& concentration (Figure 7) and
and HAF fluorophores at the membrane surface (Figure 6A). to attain saturation (Figure 7A, inset). Whereas the rate of
The addition of RhoGDQt at an equimolar concentration with PKCo-mediated extraction from EYPC/DAG LUV was
Cdc42 (60 nM) was found to result in a rapid dequenching found to be decreased compared to that induced by RhoG-
of MANT emission fluorescence due to a decrease in FRET, Dla, the extent of Cdc42 extraction from these LUV induced
which was promoted slightly by the addition of excess?Mg by saturating levels of PK&approached that observed with
(Figure 6A). These observations are in keeping with those RhoGDl (Figure 7A). Furthermore, consistent with the SPR
reported previouslyql, 62) and confirm that MANT-GMP- results shown in Figure 5, the extent of extraction was found
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80 complex. Using this approach, it was found that the observed
. . decrease in membrane-binding affinity corresponded to the
physical dissociation of the PKC-Cdc42 complex from
7y 120 membranes composed of purified lipids and also from
gs S0nM isolated HSC-T6 plasma membranes. The results point to a
novel mechanism for the regulation of the association of
PKCo and Cdc42 with membranes by competing protein
protein and proteirtlipid interactions (Figure 8).
Membrane Association of Cdc42 Is Triggered by the
Dissociation of the RhoGIal Complex.The steps that lead
s s . \ to the functional activation of Rho GTPases include the
802 250 %00 780 1000 release from the corresponding cytosolic RhoGDI complex,
B - &0 * Ewane membrane association of the Rho GTPase, and GEF-
. catalyzed exchange of GDP for GTEg( 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
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motes the dissociation of the complex and the translocation
of the Rho GTPases to membran@&s§,(74). Alternatively,
the dissociation of the RhoGBRho GTPase complex and

0 250 500 750 the translocation of GDP-bound Rho GTPases to membranes

Time (sec) might precede GEF-catalyzed GDP-GTP exchafi@e The
FIGURE 7: PKCo concentration dependence of the extraction of Présent observation that binding to membranes upon injection
Cdc42 from membranes. The percentage extraction of Cdc42 of the Cdc42-RhoGDl complex was only detected in the
induced by the addition of increasing levels of RKtgether with presence of EDTA and GMP-PNP (see Figure 1A) indicates
a fixed level of 0.1 mM C#& was determined as a function of time  that nucleotide exchange on Cdc42 bound to RhaGBI
];O&L‘lur}]/o?grr’nE(\)(Slfg/gfoggé%fgl%aﬁépg DTAh(g g{?@g;?gn?rra?& both necessary and sufficient for Cdc42 membrane associa-
tions used were 00), 30 @), 60 (), 90 (v), and 120 ¢). For tion and that this can occur even in the absence of a GEF.
comparison, the time course for the fluorescence dequenching byConsistent with this, it was shown recently that the associa-
the addition of RhoGDt and 1 mM Mg" (@) is shown in panel tion of Racl with asolectin liposomes was induced by
A. Percentage extraction was calculated from (MANT fluorescence triggering the dissociation of the RaeRhoGDI complex

increase due to extraction at time t)/(MANT fluorescence . . .
decrease due to MANT quenching by LgE)loo_ Solid curves upon Mg" chelation and nucleotide exchange and that this

correspond to fits of each data set fo a first-order rate equation. Was facilitated by the GEF, TiamBg). .
Inset: Maximal percentage extraction of Cdc42 from EYPC/DAG ~ The observation that GDP-GMP-PNP exchange triggers
(@) and EYPC/POPS/DAGY) LUV plotted as a function of PK& the dissociation of the Cdc4RhoGDl. complex and the
concentration. Data are representative of experiments carried outy,o mbrane association of Cdc4?2 indicates that GMP-PNP-
in duplicate. Other details are described in Materials and Methods. - S .

bound Cdc42 either has a lower binding affinity for

RhoGDla or has a higher affinity for EYPC/DAG/POPS

to be markedly reduced by the incorporation of 20% POPS

: : membranes compared to GDP-bound Cdc42. Interestingly,
in these LUV (Figure 7B). it has been reported previously that, in the absence of
DISCUSSION membranes, RhoGRlI binds to both the GDP- and GTP-

bound forms with equivalent affinitie§{). Thus, the present

In this study, the interplay between the direct protein  results suggest that GMP-PNP-bound Cdc42 may have a
protein interaction of PK@ with Cdc42 and the protein higher affinity for EYPC/DAG/POPS membranes compared
lipid interactions that mediate the membrane association ofto the corresponding GDP-bound form, and further experi-
this isozyme was investigated. It was found that the isozyme- ments are currently underway in the laboratory to address
specific proteir-protein interaction previously shown to this issue.
occur between Cdc42 and PiKGn the absence of lipids The finding that the level of RhoA binding to membranes
(44, 45) is also retained at the membrane surface. Whereasinduced by triggering nucleotide exchange on RkRoA
it was initially hypothesized that this protetiprotein interac- RhoGDI. was marginal relative to Cdc42 suggests that
tion would supplement the PS- and?Canediated protein RhoA may bind either with higher affinity to RhoGDI or
lipid interactions that anchor PKCat the membrane, itwas  with lower affinity to the EYPC/DAG membranes compared
found that the interaction of PK&Cwith Cdc42competed to Cdc42. The possibility that the apparent decrease in the
with the interaction of PK@ with PS and C#&, resulting in extent of dissociation of the RheARhoGDlo. complex and/
a netdecreasein membrane-binding affinity. In order to  or membrane association of RhoA upon nucleotide exchange
investigate the effects of membrane-bound Cdc42 on themight be due to differences in nucleotide exchange kinetics
membrane association of PIGC a novel procedure was is unlikely since these have been reported previously to be
developed for immobilizing geranylgeranylated Cdc42 on similar for Cdc42 and RhoA7g). By contrast to the lack of
membranes captured on the surface of a Biacore L1 sensobinding of RhoA to EYPC/DAG/POPS membranes reported
chip by inducing the dissociation of the Cde4RhoGDl here, a recent study showed recently that nucleotide exchange
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“closed” inactive “locked open” active
Cat. Site (C3/C4) GG chain®
PKCa
Cat. Site (C3/C4) C1B C1A P. Sub.
C1B c1A | SUP
Dissociation of C1 - C2 Dissociation of the PKCo -
interacti20ns leading to Cdc42 complex
PS/Ca™ -dependent Competitive binding of Cdc42
membrane-association. to C1 and C2 domains.

(AL %0)

Cat. Site(C3/C4)

PC/PS/IDAG

GG chain

“open” active” DAG

Ficure 8: Model for PKGx membrane association governed by competitive pretgintein and proteirtlipid interactions. The membrane
association of PK@ results from the dissociation of intramolecular C1 and C2 domain interactions due to binding of DAG ané&'PS/Ca
to these domains at the membrane surfdde@7, 68, 77—85). This corresponds to a conformational shift from a closed inactive to an open
active form. Membrane-bound Cdc42 competes for P8/@deractions with the C2 domain and, based on the results of a previous study,
also interacts with the C1 domain39j, leading to a net decrease in membrane-binding affinity and dissociation of the-P&dr42
complex from the membrane. Binding of Cdc42 to the C1 and C2 domains competesf@2Qibmain interactions and locks the P&C
molecule in an open active form that no longer requires DAG &r @ar its stabilization. The specific activity of Cdc42-bound PKG
reduced compared to the membrane-associated faxote that this model also requires that the geranylgeranyl (GG) chain of Cdc42 be
incorporated into an, as yet, unknown region of the lek@olecule.

on RhoA was sufficient to induce its release from RhoGDI the C2 domain of PK@ for Ca* binding and again supports
and for association with liposomes composed of purified a specific interaction between the two proteins.
lipids derived fromEscherichia colimembranes?3). This The finding that the presence of Cdc42 at the surface of
apparent difference in results may arise from the presencemembranes resulted in a shift in the Pi@inding isotherm
of |Ip|d factors inE. coli membranes, not present in those to the right is consistent with a reduction in membrane-
used here, that promote Rhe/RhoGDl. complex dissocia-  pinding affinity and suggests competitive binding of R&KC
tion and/or RhoA membrane association. Further studies aretp membranes and to Cdc42 (Figure 2A). On the basis of
required to address the interesting question whether Rhothe rightward shift in both the POPS- and®Gaoncentration
GTPase binding to membranes can be modulated by changegurves for membrane association (Figures 3 and 4), it appears
in membrane lipid composition. that this reduced binding affinity results from competition
Membrane-Bound Cdc42 Reduces FPKI@embrane Bind- between Cdc42 and PS/&Zanteractions with PK@. Since
ing Affinity by Competing for PS and €alnteractions.The the Ca&" binding loops of the C2 domain of PKCcontain
observation that the membrane association of BK@as the site(s) of interaction of PS and €4see, e.g., re67),
inhibited by membrane-bound Cdc42 supports the contentionthis suggests that Cdc42, and potentially other Rho GTPases
that these proteins engage in a specific protg@rotein including RhoA, may compete with PS/@dor binding to
interaction at the membrane surface. Evidence for this wasoverlapping sites within this region. However, the finding
provided by the finding that the inhibitory effect of membrane- that the presence of Cdc42 at the surface of EYPC/DAG
bound Cdc42 on membrane association was confined tomembranes without POPS also resulted in a reduction of the
PKCa, which is similar to the isozyme specificity reported extent of PK@ membrane association suggests that Cdc42
previously for the direct proteifprotein interaction with Rho ~ may compete for regions on the PKC molecule in addition
GTPases determined in the absence of membradds (  to the C2 domain that also stabilize the membrane interaction.
Further evidence for a specific interaction between BKC Consistent with these findings, it was shown recently that
and Cdc42 at the membrane surface was provided by thethe PS/C#&-binding C2 domain as well as the DAG-binding
finding that the extent of the inhibitory effect of Cdc42 on C1 domains of PK@ contains sites that participate in the
PKCo. membrane association was dependent on both thedirect proteir-protein interaction with RhoA in the absence
concentration of PK@& (Figure 7B, inset) and membrane- of membranes39). This would provide a plausible mech-
bound Cdc42 (Figure 3A, inset). Also, the observation that anism for the apparent reduction in membrane-binding
an excess of Mgy failed to replace C& in enhancing the  affinity since a displacement of PS/&ainding to the C2
PKCo-mediated Cdc42 extraction from membranes (results domain and DAG binding to the C1 domain by Cdc42 would
not shown) is consistent with the established specificity of weaken the PK@&—membrane interaction.
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Membrane-Bound Cdc42 Reduces RK®/embrane- complex from the membrane suggests that BKiGay act
Associated Actity. In addition to decreasing membrane- in an analogous manner to RhoGDWhich also extracts
binding affinity, the interaction of Cdc42 with PKCalso Rho GTPases from membranes by virtue of a direct pretein
appears to result in a decrease in RK&xtivity relative to protein interaction 16). However, since the interactions of
that obtained for the membrane-associated enzyme in theRhoGDl and PKGx with the membrane and with Cdc42
absence of the GTPase (Figure 4). The observation that thediffer, it is likely that divergent mechanisms are involved in
level of activity obtained in the presence of EYPC/DAG the extraction of Cdc42 from membranes by each protein.
membranes and Cdc42 was close to that measured fooPKC For example, contrasting with RhoGil PKCo interacts
in complex with Cdc42 in the absence of membranes (Figure with membranes in a C& and PS-dependent manner. The
4A, inset, and refl4) is again consistent with a reduction in apparent difference in the rates of extraction induced by
the membrane-binding affinity of PKZ Furthermore, the = RhoGDla compared to PK@ may therefore reflect divergent
finding that the presence of membrane-bound Cdc42 shiftedaffinities of each protein for binding to membranes and to
the PS- and Ca-concentration response curves for RKC  Cdc42 (see Figure 7A). Experiments designed to investigate
activation to the right without affecting the maximal level the details of the mechanism by which P&Cxtracts
of activity achieved (Figure 4) again suggests competition membrane-bound Cdc42 are currently underway in the
between Cdc42 and PS/&Zdor binding to the C2 domain  laboratory.
of PKC. The interaction of Rho GTPases with membranes involves

The PK@—Cdc42 Complex Physically Dissociates from the insertion of a hydrophobic geranylgeranyl chain into the
MembranesThe results of this study are consistent with a membrane interior, which is otherwise occluded by interac-
model in which PK@: interacts with Cdc42 at the membrane tion with a hydrophobic pocket within the globular C-
surface to form a complex that possesses a reduced membranderminal fold of RhoGDd (52). Thus, the observed disso-
binding affinity, due to competition between Cdc42 and PS/ ciation of Cdc42 from the membrane in complex with RKC
C&" interactions (Figure 8). The finding that the presence implies that a hydrophobic region capable of shielding the
of Cdc42 resulted in a decrease in the level of BKihding geranylgeranyl chain from the aqueous environment may also
at equilibrium to membranes in FC1 supports a “noncom- exist within the PK@ molecule. Furthermore, our previous
petitive” type of mechanism in which the PK&-Cdc42 study showed that the presence of a phorbol ester or a soluble
complex formed by direct interaction between the proteins DAG is required for the optimal formation of the membrane-
is physically removed from this flow cell under the continu- independent protetaprotein interaction between PKCand
ous flow conditions present in the Biacore system. Evidence Rho GTPases44, 45). Since the diglyceride used in the
supporting this was provided by the observation that RKC present study is hydrophobic and would therefore be expected
injection over membranes containing Blis-tagged Cdc42  to be partitioned into the membrane, the question arises how
in FC1 resulted in specific binding of the P& Cdc42 the stability of the PK@G—Cdc42 complex is maintained in
complex to a DOGS-NTA/Ni" surface in FC2 (Figure 5).  the absence of DAG as it dissociates from the membrane. It
Also, the observation that the addition of P&@esulted in is hypothesized that the binding of Cdc42 to RKitrevers-

a dequenching of MANT-GMP-PNP-loaded Cdc42 fluores- ibly locksthe protein conformation in an active conforma-
cence due to FRET with membrane-associated HAF (Figuretional form that no longer requires DAG or &afor

6) provides further evidence supporting the membrane stabilization. In this regard, it has been proposed that the
dissociation of the PK&—Cdc42 complex. activation of PK@ results from a conformational shift from

The observation that the level of binding of the Ri&€E a “closed” inactive to an “open” active form, which is
Cdc42 complex to the DOGS-NTA/Ni surface in FC2 upon  controlled by the dissociation of intramolecular C1 and C2
injection of PKGx over the EYPC/DAG/POPS membrane domain interactions that occurs upon binding of DAG and
was reducedcompared to that obtained for injection over PS/C&" to these domains at the membrane surfdde &7,
membranes lacking POPS is again consistent with competi-68, 77—85). Thus, on the basis of the present data and the
tion between Cdc42 and PSACanteractions with PK@. results of a previous studg9), which indicated an interac-
This is also supported by the finding that the dequenching tion of Cdc42 with the C2 domain, we hypothesize that
effect of PKGx addition on MANT fluorescence due to Cdc42 might also compete for these intramolecular-C2
FRET with membrane-associated HAF was reduced in the domain interactions, leading to a shift of the conformational
presence of POPS (Figure 7). Moreover, the finding that the equilibrium from the closed inactive toward a “locked open*
addition of C&" enhanced the dequenching effect of RKC active state (see Figure 7). Consistent with this, we have
addition (Figure 6B) again suggests that thé&'@RS-binding shown previously that the direct proteiprotein interaction
C2 domain might contribute to the interaction between BKC between PK@ and Rho GTPases, including Cdc42, results
and Cdc42 at the membrane surface. In connection with this,in kinase activation44).
we have shown previously that &ais absolutely required
for the formation of the direct proteirprotein interaction CONCLUSION
between PK@ and Rho GTPases in the absence of The finding that the net binding affinity of PKdC for

membranes44). Since PK@: also binds to PS in a C& membranes containing Rho GTPases is a product of the
dependent manneb,(12), the extent by which Cdc42 is affinities of competing proteirprotein and proteirlipid
extracted from PS-containing membranes by BKG interactions provides a novel mechanism for the regulation
predicted to be a function of the relative Lainding of membrane-associated PK@ctivity. In particular, since
affinities of the PS-bound and Cdc42-bound enzyme. we have previously shown that the formation of a direct
The observation that the interaction of P&Cwith protein—protein interaction with Rho GTPases is a specific

membrane-bound Cdc42 resulted in the dissociation of the property of PKC 44), the interaction with membrane-bound
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Cdc42, which is shown here to share this isozyme specificity, 24.Park, S. K., Min, D. S., and Exton, J. H. (19&8)chem. Biophys.

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 2g.
the interaction of PK@ 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 »g.

cascades86—88). The PKG—Cdc42 interaction at the

membrane surface and the ensuing decrease in membrane-29-
binding affinity should, however, be viewed in the context

of an extended network of proteitprotein and proteift

lipid interactions involving these proteins, and caution should

be engendered in drawing the conclusion thaidamtical

interaction occurs in the cellular environment. Nevertheless,

the observation that the interaction of P&@ith Cdc42 at

the membrane surface results in the dissociation of the
PKCa—Cdc42 complex raises the intriguing possibility that
PKCa might act in an analogous manner to RhoGDI in the
termination of Cdc42 signal by disabling interactions with

downstream effectors.
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