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Identification of a Novel Prenyl and Palmitoyl Modification at the
CaaX Motif of Cdc42 That Regulates RhoGDI Binding

Akiyuki Nishimura, Maurine E. Linder

Department of Molecular Medicine, Cornell University College of Veterinary Medicine, Ithaca, New York, USA

Membrane localization of Rho GTPases is essential for their biological functions and is dictated in part by a series of posttransla-
tional modifications at a carboxyl-terminal CaaX motif: prenylation at cysteine, proteolysis of the aaX tripeptide, and carboxym-
ethylation. The fidelity and variability of these CaaX processing steps are uncertain. The brain-specific splice variant of Cdc42
(bCdc42) terminates in a CCIF sequence. Here we show that brain Cdc42 undergoes two different types of posttranslational
modification: classical CaaX processing or novel tandem prenylation and palmitoylation at the CCaX cysteines. In the dual lipi-
dation pathway, bCdc42 was prenylated, but it bypassed proteolysis and carboxymethylation to undergo modification with
palmitate at the second cysteine. The alternative postprenylation processing fates were conserved in the GTPases RalA and RalB
and the phosphatase PRL-3, proteins terminating in a CCaX motif. The differentially modified forms of bCdc42 displayed func-
tional differences. Prenylated and palmitoylated brain Cdc42 did not interact with RhoGDIa and was enriched in the plasma
membrane relative to the classically processed form. The alternative processing of prenylated CCaX motif proteins by palmitoyl-
ation or by endoproteolysis and methylation expands the diversity of signaling GTPases and enables another level of regulation

through reversible modification with palmitate.

dc42 is a Rho GTPase that regulates diverse cellular functions,

including cell polarity, migration, and progression through
the cell cycle (1-3). Like all monomeric GTPases, Cdc42 functions
as a molecular switch, cycling between the GDP-bound inactive
state and the GTP-bound active state. This GTPase cycle is regu-
lated by guanine nucleotide exchange factors that stimulate nucle-
otide exchange and GTPase-activating proteins that accelerate in-
trinsic GTPase activity. GTP-bound GTPases preferentially bind
to effector proteins and activate downstream signaling events. An
additional level of regulation is imposed on Rho GTPases by bind-
ing to RhoGDI, which sequesters inactive Rho proteins in the
cytoplasm (4).

Localization at cell membranes is essential for the physiological
functions of most members of the Ras superfamily of GTPases.
For Rho GTPases, at least two signals within the C-terminal hy-
pervariable region are involved in membrane targeting. The first is
prenyl modification of the C-terminal CaaX motif, where C is
cysteine, usually an aliphatic amino acid, and X dictates the iden-
tity of the prenyl group. The CaaX motif triggers three sequential
posttranslational modifications: prenylation, proteolysis, and car-
boxymethylation. The CaaX cysteine of newly synthesized Rho
GTPases is modified in the cytoplasm with a C-15 farnesyl or C-20
geranylgeranyl isoprenoid (5). Prenylated GTPases accumulate on
endoplasmic reticulum (ER) membranes, where the C-terminal
aaX tripeptide is cleaved by the endoprotease Rcel (Ras-convert-
ing enzyme 1), and the carboxyl group of the newly exposed pre-
nyl cysteine is carboxymethylated by Icmt (isoprenylcysteine car-
boxyl methyltransferase) (6). The variability and fidelity of this
multistep modification are unclear. Proteomic analysis of bovine
brain Gy subunits that have a CaaX motif identified significant
variation of their C-terminal processing (7). Functionally, all
three CaaX processing steps are required for proper localization
and biological activity of farnesylated Ras GTPases (8, 9), whereas
there appear to be differential requirements for postprenylation
processing of Rho GTPases for their localization (9, 10). Rho-
mediated cell motility in cancer cells is sensitive to chemical inhi-
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bition by Icmt, pointing to the potential importance of methyl-
ation in metastasis (11). Postprenylation processing of Rheb is
required for ER/Golgi localization but not for mTOR signaling
(12). Thus, evidence suggests that variability of CaaX processing
can affect protein function.

In addition to the CaaX motif, a second signal is also required
for proper membrane targeting and biological activity (6). For
Rho GTPases, a polybasic sequence in the hypervariable region
increases affinity for negatively charged membranes and has con-
sequences for specific biological outcomes. For example, the di-
arginine motif of Cdc42 is important for its association with phos-
phatidylinositol 4,5-bisphosphate and its ability to oncogenically
transform cells (13). Several Ras and Rho GTPases are modified
with a second lipid modification, palmitoylation at cysteine resi-
dues in the hypervariable domain (14, 15). Reversible modifica-
tion with palmitate dynamically regulates GTPase association
with membranes, facilitates association with lipid rafts, and po-
tentiates signaling (16, 17).

In vertebrates, two Cdc42 isoforms arise from alternative splic-
ing: the ubiquitously expressed canonical Cdc42 and the brain-
specifically expressed Cdc42 (bCdc42) (18). These isoforms share
95% identity and only have a different C-terminal exon encoding
the hypervariable region (Fig. 1A). Canonical Cdc42 undergoes
classical CaaX processing (geranylgeranylation, proteolysis, and
carboxymethylation) at its C-terminal CVLL, whereas bCdc42 has
the double-cysteine CCaX (CCIF) motif. Canonical Cdc42 has
been extensively studied for its biological function in various cells
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FIG 1 The first and the second cysteine residues of the CCaX motif of bCdc42 are prenylated and palmitoylated, respectively. (A) The C-terminal amino acid
sequences of human Cdc42 and bCdc42 are shown. Amino acids distinguishing the two isoforms are shown in boldface type. The CaaX motif is underlined. (B)
HEK293 cells transfected with FLAG-Cdc42 or FLAG-bCdc42 were incubated in medium containing 100 wM palmitic acid (PA) or 100 wM 17-ODYA (OD) for
6 h. Lysates were immunoprecipitated (IP) with anti-FLAG antibody, and 17-ODYA incorporated into bCdc42 was detected with Alexa Fluor 488-azide using
click chemistry. bCdc42 labeled with Alexa Fluor 488 was separated by SDS-PAGE and analyzed by in-gel fluorescence. Cdc42 and bCdc42 protein expression in
the immunoprecipitates and cell lysates was analyzed by immunoblotting (IB). (C) HEK293 cells expressing FLAG-bCdc42 were labeled with 100 wM 17-ODYA
for 6 h. Geranylgeranyltransferase inhibitor (5 uM; GGTI) or farnesyltransferase inhibitor (5 uM; FTI) was added to the medium 18 h prior to labeling with
17-ODYA. 2-Bromopalmitate (100 wM; 2-BP) or dimethyl sulfoxide (DMSO) was added to the medium 1 h prior to labeling with 17-ODYA. 17-ODYA
incorporated into bCdc42 was detected with Alexa Fluor 488-azide. Palmitoylated bCdc42 was quantified (bar graph). Data represent the means = SDs (n = 3).
**, P < 0.01 (Student’s ¢ test). (D) HEK293 cells expressing FLAG-bCdc42 were labeled with 30 wM geranylgeranyl-azide (GG-azide) or farnesyl-azide
(Far-azide) for 24 h in the presence or absence of 5 WM GGTT or FTI. Geranylgeranyl-azide or farnesyl-azide incorporated into bCdc42 was detected with Alexa
Fluor 647-alkyne. (E and F) HEK293 cells transiently transfected with FLAG-Cdc42, wild-type FLAG-bCdc42 (WT), or CCaX motif mutants of FLAG-bCdc42
(SC, CS,and SS) were labeled with 30 WM geranylgeranyl-azide (D) or 100 wM 17-ODYA (E) for 24 h or 6 h, respectively. Geranylgeranylation and palmitoylation
were detected with Alexa Fluor 647-alkyne and Alexa Fluor 488-azide, respectively.

and tissues. Although Cdc42 and bCdc42 were isolated more than  processed form, display different affinities for RhoGDIa and ca-
20 years ago (19, 20), the functional differences between canonical ~ pacities to activate downstream signaling.
Cdc42 and bCdc42 are unclear. A recent report of neural palmi-
toyl-proteomics demonstrated that bCdc42 but not Cdc42 is MATERIALS AND METHODS
palmitoylated in neurons and that bCdc42 plays a prominent role  Reagents. 17-Octadecynoic acid (17-ODYA) was purchased from Cay-
in dendritic spine formation (21). Mutation of the CCIF motifto  man Chemical (Ann Arbor, MI). Geranylgeranyl-azide, farnesyl-azide,
SSIF blocks bCdc42 palmitoylation and abolishes its ability to in- ~ Alexa Fluor 488-azide, and Alexa Fluor 647-alkyne were purchased from
duce spine formation. These results suggest that spine formation ~ Invitrogen (San Diego, CA). GGTI-298 and FT1-277 were purchased from
could be dynamically regulated by the palmitoylation cycle of Calbiochem (La Jolla, CA). bCdc42-specific antibody (21) was a kind gift
b . . . from the laboratory of the late A. El-Husseini (University of British Co-
Cdc42 and that both cysteines of the CCIF motif are sites of . . o o

Imitovlation. Consistent with this prediction. Wrch-1. which lumbia). The following antibodies were purchased: anti-FLAG M2, from
palmitoy o o p > 4 : Stratagene; anti-Cdc42, from Cell Signaling; anti-RalA, from BD Biosci-
has a C-terminal CCFV motif, is not a substrate for prenylation

‘ : ) . . . ences; anti-GODZ (DHHC3), from Millipore; anti-RhoGDI (G-3), from
but is modified with palmltate in a manner that is dependent On Santa Cruz Biotechnology; and anti-transferrin receptor, from Invitro-

the second cysteine (22). However, it has been reported that other  gen.
CCaX motif-containing proteins undergo canonical posttransla- Plasmid construction. The cDNAs of mouse Cdc42 and bCdc42 were
tional CaaX processing (Table 1). kind gifts from R. A. Cerione (Cornell University). RalA (Addgene plas-
With the goal of elucidating the functional significance of mid 15251), RalB (Addgene plasmid 19720), and PRL-3 (Addgene plas-
bCdc42 palmitoylation, we first sought to confirm the palmitoyl- ~ mid 16618) were purchased from Addgene (Cambridge, MA). The cDNA
ation status of bCdc42. Contrary to expectations, we found that of human Wrch-1 was a kind gift from A. D. Cox (University of North
bCdc42 was both prenylated and palmitoylated in a sequence con- Carohn.a). These cDNAs were subcloned into the mammalian ELAG tag
text that has not been previously reported. Additionally, we dem- expression vector pPCMV5-FLAG and the green fluorescent protein (GFP)

. . tag expression vector pEGFP-Cl. The CCaX motif mutants of
onstrate that bCdc42 and other CCaX motif proteins undergo  cdcar—sC (C188S), CS (C189S), and SS (C188,189S)—were generated

alter nati.V€ posttr'anslati(?nal proce'ssing pathways, generating two by site-directed PCR mutagenesis. bCdc42 F28L and R66A mutants were
populations of differentially modified proteins. The two mature  also generated by site-directed PCR mutagenesis. The integrity of all plas-
species of bCdc42, a dual prenyl and palmitoyl form and a CaaX-  mid constructs was confirmed by DNA sequence analysis. The retroviral
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TABLE 1 Posttranslational modifications of human CCaX motif-containing proteins®’

Protein CCaX Prenylation® Palmitoylation Methylation Reference(s) and source or accession no.
bCdc42 CCIF GG/Far + + 21, this study
Wrch-1 CCFV - +4 22

RalA CCIL GG + + 26, 29, this study
RalB CCLL GG + 29, this study
PRL-1 CCIQ Far 30

PRL-2 CCvVQ Far 30

PRL-3 CCVM Far + + 30, this study
PDE6a CCIQ Far + 41

PDE6B CCIL GG +e 41

PLA2y CCLA Far +f 44

SLENL1 CCVL ? ? ? NP_001161719
ASPA CCLH ? ? ? NP_000040

MPI CCLL ? ? ? NP_002426

@ The list of proteins was derived from known and hypothetical CaaX prenyltransferase substrates (60) and PRENbase (http://mendel.imp.ac.at/PrePS/PRENbase/).

b Modifications identified in this study are in boldface type.

¢ Far, farnesylation; GG, geranylgeranylation.

4 The second cysteine of the CCFV motif of Wrch-1 is palmitoylated.

¢ Carboxymethylation of PDE6 is approximately 20 times lower than that of PDE6a.
/The palmitoylation site(s) of PLA2y was not identified.

vector pBabe-puro was a kind gift from S. Gonzalo (St. Louis University).
FLAG-tagged bCdc42 was subcloned into pBabe-puro. The cDNA of hu-
man DHHC3 was subcloned into pmEGFP-N3 to generate the C-terminal
monomeric GFP fusion protein. For bioluminescence resonance energy
transfer (BRET) assays, Venus-tagged PTP1b, giantin, and K-Ras were
kind gifts from N. A. Lambert. The N terminus of bCdc42 was fused to
humanized Renilla luciferase with a glycine-serine linker (GGGGS). The
pGEX-RhoGDIa prokaryotic expression construct was provided by R. A.
Cerione.

Cell culture. HEK293 and HelLa cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) at 37°C with 5% CO,. Rcel = Iemt™' ", and Iemt™’" mouse
embryonic fibroblasts (MEFs) were kindly provided by S. G. Young
(UCLA). Plasmid DNAs were transiently transfected into HEK293 and
HelLa cells using Effectene (Qiagen). For MEFs, Lipofectamine 2000 or
retroviral infection was used.

Cu(I)-catalyzed azide-alkyne cycloaddition reaction (click chemis-
try). Transfected HEK293 cells were cultured in DMEM with 10% FBS for
42 h. Cells were then incubated in DMEM containing 10% dialyzed FBS
and 100 pM 17-ODYA or palmitic acid for 6 h. For inhibitor treatment, 5
wM geranylgeranyltransferase inhibitor (GGTI-298) or farnesyltrans-
ferase inhibitor (FTI-277) was added to cells 18 h prior to 17-ODYA
labeling; 2-bromopalmitate was added to cells 1 h prior to 17-ODYA
labeling. To detect prenylation, transfected cells were cultured for 8 h and
then incubated in DMEM containing 10% dialyzed FBS and 30 uM gera-
nylgeranyl-azide or farnesyl-azide for 24 h. Cells were washed with phos-
phate-buffered saline (PBS) and lysed with RIPA buffer (20 mM HEPES-
NaOH [pH 7.4], 100 mM NaCl, 3 mM MgCl, 1% NP-40, 0.5%
deoxycholate, and 0.1% SDS) supplemented with protease inhibitors (3
pg/ml of leupeptin and 1 mM phenylmethylsulfonyl fluoride [PMSF]).
Cleared lysates were immunoprecipitated with anti-FLAG and protein G-
Sepharose (GE Healthcare) for 4 h. The immunoprecipitates were washed 3
times with RIPA buffer and suspended in 94 pl of PBS, and 6 pl of freshly
premixed click chemistry reagent (final concentrations of 10 uM Alexa Fluor
488-azide or Alexa Fluor 647-alkyne, 1 mM tris(2-carboxyethyl)phosphine
(TCEP), 100 pM tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine
(TBTA), and 1 mM CuSO,) was added (23, 24). After 1 h at room tem-
perature, the immunoprecipitates were washed twice with PBS containing
1% NP-40 and treated with sample buffer for SDS-PAGE. Probe-labeled
proteins were detected by in-gel fluorescence.

Detection of dually prenylated and palmitoylated proteins. Infected
S£9 cells were cultured in TriEx medium (Novagen) for 24 h. Cells were
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then incubated in TriEx medium containing 5% dialyzed FBS and 30 M
geranylgeranyl-azide for 24 h. Cells were washed with PBS and disrupted
with lysis buffer (20 mM HEPES-NaOH [pH 7.4], 100 mM NaCl, 3 mM
MgCl,, 15 mM imidazole, 1% NP-40, and 0.5% deoxycholate) supple-
mented with protease inhibitors. Cleared lysates were incubated with
nickel-nitrilotriacetic acid (Ni-NTA) agarose (Qiagen) for 1 h. The resin
was washed 3 times with lysis buffer and boiled in blocking buffer (100
mM HEPES-NaCl [pH 7.4], 1 mM EDTA, and 2.5% SDS) for 5 min.
Samples were recovered from the resin, and palmitoylated proteins were
further purified using acyl-resin-assisted capture (acyl-RAC) as described
previously (25). Briefly, samples were incubated in blocking buffer con-
taining 0.1% methyl methanethiosulfonate (MMTS) at 42°C for 10 min,
with frequent vortexing. Proteins were precipitated by adding 3 volumes
of cold acetone. After centrifugation, protein pellets were washed with
70% cold acetone and suspended in binding buffer (100 mM HEPES-
NaCl [pH 7.4], 1 mM EDTA, and 1% SDS). Samples were mixed with
thiopropyl-Sepharose in the presence of 250 mM hydroxylamine to cleave
thioester linkages. As a negative control, the same volume of NaCl was
added instead of hydroxylamine. After 5 h of rotation at room tempera-
ture, the resins were washed four times with binding buffer and then
mixed with click chemistry reagent as described above. After click chem-
istry, samples were eluted in buffer containing 50 mM Tris-HCI (pH 6.8),
50 mM dithiothreitol (DTT), 10% glycerol, and 1% SDS.

Carboxymethylation assay in cultured cells. The in vivo carboxy-
methylation assay was performed as described previously (26, 27). At 8 h
after transfection, HEK293 cells were incubated in labeling medium (90%
methionine-free and 10% complete DMEM) containing 10% dialyzed
FBS and 0.1 mCi/ml of r-[methyl->H]methionine for 20 h. Cells were
washed with PBS and lysed with RIPA buffer supplemented with protease
inhibitors. FLAG-tagged proteins were immunoprecipitated from the
cleared lysates. To analyze the carboxymethylation of palmitoylated pro-
teins, infected Sf9 cells were starved in labeling medium (95% methio-
nine-free and 5% complete Grace’s medium) containing 10% dialyzed
FBS. At 3 h after starvation, 0.1 mCi/ml of L-[ methyl->H]methionine was
added and cells were incubated for 30 h. Palmitoylated proteins of interest
were purified by Ni-NTA agarose, followed by acyl-RAC as described
above. Samples were separated by SDS-PAGE, and the gel was then
stained with Coomassie brilliant blue (CBB). The bands of interest were
excised and dried in a vacuum centrifuge. Methyl-esterified proteins were
analyzed by an alkali hydrolysis/diffusion assay as described previously
(26, 27).
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Protein purification. His-bCdc42 was purified from membrane frac-
tions of baculovirus-infected S9 cells using Ni-NTA agarose. Infected Sf9
cells were incubated with TriEX medium containing 5% dialyzed FBS and
100 wM palmitic acid or 17-ODYA for 6 h. Glutathione S-transferase
(GST) and GST-RhoGDIa were purified from bacterial strain BL21(DE3)
cells using glutathione-Sepharose.

Binding assay. For the pulldown assay, transfected cells were washed
with PBS and lysed with RIPA buffer supplemented with protease inhib-
itors. Cleared lysates were incubated for 2 h at 4°C with 1 uM GST or
GST-RhoGDIa precoupled to glutathione-Sepharose. After three washes
with RIPA buffer, the bound proteins were analyzed by immunoblotting.
For the in vitro binding assay, 1 uM palmitate- or 17-ODYA-labeled His-
bCdc42 was incubated with 1 uM GST or GST-RhoGDla in binding
buffer B (20 mM HEPES-NaOH [pH 7.4], 100 mM NaCl, 3 mM MgCl,,
and 1% NP-40) for 1.5 h at 30°C. Samples were further incubated with
glutathione-Sepharose for 1 h at 4°C. The resins were collected by centrif-
ugation, and the supernatants were recovered as the glutathione-Sephar-
ose unbound fraction. After three washes with binding buffer B, the
bound proteins (bound fraction) were eluted by boiling in binding buffer
B containing 1% SDS. SDS was added to the unbound fraction at a final
concentration of 1%, and the total volume of each fraction was equalized.
The bound and unbound fractions were subjected to click chemistry and
immunoblotting.

Liposome binding assay. 17-ODYA-labeled bCdc42 (1 M) was in-
cubated with 1 mg/ml of liposomes containing 35% phosphatidylethano-
lamine, 25% phosphatidylserine, 5% phosphatidylinositol, and 35% cho-
lesterol (Avanti Polar Lipids) for 30 min and centrifuged at 16,000 X g for
20 min. The liposome pellets were suspended in binding buffer C (50 mM
HEPES-NaOH [pH 7.4], 100 mM NaCl, 3 mM MgCl,) and incubated
with GST-RhoGDIa for 30 min. After a final centrifugation, the pellets
were suspended in binding buffer C containing 1% SDS. The supernatants
were supplemented with SDS (final concentration, 1%), and each sample
was used for click chemistry. After click chemistry, samples were precipi-
tated with methanol-chloroform and dissolved in sample buffer. Probe-
labeled bCdc42 and total bCdc42 were detected by in-gel fluorescence and
CBB stain, respectively.

Fractionation assay. Transfected cells were cultured for 8 h and then
incubated in the medium containing 30 pM geranylgeranyl-azide and
17-ODYA for 24 h and 6 h, respectively. Cells were harvested with buffer
A (20 mM HEPES-NaCl [pH 7.4], 5 mM KCl, and 2 mM EDTA) contain-
ing protease inhibitors. Cells were homogenized on ice by 20 passes
through a 27-gauge syringe needle. Nuclei and intact cells were removed
by centrifugation at 800 X g for 5 min. Postnuclear supernatants were
subjected to centrifugation at 100,000 X g for 30 min, and the pellets were
suspended in buffer A containing 1% NP-40, 0.5% deoxycholate, and
0.1% SDS. The same detergents were directly added to supernatants. After
1 h of incubation, the samples were subjected to ultracentrifugation and
cleared lysates were used for immunoprecipitation, followed by click
chemistry.

Confocal microscopy. HeLa cells were grown on glass bottom dishes
and transiently transfected. At 6 h after transfection, cells were incubated
in phenol red-free DMEM with 10% FBS and 25 mM HEPES overnight.
Cells were imaged on Zeiss LSM510 META confocal microscope using a
Plan-Apochromat 63X/1.4-numerical-aperture (NA) objective lens.

BRET. HEK293 cells were seeded on a 12-well plate 24 h prior to
transfection. Rluc-bCdc42 wild type or mutants (donor) were transfected
alone or with Venus-PTP1b, Venus-giantin, or Venus-K-Ras (acceptor).
At 24 h posttransfection, cells were washed with PBS, detached from the
plate with PBS containing 2 mM EDTA, and collected by centrifugation at
400 X g for 5 min. Cells were suspended in PBS containing CaCl, and
MgCl, and transferred to a 96-well plate. Coelenterazine-h (5 wM) was
added 10 min before BRET measurement. Luminescence and fluores-
cence signals were detected using multimode microplate reader Synergy 2
(BioTek). The BRET ratio was calculated by dividing the fluorescence
signal (528/20 emission filter) by the luminescence signal (460/40 emis-

1420 mcb.asm.org

sion filter). Net BRET was this ratio minus the same ratio measured from
cells expressing the donor construct only.

Luciferase assay. HEK293 cells were seeded on a 12-well plate and
transfected with pEGFP-bCdc42 or mutant bCdc42 plasmids, pSRE-Luc,
and pEF-Rluc. At 7 h posttransfection, the medium was replaced with
DMEM containing 1% FBS. After 17 h, cells were lysed and subjected to
the Dual-Glo luciferase assay system (Promega). Expression levels of
bCdc42 and its mutants were confirmed and quantified by immunoblot-
ting. Firefly luciferase activity derived from pSRE-Luc was normalized to
the Renilla luciferase activity derived from pEF-Rluc. Data were normal-
ized to the expression level of bCdc42 and its mutants.

Stoichiometry of endogenous palmitoylated bCdc42 in mouse neo-
natal brain. For the acyl-RAC assay, mouse neonatal brain or adult kidney
was homogenized in buffer A containing protease inhibitors with a
Dounce homogenizer. Nuclei and intact cells were removed by centrifu-
gation at 800 X g for 7 min. Postnuclear supernatants were subjected to
centrifugation at 100,000 X g for 30 min, and the pellets were suspended
and incubated in blocking buffer containing 0.1% MMTS at 42°C for 30
min with rotation. Proteins were precipitated by adding 3 volumes of cold
acetone. After centrifugation, protein pellets were washed with 70% cold
acetone and suspended in binding buffer. An aliquot was saved for the
input lane. The remaining sample was used for an acyl-RAC assay as
described above. The acyl-RAC samples and input (10% of total) were
subjected to immunoblotting with bCdc42-specific and Cdc42 antibod-
ies. The Cdc42 antibody detects both Cdc42 and bCdc42 isoforms. For the
RhoGDIa pulldown assay, postnuclear lysates of neonatal brain and adult
kidney were subjected to centrifugation at 100,000 X g for 30 min, and the
pellets were suspended in binding buffer B. After 1 h of incubation, the
samples were subjected to ultracentrifugation, and cleared lysates (2 mg/
ml) were incubated for 2 h at 4°C with 0.4 wM GST-RhoGDIa precoupled
to glutathione-Sepharose. GST-RhoGDIa unbound and bound fractions
were collected. bCdc42 was detected by immunoblotting.

Statistics. Data are presented as means * standard deviations (SDs) of
results of three or more independent experiments. Two-tailed Student’s ¢
tests were performed using GraphPad Prism 4 (GraphPad Software).

RESULTS

bCdc42 is geranylgeranylated and palmitoylated at its CCaX
motif. To examine the posttranslational modifications of the C-
terminal CCaX motif of bCdc42, we first confirmed palmitoyl-
ation of bCdc42 in HEK293 cells. Cells were incubated with the
palmitic acid analog 17-octadecynoic acid (17-ODYA) or palmitic
acid as a negative control. Protein incorporating 17-ODYA was
detected by selective labeling with Alexa Fluor 488-azide via
Cu(I)-catalyzed azide-alkyne cycloaddition (click) chemistry (23,
24). As previously reported (21), bCdc42 but not Cdc42 was
palmitoylated (Fig. 1B). Palmitoylation of bCdc42 was inhibited
by 2-bromopalmitate, a nonmetabolizable fatty acid that inhibits
palmitoylation (28) (Fig. 1C). Interestingly, a geranylgeranyl
transferase inhibitor also blocked the incorporation of palmitate
into bCdc42 (Fig. 1C), suggesting that geranylgeranyl modifica-
tion might be a prerequisite for bCdc42 palmitoylation. To con-
firm prenylation of bCdc42, cells were incubated with gera-
nylgeranyl-azide or farnesyl-azide. bCdc42 incorporated both
prenyl lipid analogs, and incorporation was blocked by prenyl-
transferase-specific inhibitors (Fig. 1D).

To identify the prenylated and palmitoylated cysteine residues
of bCdc42, we generated cysteine-to-serine mutants of the CCaX
motif (SC, C188S; CS, C189S; and SS, C188,189S). Consistent
with the canonical CaaX motif, mutation of the first but not the
second cysteine completely inhibited the geranylgeranylation of
bCdc42 (Fig. 1E). Mutation of either cysteine resulted in the loss
of palmitoylation (Fig. 1F). The results of the mutagenesis provide
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FIG 2 The CCaX motifis modified with a prenyl group and a palmitate on the
same molecule. Sf9 cells expressing His-H-Ras (A) or His-bCdc42 (B) and its
CCaX motif mutants (C) were incubated in medium containing 30 pM farne-
syl-azide (Far-azide) or geranylgeranyl-azide (GG-azide) for 24 h. Lysates were
incubated with Ni-NTA agarose, and His-tagged proteins were eluted from the
resin. Then, hydroxylamine (NH,OH)-sensitive palmitoylated proteins were
specifically immobilized on thiopropyl-Sepharose resin using acyl-RAC, and
prenylation of captured proteins was detected with Alexa Fluor 647-alkyne
using click chemistry. Dually prenylated and palmitoylated H-Ras (Far-Palm
H-Ras) or bCdc42 (GG-Palm bCdc42) was analyzed by in-gel fluorescence.

further support for the hypothesis that prenylation of the first
cysteine residue of bCdc42 CCaX motifis required for subsequent
palmitoylation at the second cysteine.

In the case of the canonical CaaX motif, the C-terminal aaX
tripeptide of prenylated CaaX is cleaved by the endoprotease Reel,
and the prenyl cysteine is then carboxymethylated by Icmt. Our
data suggest that prenylated bCdc42 can bypass CCaX proteolysis
and methylation and instead is modified with palmitate at the
second cysteine. To more directly detect prenylation and palmi-
toylation on the same bCdc42 molecules, we measured prenyla-
tion of isolated palmitoyl bCdc42. H-Ras was used as a proof of
principle for the experimental strategy. H-Ras is farnesylated at
the CaaX motif and palmitoylated at two cysteine residues N ter-
minal to the farnesylated cysteine. His-tagged H-Ras was purified
from Sf9 cells labeled with farnesyl-azide using Ni-NTA agarose.
Palmitoylated H-Ras was purified using acyl protein resin-assisted
capture (acyl-RAC) (25). In this approach, free cysteines of H-Ras
were first blocked by MMTS. The thioester-linked palmitate
groups were then cleaved by hydroxylamine (NH,OH), and newly
generated SH groups were conjugated with thiopropyl-Sepharose.
Before elution from thipropyl-Sepharose, palmitoyl H-Ras was
reacted with Alexa Fluor 647-alkyne to detect incorporation of
farnesyl-azide into palmitoylated H-Ras. Dually farnesylated and
palmitoylated H-Ras was detected in a hydroxylamine-dependent
manner (Fig. 2A). As shown in Fig. 2B, bCdc42 was also dually
geranylgeranylated and palmitoylated. Analysis of the bCdc42CS
mutant (Fig. 2C) showed that detection of prenylated bCdc42
following acyl-RAC was dependent upon palmitoylation at the
second cysteine. The absence of unmodified bCdc42 (bCdc42SC)
in the acyl-RAC eluate ruled out nonspecific association of
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FIG 3 The dual prenyl-palmitoyl modification is conserved in other CCaX
motif proteins. (A) HEK293 cells transfected with FLAG-RalA, FLAG-RalB, or
FLAG-PRL-3 were incubated in medium containing 100 pM palmitic acid
(PA) or 100 pM 17-ODYA (OD) for 6 h. Lysates were immunoprecipitated
with anti-FLAG antibody, and 17-ODYA incorporation was detected with
Alexa Fluor 488-azide. (B and C) HEK293 cells transiently expressing FLAG-
RalA or its CCaX motif mutants were labeled with 30 wM geranylgeranyl-azide
(B) or 100 uM 17-ODYA (C) for 24 h or 6 h, respectively. Geranylgeranylation
and palmitoylation were detected with Alexa Fluor 647-alkyne or Alexa Fluor
488-azide, respectively. (D and E) HEK293 cells transiently expressing FLAG-
PRL-3 or its CCaX motif mutants were labeled with 30 WM farnesyl-azide (D)
or 100 pM 17-ODYA (E) for 24 h or 6 h, respectively. Farnesylation and
palmitoylation were detected with Alexa Fluor 647-alkyne or Alexa Fluor 488-
azide, respectively.

bCdc42 with the resin. These results provide additional evidence
that bCdc42 is modified by tandem lipid groups, prenylation at
the CaaX cysteine and palmitoylation of the second cysteine in the
CCaX motif.

Other CCaX motif-containing proteins have dual lipid mod-
ifications. The results shown in Fig. 2 support the identification of
anovel pattern of tandem lipid modifications at a CaaX motif with
double cysteines. We next investigated whether the dual prenyl
and palmitoyl modification occurs on other proteins that termi-
nate in CCaX. The small GTPases RalA and RalB and protein
tyrosine phosphatase PRL-3 have a C-terminal CCaX sequence
(RalA, CCIL; RalB, CCLL; and PRL-3, CCVM), and prenylation of
these proteins has been reported previously (29, 30). HEK293 cells
transfected with FLAG-RalA, -RalB, or -PRL-3 were incubated
with 17-ODYA or palmitic acid, and click chemistry was per-
formed. All of these proteins were modified with palmitate
(Fig. 3A). To confirm the lipid modification site, CCaX motif
mutants of RalA and PRL-3 were generated. Prenylation and pal-
mitoylation of CCaX motif mutants of RalA (Fig. 3B and C) and
PRL-3 (Fig. 3D and E) showed results similar to those of bCdc42
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(Fig. 1E and F), suggesting that the dual prenyl and palmitoyl
modification is conserved in not only bCdc42 but also various
CCaX motif-containing proteins. Not all CCaX motif proteins
have the prenyl modification. We confirmed prior results (22)
showing the Wrch-1 does not incorporate prenyl analogs and is
palmitoylated only at the C-terminal CCFV sequence (data not
shown).

bCdc42 that is not palmitoylated is carboxymethylated in
cells. Detection of the dual prenyl and palmitoyl modification at
the CCaX motif predicts that CCaX motif-containing proteins are
not processed by proteolysis and carboxymethylation. However, it
has previously been reported that RalA is carboxymethylated sim-
ilarly to canonical CaaX proteins (26). To examine the carboxy-
methylation status of bCdc42 and PRL-3 in intact cells, HEK293
cells transfected with FLAG-bCdc42 or FLAG-PRL-3 were incu-
bated with L-[methyl->H]methionine, and FLAG-tagged proteins
were immunoprecipitated from lysates. The amount of car-
boxymethylated protein was analyzed by measuring the level of
[’H]methanol released after alkaline hydrolysis (26, 27). As shown
in Fig. 4A, both bCdc42 and PRL-3 were carboxymethylated com-
pared with nonprenylated SC mutants. We hypothesized two
models for the posttranslational modification of the CCaX motif.
In the first model, the CCaX motif proteins have two different
mature forms: a CaaX-processed form and a dual prenyl and
palmitoyl form. In the second model, the -aX dipeptide is cleaved
following prenylation and palmitoylation by an endoprotease and
the palmitoyl cysteine is methylated. To test these hypotheses, we
measured the carboxymethylation of palmitoylated bCdc42. Sf9
cells infected with His-bCdc42 were labeled with L-[methyl-
*H]methionine. H-Ras was used as a positive control. bCdc42 or
H-Ras was purified from radiolabeled lysates by Ni-NTA agarose.
An aliquot of this pool was reserved for analysis of carboxylm-
ethylation (Fig. 4B, Total). Palmitoylated bCdc42 or H-Ras was
separated from the nonpalmitoylated protein using acyl-RAC.
Carboxymethylation of palmitoylated bCdc42 was dramati-
cally reduced compared with total bCdc42 (Fig. 4B), whereas
the stoichiometry of palmitoylated H-Ras methylation was the
same as that of total H-Ras. We were not able to determine
whether the residual methylation observed for bCdc42 repre-
sents a small pool of palmitoylated protein that is methylated
or is an artifact.

To investigate whether the inhibition of CaaX processing
pathway affects palmitoylation of bCdc42, we compared
bCdc42 palmitoylation in wild-type mouse embryo fibroblasts
(MEFs) and MEFs lacking Rcel and Iemt. bCdc42 palmitoyl-
ation was increased in Rcel '~ MEFs (Fig. 4C), whereas palmi-
toylation of nonprenylated Wrch-1 (22) was unchanged (Fig. 4D),
suggesting that in the absence of Rcel or Icmt, more prenylated
bCdc42 is available for palmitoylation. To exclude the possibility
that the presence of two differentially modified populations of
CCaX proteins is an artifact of high levels of expression, we char-
acterized an endogenous CCaX protein. We could not directly
measure the carboxymethylation of endogenous bCdc42, RalA, or
PRL-3 because of low immunoprecipitation efficiency. Instead,
the degrees of palmitoylation of endogenous RalA were compared
in wild-type and Rcel '~ MEFs. Cellular palmitoylated proteins
were isolated by acyl-RAC, and the palmitoylation of endogenous
RalA was detected by immunoblotting. RalA palmitoylation was
significantly enhanced in Rcel '~ MEFs, whereas palmitoylation
of the integral membrane protein DHHC3 was unchanged (Fig. 4E).
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FIG 4 The CCaX motif is carboxymethylated in cultured cells. (A) HEK293
cells transiently transfected with FLAG-bCdc42, -bCdc42SC, -PRL-3, or -PRL-
3SC were labeled with 0.1 mCi/ml of L-[methyl->H]methionine for 20 h. Ly-
sates were immunoprecipitated, and carboxymethylation was measured by an
alkaline hydrolysis assay, as described in Materials and Methods, and quanti-
tated by liquid scintillation spectrometry. The methylation stoichiometry was
calculated by a ratio of the alkali-labile counts per minute to the alkali-stable
counts per minute. Data represent the means * SDs (n = 3). ¥, P < 0.05; **,
P < 0.01. (B) Sf9 cells transiently expressing His-H-Ras or His-bCdc42 were
labeled with 0.1 mCi/ml of L-[methyl-*H]methionine for 30 h. Total H-Ras
and bCdc42 were pulled down using Ni-NTA agarose, and palmitoylated
forms were further purified using acyl-RAC. Carboxymethylation was mea-
sured by an alkaline hydrolysis assay. Data represent the means + SDs (n = 3).
**, P < 0.01. (C and D) Wild-type (Icmt™™), Reel ', and Iemt™'~ MEFs
expressing FLAG-bCdc42 (C) or FLAG-Wrch-1 (D) were incubated in me-
dium containing 100 wM 17-ODYA for 6 h. Lysates were immunoprecipitated
with anti-FLAG antibody, and 17-ODYA incorporation was detected with
Alexa Fluor 488-azide. Data represent the means = SDs (n = 3 to 4). ¥, P <
0.05; NS, not significant. (E) Lysates from wild-type or Rcel ’~ MEFs were
treated or not with hydroxylamine (NH,OH), and NH,OH-sensitive palmi-
toylated proteins were immobilized on thiopropyl-Sepharose resin using acyl-
RAC. Palmitoylation of endogenous RalA and DHHC3 was analyzed by im-
munoblotting.

These results further support the existence of two modes of post-
translational processing of CCaX proteins: canonical CaaX pro-
cessing and dual prenyl and palmitoyl lipid modification.
Palmitoylation of bCdc42 prevents its binding to RhoGDIc.
To investigate whether the two mature forms of bCdc42 have func-
tional differences, we analyzed their interactions with binding part-
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FIG 5 Palmitoylation of bCdc42 inhibits its interaction with RhoGDIa. (A) HEK293 cells were transfected with FLAG-bCdc42 wild-type (WT), CCaX mutants
(CSand SC), or the GDI-binding-deficient mutant R66A. bCdc42 pulled down by GST or GST-RhoGDIa bound to glutathione-Sepharose (top) or in the starting
lysates (bottom) was detected by FLAG immunoblotting. GST or GST-RhoGDIa was visualized by CBB stain. bCdc42 bound to RhoGDI« was quantified and
plotted as a bar graph. Data represent the means + SDs (n = 5).*, P < 0.05. (B) HEK293 cells were transfected with FLAG-bCdc42 with or without GFP-DHHCS3.
bCdc42 was pulled down from lysates by GST or GST-RhoGDIa bound to glutathione-Sepharose (top two blots). Expression of FLAG-bCdc42 and GFP-
DHHCS3 in starting lysates was detected by immunoblotting (bottom two blots). Data represent the means = SDs (1 = 4). **, P < 0.01. (C) Recombinant bCdc42 was
purified from S9 cells expressing His-bCdc42 in medium with 100 uM 17-ODYA or palmitic acid as a control. Control or 17-ODYA-labeled bCdc42 was pulled down
with GST or GST-RhoGDIa and unbound (Un) and bound (B) fractions were collected. 17-ODYA-labeled bCdc42 was detected with Alexa Fluor 488-azide using click
chemistry. (D) Liposomes containing recombinant 17-ODYA-labeled bCdc42 were incubated with the indicated concentrations of GST-RhoGDIa for 30 min and
separated into soluble and particulate fractions. 17-ODYA-labeled bCdc42 from the liposome pellet (P) and supernatant (S) was detected with Alexa Fluor 488-azide. The

recovery of 17-ODYA-labeled bCdc42 and unlabeled bCdc42 was analyzed by in-gel fluorescence and CBB stain, respectively.

ners, focusing in this study on RhoGDIa. CaaX processing of Rho
GTPases is important for RhoGDIa binding. The geranylgeranyl
moiety of a Rho GTPase is inserted into the hydrophobic pocket
formed by the C-terminal immunoglobulin-like domain of
RhoGDIa (31), facilitating the formation of a high-affinity com-
plex. We first compared the interactions of the bCdc42 wild type
and the nonpalmitoylated bCdc42CS mutant with recombinant
GST-RhoGDIa using a GST pulldown assay. FLAG-tagged
bCdc42 was pulled down from cell lysates using recombinant
GST-RhoGDIa. The bCdc42CS mutant displayed more binding
to RhoGDIa than did the bCdc42 wild type (Fig. 5A). As expected,
nonprenylated bCdc42SC and bCdc42(R66A), a mutant defective
in binding RhoGDI (32), bound weakly or not at all to GST-
RhoGDIa. Next, we assessed whether increasing the palmitoyl-
ation level of bCdc42 altered its binding to RhoGDIa. DHHC3 is
a protein acyltransferase (PAT) with broad substrate specificity
(33). Coexpression of DHHC3 with bCdc42 in HEK293 cells sig-
nificantly increased bCdc42 palmitoylation (data not shown).
RhoGDIa binding to bCdc42 was substantially reduced by exog-
enous expression of DHHC3 (Fig. 5B). To investigate this in more
detail, we purified bCdc42 from Sf9 cells incubated with 17-
ODYA to enable detection of the palmitoylated form and per-
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formed an in vitro GST binding assay. Although most of the
bCdc42 protein bound to GST-RhoGDlIa, the 17-ODYA-labeled
bCdc42 was found nearly exclusively in the unbound fraction.
These results indicate that palmitoylation inhibits bCdc42 inter-
action with RhoGDlIa.

Next, we analyzed the effect of RhoGDIa on the dissociation
of palmitoylated bCdc42 from liposomes. bCdc42 labeled with
17-ODYA and reconstituted into liposomes was incubated
with increasing concentrations of RhoGDIa. The liposomes
were recovered by centrifugation, and the recovery of 17-
ODYA-labeled bCdc42 and total bCdc42 in the pellet and su-
pernatant fractions was analyzed. Consistent with the binding
assays (Fig. 5C), association of palmitoylated bCdc42 with li-
posomes was not affected by RhoGDIa, whereas total bCdc42
was shifted to the supernatant fraction in a RhoGDIa concen-
tration-dependent manner (Fig. 5D). We acknowledge that the
absence of carboxylmethylation of the prenyl and palmitoyl
form of bCdc42 may contribute to its reduced affinity for
RhoGDIa. The affinity of RhoA and Racl for RhoGDI was
modestly increased in cells treated with an Icmt inhibitor (11).
A similar reduction in affinity was reported for Racl in Icmt
null MEFs (9).
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FIG 6 Palmitoylation regulates the subcellular distribution and activity of bCdc42. (A) HEK293 cells transfected with FLAG-bCdc42, -bCdc42CS, or -bCdc42SC
were incubated in medium containing 30 WM geranylgeranyl-azide for 24 h. 17-ODYA (100 wM) was added during the last 6 h of the incubation. Postnuclear
lysates were fractionated by ultracentrifugation, and the supernatant (S) and pellet (P) fractions were immunoprecipitated with anti-FLAG antibody. Gera-
nylgeranyl-azide and 17-ODYA incorporation were detected with Alexa Fluor 647-alkyne and Alexa Fluor 488-azide using sequential click chemistry. Transferrin
receptor (TfR) and RhoGDIa were used as markers for membranes and cytoplasm, respectively. (B) Membrane-bound bCdc42 was quantified and plotted in the
bar graph. Data represent the means = SDs (n = 3). *, P < 0.05. (C) HeLa cells transiently transfected with GFP-bCdc42, -bCdc42CS, or -bCdc42SC were imaged
by live-cell confocal microscopy. Scale bars, 10 wm. (D) Colocalization of bCdc42 with compartment-specific markers was analyzed by BRET. The net BRET ratio
was calculated from cells expressing the BRET donor Renilla luciferase-bCdc42 (RLuc-bCdc42), RLuc-bCdc42CS, or RLuc-bCdc42SC, together with each BRET
acceptor Venus-PTP1b (ER marker), Venus-giantin (Golgi marker), or Venus-K-Ras (PM marker). Data represent the means = SDs (n = 3). **, P < 0.01. (E)
An SRE transcriptional reporter construct was used to assess the activities of wild-type and mutant bCdc42. The lipidation mutants were assessed in the context
of wild-type bCdc42 and the fast-cycling F28L mutant. The SRE activity is shown as the fold increase of normalized luciferase over that of the vector control. Data

represent the means = SDs of duplicate samples (n = 4). *, P < 0.05; **, P < 0.01.

Two mature forms of bCdc42 show different subcellular dis-
tributions and signaling activities. Our in vitro results that pal-
mitoylation of bCdc42 inhibits its binding to RhoGDIa predicts a
different subcellular distribution of the CaaX-processed and the
dual prenyl and palmitoyl forms of bCdc42. To test this predic-
tion, HEK293 cells were incubated with 17-ODYA and gera-
nylgeranyl-azide, and the subcellular distribution of bCdc42 la-
beled with each lipid analog was analyzed. Prenylated bCdc42 was
detected in both cytosolic and membrane fractions. In contrast,
palmitoylated bCdc42 was detected only in the membrane frac-
tion (Fig. 6A). These results suggest that the CaaX-processed
bCdc42 form is present in the cytoplasm, presumably through its
interaction with RhoGDIa in the cells, whereas the dual prenyl
and palmitoyl form is stably associated with membranes. Consis-
tent with this idea, the population of membrane-bound bCdc42
was higher than that of the nonpalmitoylated bCdc42CS mutant
that is exclusively prenylated (Fig. 6B). We also checked the cellu-
lar localization of transfected bCdc42 and its mutants using con-
focal microscopy. As previously reported for MDCK and COS-1
cells, GFP-bCdc42 was observed in endomembranes and the
plasma membrane in HeLa cells (Fig. 6C). GFP-bCdc42CS dis-
played a similar localization pattern, whereas GFP-bCdc42SC was
distributed throughout the cytoplasm. To determine whether
there was a quantitative difference between the localization of
bCdc42 and the nonpalmitoylated bCdc42CS mutant, we used
bioluminescence resonance energy transfer as a readout of colo-
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calization in different membrane compartments (34). The BRET
donor Renilla luciferase (Rluc) fused to bCdc42 was cotransfected
with the BRET acceptor Venus fused to various organelle markers:
PTP1b for the ER, giantin for the Golgi apparatus, or K-Ras for the
plasma membrane. The colocalization of bCdc42 with each mem-
brane compartment marker was evaluated by measuring BRET
resulting from the random collision between BRET pairs (by-
stander BRET). Compared with nonlipidated Rluc-bCdc42SC, ef-
ficient BRET was detected between Rluc-bCdc42 with Venus-
PTP1b, Venus-giantin, and Venus-K-Ras (Fig. 6D), indicating
bCdc42 localization at the ER, Golgi apparatus, and plasma mem-
brane. The BRET signal between nonpalmitoylated Rluc-
bCdc42CS with the plasma membrane marker Venus-K-Ras was
significantly lower than that of the wild-type protein, whereas lo-
calization on endomembrane compartments was unaffected.
Thus, palmitoylation enriches bCdc42 at the plasma membrane.
Membrane localization of Rho GTPases is important for acti-
vation of downstream signaling pathways (35). Rho GTPases, in-
cluding Cdc42, Racl, and RhoA, regulate the transcriptional ac-
tivity of the c-fos serum response element (SRE) (36). The
different membrane binding affinities of the two mature forms of
bCdc42 may impact signaling activity. To test this hypothesis, we
measured SRE transcriptional activity of bCdc42 and its mutants.
Expression of bCdc42 robustly stimulated the SRE reporter, pro-
ducing 66-fold activation over vector (Fig. 6E). bCdc42CS also
retained the ability to potentiate SRE activation (34-fold), but it
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FIG 7 Estimate of the abundance of endogenous palmitoylated bCdc42 in
neonatal brain. (A) Postnuclear lysates of mouse neonatal brain and adult
kidney were fractionated by ultracentrifugation. The pellet was subjected to
acyl-RAC as described in Materials and Methods. Acyl-RAC samples and input
(10% of total) were subjected to immunoblotting using bCdc42-specific and
Cdc42 antibodies. Cdc42 antibody detects both Cdc42 and bCdc42 isoforms.
Band intensity was quantified. (B) Postnuclear lysates from neonatal brain and
adult kidney were separated by ultracentrifugation into supernatant (S) and
pellet (P) fractions. Proteins were extracted from the pellet fraction and mixed
with GST-RhoGDIa bound to glutathione-Sepharose. GST-RhoGDIo un-
bound (Un) and bound (B) fractions were collected. bCdc42 and Cdc42 were
detected by immunoblotting. Band intensity was quantified, and the relative
proportions in each fraction are shown.

did so less strongly than bCdc42. Nonprenylated bCdc42SC,
which is predominately cytoplasmic, displayed little SRE activity.
The absence of palmitoylation in the bCdc42CS mutation also
reduced SRE activation induced by the fast-cycling, oncogenic
bCdc42 F28L mutant (37). These results indicate that the prenyl,
palmitoyl form of bCdc42 has a higher capacity to stimulate
downstream signaling than the CaaX-processed form. The corre-
lation of membrane binding affinity and plasma membrane asso-
ciation with signaling activity strongly suggests that the effect of
palmitoylation on bCdc42 activity is due to enhanced access to
membrane-bound effectors.

Palmitoylation stoichiometry of bCdc42. Our finding that
bCdc42 is differentially modified at the C terminus raises the ques-
tion of the relative abundance of the fully CaaX-processed and the
prenyl, palmitoyl form. Turnover of palmitate on bCdc42 (21)
also yields a third population, the prenylated and depalmitoylated
full-length protein. To estimate the abundance of palmitoylated
bCdc42, we performed acyl-RAC on neonatal mouse brain, which
expresses higher levels of bCdc42 than adult brain (data not
shown). Approximately 5 to 10% of total bCdc42 from membrane
fraction was recovered on the thiopropyl-Sepharose column
(Fig. 7A). We have observed that recovery of palmitoylated pro-
teins by acyl-RAC is incomplete and may give an underestimate of
the abundance of palmitoylated bCdc42. Accordingly, we used
RhoGDIa binding as a second method to estimate the stoichiom-
etry of palmitoylation of endogenous bCdc42 (Fig. 7B). Immuno-
blotting of soluble and particulate fractions revealed that approx-
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imately 35% of bCdc42 and total Cdc42 is in the particulate
fractions of neonatal brain. In contrast, adult kidney, where only
canonical Cdc42 is expressed, most Cdc42 (84%) is in the soluble
fraction. The membrane fractions were further processed by de-
tergent solubilization and subjected to RhoGDIa pulldown as-
says. Approximately 25% of bCdc42 from the particulate fraction
of neonatal brain did not bind to RhoGDI«, compared to 6% of
Cdc42 from adult kidney. Using the RhoGDIa-binding assay, we
estimate that 15 to 20% of the membrane-associated pool of
bCdc42 is palmitoylated in neonatal brain. Thus, the palmitoy-
lated population of bCdc42 likely represents 5 to 20% of mem-
brane-associated bCdc42.

DISCUSSION

Of the hundreds of human proteins known or predicted to be
substrates for CaaX prenyltransferases, a small subset have a cys-
teine at the second position of the CaaX motif (Table 1). In this
study, we identified a novel posttranslational CaaX processing
pathway for proteins terminating in a CCaX motif. We demon-
strated that the brain-specific isoform of Cdc42, the GTPases RalA
and RalB, and the phosphatase PRL-3 are prenylated and palmi-
toylated in a tandem fashion at the C terminus, bypassing the
postprenylation steps of proteolysis and carboxymethylation. A
prior study detected bCdc42 in the neural palmitoylome and con-
firmed that its palmitoylation is dependent on the two cysteines
near the C terminus (21). Our experiments using pharmacological
inhibitors and site-directed mutagenesis showed that palmitoyl-
ation occurs at the second cysteine residue and is dependent upon
prenylation at the CaaX cysteine (Fig. 1 and 3). Independent evi-
dence that our findings of RalA and RalB palmitoylation extend to
their endogenous counterparts comes from their presence in the
palmitoylomes of neural stem cells (38), B cells (39), and T cells
(40).

Conservation of the CCaX sequence motif of bCdc42, Ral
GTPases, and PRL phosphatases throughout vertebrates suggests
arole for palmitoylation as a regulatory modification in the func-
tion of these proteins. Interestingly, the prenyl and palmitoyl
modification we found on bCdc42 is not conserved in all proteins
with a CCaX motif (Table 1). We confirmed an earlier study show-
ing that Wrch-1 (RhoU), which terminates in CCFV, is palmitoy-
lated at the second cysteine but not prenylated (22) (Table 1).
Other proteins remain to be evaluated. PDE6a and PDE6 form
an obligate heterodimer and are components of the photoreceptor
c¢GMP phosphodiesterase. Canonical CaaX processing of PDE6a
and -B is well documented (41), and it is known that RCE1 activity
is required for trafficking of rod PDE6 to photoreceptor outer
segments (42). Cytosolic phospholipase A2y undergoes classical
CaaX processing when expressed in insect cells (43). It is notable
that incorporation of palmitate and oleate into this protein has
been reported but the site (or sites) of fatty acylation is unknown
(44).

Our study strongly supports the coexistence of two popula-
tions of CCaX proteins in cells, a dual prenyl, palmitoyl form and
a classically CaaX-processed form. Palmitoylated bCdc42 isolated
by acyl-RAC was labeled with a prenyl analog and depleted of
carboxymethylation, consistent with a tandemly lipid-modified C
terminus that does not undergo further postprenylation process-
ing (Fig. 2 and 4). Prenylated but not proteolytically processed
CaaX intermediates have been detected in proteomic analyses of
native G protein vy subunits (7) and the « and B subunits of phos-
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FIG 8 Working model: differential posttranslational processing of bCdc42 yields two populations at steady state with distinct properties. Newly synthesized
bCdc42 is prenylated in the cytoplasm. One population of bCdc42 undergoes endoproteolytic processing by RAS-converting enzyme 1 (Rcel) and carboxy-
methylation by isoprenylcysteine carboxyl methyltransferase (Icmt) in the endoplasmic reticulum. Trafficking of the CaaX-processed bCdc42 is regulated by the
RhoGDIa binding cycle. A second population of bCdc42 bypasses the canonical CaaX processing pathway and instead is modified with palmitate at second
cysteine residue of the CCaX motif by PATs in the Golgi apparatus or other membrane compartments. The dual prenyl-palmitoyl form is stably associated with
membranes and would be translocated to the plasma membrane via vesicular transport. Palmitoylation of bCdc42 is reversed by the action of acylprotein
thioesterases (APTs). The depalmitoylated form could be associated with RhoGDIa and may return to the Golgi apparatus for repalmitoylation.

phorylase kinase (45), suggesting that the intermediates may be
reasonably abundant in cells. Carboxymethylation was detected in
total pools of bCdc42 and PRL-3, providing evidence for the ca-
nonically processed form (Fig. 4). The two different processing
pathways are competitive because cells deficient in the protease
Rcel displayed increased palmitoylation levels of ectopically ex-
pressed bCdc42 and endogenous RalA (Fig. 4).

The identification of two posttranslational processing fates for
bCdc42 and other CCaX proteins raises the question as to how the
two pathways are regulated to maintain a steady-state population
of both forms. Once proteolyzed, the canonically CaaX-processed
form is no longer a substrate for palmitoylation. In contrast, the
reversibility of palmitoylation generates a pool of mature protein
that can be repalmitoylated or subjected to classical CaaX process-
ing. The postprenylation processing enzymes, Rcel and Icmt, are
located in the ER. Following prenylation, nascent CaaX motif pro-
teins are directed by an unknown mechanism to the ER, where
they are proteolyzed and methylated. Palmitoylation is catalyzed
by members of a family of protein acyltransferases with a DHHC-
cysteine rich domain. Mammalian genomes encode at least 23
DHHC proteins, which show specific patterns of localization in
the ER, Golgi apparatus, endosomes, and the plasma membrane
(46). A current model (17) proposes that the Golgi apparatus is
the major site of palmitoylation in mammalian cells for dually
lipid-modified proteins that undergo reversible palmitoylation.
The addition of palmitate to a prenylated protein at the Golgi
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apparatus stabilizes its association with membranes, enabling it to
enter secretory vesicles for transport to the plasma membrane.
Depalmitoylation returns the protein to a state where it interacts
transiently and nonspecifically with endomembranes until it is
trapped at the Golgi apparatus by palmitoylation. Given that the
ER membrane is the most abundant membrane system in the cell,
there must be mechanisms to avoid the terminal steps of CaaX
processing if depalmitoylated CCaX proteins are sampling ER
membranes during retrograde transport. The DHHC proteins
that modify bCdc42 and the other proteins analyzed in this study
are unknown, and their identification will be an important step in
resolving this issue. A number of mammalian DHHC PATSs are
localized in the ER (46) and could compete with Rcel for common
substrates. ER-localized DHHC proteins in Saccharomyces cerevi-
siae are known to palmitoylate dually lipidated proteins (47, 48).
However, as discussed below, it is also possible that cytoplasmic
chaperones such as RhoGDI regulate the intracellular trafficking
of depalmitoylated CCaX proteins and direct them to the Golgi
apparatus or another membrane compartment for repalmitoyla-
tion (Fig. 8). The Golgi apparatus-localized DHHC3 is a candidate
PAT for bCdc42; we observed increased palmitoylation of bCdc42
when the two proteins were coexpressed in tissue culture cells
(data not shown).

Our observation that the prenyl, palmitoyl form of bCdc42
does not interact with RhoGDlIa is consistent with the hypothesis
of Michaelson and coworkers that palmitoylation negatively reg-
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ulates the association of Rho GTPases with RhoGDI (49). They
reported that mutation of the palmitoylation site in RhoB or TC10
increases binding to RhoGDIa, whereas introduction of a palmi-
toylation site into RhoA blocked binding. In the same study, they
reported that bCdc42 binds to RhoGDIw. This conclusion is based
on microscopy that showed a shift in the localization of bCdc42
from membranes to the cytoplasm when cooverexpressed with
RhoGDIa. In light of our data, we suggest that both forms of
bCdc42 were present in the cells and that it is the CaaX-processed
form of bCdc42 that shifts from membranes to the cytoplasm
when RhoGDIa is overexpressed. Interestingly, palmitoylation of
Racl does not affect the interaction with RhoGDIa (15). This
functional difference between Racl and other palmitoylated
GTPases is likely due to the distance between the palmitoyl-cys-
teine and the prenyl-cysteine. In bCdc42, RhoB, and TC10, the
palmitoylcysteine is either adjacent to or one residue away from
the prenyl cysteine, whereas in Racl the lipidated residues are
separated by 11 amino acids (10, 15). The structure of the
RhoGDI-Cdc42 complex reveals that the geranylgeranyl group of
Cdc42 is inserted into a hydrophobic pocket of RhoGDI (31).
Palmitoylation adjacent to or nearby the prenylated cysteine may
sterically impair binding of the dually lipidated form to RhoGDI
(49).

Several lines of evidence support the conclusion that RhoGDI
is required to target Rho GTPases to the appropriate membrane.
RhoGDla protects cytosolic Rho GTPases from proteolysis (4)
and plays a role in facilitating their translocation to the plasma
membrane upon cell stimulation. In the absence of RhoGDlI,
Rho GTPases lose their plasma membrane localization and acti-
vation of downstream signaling (4, 32). These results suggest that
membrane trafficking of CaaX-processed bCdc42 is controlled by
RhoGDIa. Palmitoylation of bCdc42 stabilizes the association of
the prenylated protein with membranes (Fig. 6), and trafficking of
the prenyl, palmitoyl form between compartments will likely oc-
cur by vesicular transport. However, bCdc42 palmitoylation is
dynamic (21). Accordingly, depalmitoylation will generate a form
of bCdc42 that is available for regulation by RhoGDIa. There is
increasing evidence that prenyl-binding proteins other than GDIs
regulate the membrane interactions and trafficking of prenylated
proteins. The 8 subunit of PDEG6 is a prenyl-binding protein that
binds to and solubilizes the catalytic subunits of PDE6 from rod
outer segment disc membranes in vitro (50). The importance of
the 8 subunit in trafficking of PDES is evident from the mislocal-
ization of PDE6 in PDE68 knockout mice (51). PDE63 is broadly
expressed and has been shown to bind to a number of proteins and
regulate their trafficking (52-54). A recent report (55) shows that
PDE63 binding to depalmitoylated Ras facilitates its diffusion in
the cytoplasm. When palmitoylation is inhibited, H-Ras accumu-
lates nonspecifically on endomembranes. Expression of PDE63
facilitates plasma membrane localization of H-Ras, presumably by
extracting it from endomembranes until it is trapped at the Golgi
apparatus by palmitoylation and subsequently moves to the
plasma membrane by vesicular transport (55). We speculate that
RhoGDI may function similarly to facilitate repalmitoylation of
bCdc42 (Fig. 8).

Although the ubiquitously expressed and brain-specific iso-
forms of Cdc42 were purified and their cDNAs cloned more than
2 decades ago (19, 20), relatively little is known about how they
differ functionally. The study that identified bCdc42 as a palmi-
toyl-protein showed that the two isoforms display distinct den-
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dritic localizations, with bCdc42 more concentrated on dendritic
spines (21). Constitutively active bCdc42 was more potent than
canonical Cdc42 in an assay of spine induction in hippocampal
neurons. The functional importance of palmitoylation in the lo-
calization and activity of bCdc42 in these assays is unclear because
both prenylation and palmitoylation were blocked in the mutant
that was studied. Other differences between bCdc42 and canonical
Cdc42 may impact the distinct functions of the two isoforms.
Spine induction was blocked by 2-bromopalmitate, an inhibitor
of palmitoylation, but the pleiotropic effects of this compound
require cautious interpretation of these results. Our findings of
two populations of bCdc42 increase the complexity of parsing the
neuronal functions of canonical Cdc42 and bCdc42. Localization
and functional characterization of the nonpalmitoylated CS mu-
tant in neurons will be informative. Identification of two popula-
tions of bCdc42 also raises the question about the proportion of
palmitoylated bCdc42 compared to CaaX-processed bCdc42. We
estimated that 5 to 20% of membrane-bound bCdc42 is palmitoy-
lated in neonatal mouse brain (Fig. 7), pointing to a low basal level
of palmitoylation, but also one that could be responsive to physi-
ological changes. The palmitoylation status of bCdc42 is changed
in response to glutamate stimulation of cortical neurons and in a
mouse model of seizure, underscoring the potential importance of
palmitoylation-dependent regulation of synapse architecture (21)
and providing a strong impetus for further analysis.

Our studies show that palmitoylation enriches the amount of
bCdc42 on the plasma membrane and potentiates its signaling
activity (Fig. 6). The resistance of prenyl, palmitoyl bCdc42 to
extraction by RhoGDIa implies that a larger pool of GTPase is
available for activation by guanine nucletotide exchange factors at
the membrane. An important goal for the future is to assess how
the dynamics of the fatty acylation cycle coincide with nucleotide
exchange and hydrolysis. Members of the RAL and PRL protein
families are implicated in tumorigenesis and metastasis (56, 57).
There is continued interest in the therapeutic potential of inhibi-
tion of CaaX processing enzymes, including Icmt (58, 59). Our
study suggests that the prenyl, palmitoyl forms of CCaX proteins
will be inert to inhibition by Icmt inhibitors but sensitive to inhi-
bition of palmitoylation. Accordingly, it will be of interest to de-
termine whether palmitoylation potentiates the activity of these
proteins under normal and pathological conditions.
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