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Background: Rnds are constitutively active proteins whose regulation is poorly understood.
Results: Interaction with Syx or p190 RhoGAP stabilizes Rnds whereas ROCK activity stimulates Rnd3 turnover.
Conclusion: The steady-state level of Rnd proteins depends on the availability of cellular effectors that protect them from
degradation.
Significance: This study uncovers a new mode of feedback regulation for Rnd proteins.

Rnd proteins are Rho family GTP-binding proteins with cel-
lular functions that antagonize RhoA signaling. We recently
described a new Rnd3 effector Syx, also named PLEKHG5, that
interacts with Rnds via a Raf1-like “Ras-binding domain.” Syx is
a multidomain RhoGEF that participates in early zebrafish
development. Here we demonstrated that Rnd1, Rnd2, and
Rnd3 stability is acutely dependent on interaction with their
effectors such as Syx or p190 RhoGAP. AlthoughRnd3 turnover
is blocked by treatment of cells with MG132, we provide evi-
dence that such turnover ismediated indirectly by effects on the
Rnd3 effectors, rather than on Rnd3 itself, which is not signifi-
cantly ubiquitinated. The minimal regions of Syx and p190
RhoGAP that bind Rnd3 are not sequence-related but have sim-
ilar effects.Wehave identified features that allow forRnd3 turn-
over including a conserved Lys-45 close to the switch I region
and the C-terminal membrane-binding domain of Rnd3, which
cannot be substituted by the equivalent Cdc42 CAAX sequence.
By contrast, an effector binding-defectivemutant of Rnd3 when
overexpressed undergoes turnover at normal rates. Interest-
ingly the activity of the RhoA-regulated kinase ROCK stimu-
lates Rnd3 turnover. This study suggests that Rnd proteins are
regulated through feedbackmechanisms in cells where the level
of effectors and RhoA activity influence the stability of Rnd pro-
teins. This effector feedback behavior is analogous to the ability
of ACK1 and PAK1 to prolong the lifetime of the active GTP-
bound state of Cdc42 and Rac1.

The Rnd proteins are unusual in that they do not behave like
conventional Rho proteins with respect to their mechanism of
activation. Rnds are found in a GTP-bound state because they
do not contain glycine at the RasG12 equivalent position (1–3)
and thus do not catalyze GTP hydrolysis or require GDP-GTP
exchange for activation. Consequently, Rnd proteins are
instead regulated by mechanisms such as post-translational
modification (4) andRnd3/RhoEmRNA transcripts are up-reg-

ulated by diverse stimuli. For example, the oncogene B-Raf,
genotoxic stress, and themTORpathway all promote increased
Rnd3 expression (5–8). Rnd3 phosphorylation by RhoA-asso-
ciated kinase (ROCK1)2 or protein kinase C (PKC�) have been
reported to be important in regulating its localization and func-
tion (9, 10). Seven ROCK1 phosphorylation sites are identified
in Rnd3, with Ser-7/Ser-11 reported to regulate Rnd3 stability
(9). The structure and association of ROCK1with Rnd3 suggest
that this kinase can bind Rnd3 (11), but does not interfere with
effector binding. It has also been suggested that PDK1 compe-
tition for Rnd3 binding prevents phosphorylation by ROCK1
(12).
Rnd1 expression is highest in adult brain and liver, Rnd2 is

primarily expressed in the brain and testis, whereas Rnd3 is
more ubiquitous. Nonetheless, loss of Rnd3 in mice causes
severe abnormalities primarily in the nervous system, and these
lead to death shortly after birth (13). We found that Rnd3
expression is strongly up-regulated during early vertebrate
development (14). At the subcellular level, Rnd1 and Rnd3 are
membrane-associated proteins that are concentrated at adher-
ent junctions both in fibroblasts and in epithelial cells (15). The
antagonistic effect of Rnd1/3 on RhoA signaling has been noted
in terms of their effects on the actomyosin organization (2).
Transient expression of Rnd1 or Rnd3 disassembles actin stress
fibers and stimulates cell migration (15). Overexpression of
Rnd3 can inhibit cell cycle progression and Ras-induced trans-
formation, but this does not appear to involve RhoA, ERK, or
PI3K/Akt pathways (16). Interestingly the micro-RNA associ-
ated with epithelial-mesenchymal transition, mir-200b, inter-
acts with predicted target sites in the 3�-untranslated region of
Rnd3 mRNA. In HeLa cells, mir-200b directly reduced Rnd3
mRNA and protein levels and promoted S phase entry (17). In
Xenopus, Rnd1 and Rnd3 were found to be required for proper
somite formation (18), and Rnd1 has also been demonstrated to
regulate morphogenetic movements by modulating cell adhe-
sion in early embryos (19).
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Rnd1 and Rnd3 are closely related at the primary sequence
level and appear to have very similar target proteins, including
p190 RhoGAP and Socius, as reviewed in Ref. 4. Rnd1, Rnd2,
and Rnd3 can stimulate the activity of the ubiquitous p190
RhoGAP to decrease RhoA GTP levels (20). It has been shown
that myoblasts lacking Rnd3 show defects in p190 RhoGAP
activation and impair down-regulation of RhoA at the onset of
myoblast fusion and thus inhibit myotube formation (21).
Recently, it has been reported that Rnd1 andRnd3 but not Rnd2
have a basic-rich region in their N terminus which functions as
lipid raft-targeting determinant, and this raft targeting is
required for p190 RhoGAP-mediated RhoA inhibition (22).
The single report of an interaction between Rnd3 and Socius
(23) has not been followed up. We have demonstrated that
Rnd3 binds a RhoGEF termed Syx and is required early in
zebrafish development (14). A Rnd3 binding-defective mutant
of Syx was more potent in rescuing the embryonic defects than
WTSyx, indicating that Rnd negatively regulates Syx activity in
vivo. In this context RhoA is required for tissue morphogenesis
during early development, as exemplified by its role in the non-
canonicalWnt signaling to activateDAAM1andROCKkinases
(24, 25). Syx is also known as PLEKHG5/TECH in the context of
the nervous system (26–28) and ismost closely related toMyo-
GEF, although this protein does not contain the Rnd-binding
domain (14). The ubiquitin-like “Rnd-binding domain”
(RndBD) in Syx mediates an interaction with both Rnd1 and
Rnd3. In this study,we demonstrate how suchRnd effectors can
affect the stability of Rnd proteins. Specifically co-expression of
Syx or p190 RhoGAP protects Rnd1 and Rnd3 from degrada-
tion, which does not occur with effector mutants of Rnd3. By
contrast the more widely reported Rnd3 effector Plexin B1,
which binds weakly to Rnd3, has no effect on Rnd3 stability.
Our data also show that single substitution of Rnd3 K45R can
largely prevent Rnd3 turnover, indicating that this represents a
site that interacts with protein(s) modulating Rnd3 turnover.

EXPERIMENTAL PROCEDURES

Cell Culture and Transfection—HEK 293T (ATCC CRL-
11268), HeLa (ATCC CCL-2), COS-7 (ATCC CRL-1651), and
MDCK (ATCC CCL-34) cells were purchased from American
Type Culture Collection. Human keratinocyte cells were
obtained from National University Hospital and cultured in
K-SFM medium supplemented with bovine pituitary extract
and epidermal growth factor. Transient transfections were car-
ried out with Genejuice (Novagen) for HEK 293T, COS-7, or
HeLa cells and Lipofectamine 2000 (Invitrogen) for MDCK
cells, according to the manufacturer’s instructions.
Plasmid Constructions—The full-length and various trun-

cated constructs of Syx, as well as Rnd1, Rnd2, and Rnd3, were
obtained as described previously (14).Mouse RGS14(323–469)
was cloned from mES cell line E14 by reverse transcription-
PCR (RT-PCR) whereas human Plexin B1(1743–1869) was
amplified fromHeLa cells.Mouse p190BRhoGAP (amino acids
382–1007) in pCMV-mycwas generous gift fromSteenHansen
(Harvard Medical School), and the truncated constructs were
obtained by PCR amplification and subcloned into N terminus
fusion versions of HA or HA-GST-tagged pXJ40 vectors.
Human ubiquitin in PXJ-HA vector was obtained from sGSK

group (Astar Neuroscience Research Partnership). Mutants of
Rnd3 (S11A, S11D, T37N, T55A, K45R, K115R, and C241S)
were generated by PCR-mediated mutagenesis using the
QuikChange II protocol (Stratagene) and sequenced. The chi-
meric Rnd3(C15) was obtained by PCR amplification of
Rnd3(1–200) followed by the insertion of the last 15C-terminal
amino acid residues of Cdc42b.
Knockdown of Rnd3 Expression by SiRNA—COS cells were

transfected with siRNA oligonucleotides by Lipofectamine
2000. Two sets of double-stranded siRNAs were used directed
against Rnd3 (Thermo Scientific Dharmacon ON-TARGET
plus SMARTpool L-064484-01-0005) and (Bioneer, 5�-GCA-
CAUUAGUGGAACUCUCdTdT-3�). Control siRNA (5�-
CCUACGCCACCAAU-UUCGUdTdT-3�) was from Bioneer.
Knockdown of Rnd3 was determined by Western blotting at
24 h after transfection.
Proteasomal Degradation and Measurement of Rnd3

Turnover—HeLa, COS, or HEK 293T cells were treated with
cycloheximide (20 �g/ml) (Sigma) in the presence of serum
(unless otherwise indicated). MG132 was used at 10 �M final
concentration (Sigma). The cells were lysed, and protein con-
centrations were determined using the Bradford assay. Equal
amounts of proteins were resolved by SDS-PAGE and trans-
ferred to a PVDF membrane. Levels of Rnd3 proteins were
determined byWestern blotting and evaluated by densitometry
of the film using ImageJ.
Streptavidin Pulldown—HEK 293T cells were transiently

transfected with the indicated combination of plasmids and
harvested at 24 h. When co-transfected with HA-tagged ubiq-
uitin, MG132 (10 �M) was added to inhibit proteasome activity
24 h after transfection. The cells were treated for 6 h before
harvesting. Harvested cells were washed in phosphate-buffered
saline (PBS), lysed in buffer containing 10mMTris-HCl, pH 8.0,
250 mM NaCl, 0.1% Nonidet P-40, protease inhibitor mixture
(CompleteMini EDTA-free; RocheApplied Science), and 2mM

sodium orthovanadate. The supernatants were incubated with
streptavidin resin (50% slurry) (Amersham Biosciences) for 1 h
at 4 °C, washed three times, and eluted with 2 mM biotin. The
eluate containing the interacting complex was separated by
SDS-PAGE, transferred to PVDF, and immunoblotted with the
indicated antibodies.
Immunofluorescence Microscopy—MDCK cells seeded onto

13-mm glass coverslips were washed with cold PBS and fixed
with 4% paraformaldehyde for 15 min at 37 °C. Fixed cells were
permeabilized with 0.5% Triton X-100 for 15 min. Following
this, the coverslips were incubated with primary antibodies at
room temperature for 1 h. Coverslips were then washed three
times in 0.5% Triton X-100 containing PBS before incubation
with secondary fluorescent antibodies (Molecular Probes) cou-
pled with Alexa Fluor 488. Images were viewed with an Olym-
pus laser scanningmicroscope (FV-1000). All imageswere visu-
alized with a 60� objective lens.
Antibodies—The following antibodies were used: monoclo-

nal anti-FLAG (M2), anti-HA (HA-7), anti-Myc (all from
Sigma), rabbit polyclonal HA (Santa Cruz Biotechnology), anti-
Rnd3 (Upstate), and anti-�-actin (Millipore). ForWestern blot-
ting, the primary antibodies were detected using horseradish
peroxidase-conjugated secondary antibodies (Bio-Rad) with
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GE Healthcare ECL or SuperSignal West Pico Chemilumines-
cent Substrate (Thermo Scientific).

RESULTS

Syx Interaction Stabilizes Rnd3—Rnd proteins are likely reg-
ulated by transcriptional, translational, or post-translational
means because the proteins do not contain a GDP-bound “off”
state. We observed that co-transfection of Syx(1–800) with
Rnd was associated with significantly elevated levels of the G
protein (Fig. 1B). Rho GTPases in their GTP-bound form are
often targeted for ubiquitination and subsequent degradation
(29, 30). To assess the stability of Rnd proteins versus other Rho
GTPases (RhoA,Cdc42, andRac1)we inhibited protein synthe-
sis with cycloheximide and measured the levels of these pro-
teins. As shown in Fig. 1CRnds and other Rho proteins undergo
turnover at similar rates. It has been shown that turnover of
RhoA is driven by the E3 ligase Smurf-1 or the Cul3/BACURD
ubiquitin ligase complex (31, 32) whereas (active) Rac1 degra-
dation is apparently mediated by different complexes involving
POSH and HACE (33, 34).
The turnover of Rnd3 in 293T cells in the presence of trans-

fected FLAG-Syx(1–800) is shown in Fig. 1D. After transient
transfection, Rnd3 has a half-life of �2.5 h which can be
increased to �5 h by the co-expression of Syx (Fig. 1E). Co-ex-
pression of full-length Syx similarly increased the half-life of
Rnd3 (supplemental Fig. 1). This effect of Syxwas also observed

with Rnd1 and Rnd2 (Fig. 1D) although we found these bind
more weakly to Syx (14). The Rnd3(T37A) mutant which can-
not bind Syx (supplemental Fig. 2) undergoes turnover in the
presence of Syx at a rate seen for Rnd3 alone. Similarly, the Syx
mutant R178E/K179D that does not bind Rnd3 fails to stabilize
Rnd3 (Fig. 1D). Taken together, we conclude that the stabilizing
effect requires direct Syx interaction.
Evidence for Phosphorylation of Endogenous Rnd3—Rnd3

protein levels are specifically and transiently up-regulated upon
keratinocyte differentiation (35). This up-regulation was found
to require the activity of the RhoA target ROCK. Such Rnd3
activation in basal cells might facilitate detachment from the
substratum and migration to form suprabasal layers (36). We
found that Rnd3 has a half-life of �2.5 h in both nondifferenti-
ated primary keratinocytes andHeLa cells (Fig. 2A), as assessed
by Western blot analysis using an anti-Rnd3 Mab. Because
Rnd3 is detected as a doublet (7, 10, 21, 35), we sought clarify
whether both bands correspond to Rnd3. Antibody reactivity
toward overexpressed Rnd1, Rnd2, and Rnd3 suggests that this
antibody is specific for Rnd3 (supplemental Fig. 3A). Lysates
from siRNA-treated COS-7 cells were probed with anti-Rnd3.
Both bands were depleted in siRNA-treated cells, indicating
that both correspond to Rnd3 (Fig. 2B). Calyculin treatment (10
min) resulted in a dramatic enrichment of the slowermigrating
Rnd3 band (Fig. 2C), likely representing a phosphorylated form

FIGURE 1. Syx contributes to protein stability of Rnd3. A, schematic represents Syx construct used in 293T cell expression studies. B, 293T cells were
transfected with Rnd plasmids in the absence or presence of Syx(1– 800), lysed, and immunoblottted (WB). C, 293T cells were co-transfected with 0.5 �g of
GFP-FLAG and 0.5 �g of the indicated plasmids. After 24 h, cells were incubated with cycloheximide (20 �g/ml) and then harvested at the indicated times with
equal amounts of total protein loaded (40 �g/lane). Expression of GFP is marked by an asterisk (*). D, 293T cells were co-transfected with 0.5 �g of Rnd3 and 0.5
�g of Syx(1– 800) plasmids and treated for the indicated times with cycloheximide, lysed, and immunoblottted. E, in the graphical representation, the y-axis
corresponds to the ratio of Rnd3 relative to time 0. The average of three independent experiments is shown. Error bars, S.D.
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of Rnd3. However, we could not cause an enrichment of the
upper band by activating conventional PKCs with either bryo-
statin or PMA, as described previously (10), nor could this caly-
culin-induced size shift be blocked with Y-27632 (data not
shown). We conclude that Rnd3 undergoes a rapid phosphory-
lation-dephosphorylation cycle inmany cell types, as evidenced
by the presence of a protein doublet, although this is less evi-
dent with overexpressed tagged Rnd3.
ROCK Stimulates Rnd3 Turnover—Rnd3 binds the N-termi-

nal region of ROCK1, leading to its efficient phosphorylation
predominantly at Ser-11 (9) which can stabilize (overex-
pressed) Rnd3.We therefore tested ROCK for its role in endog-
enous Rnd3 turnover. COS cells were incubated in the presence
or absence of 10�MY-27632 to inhibit ROCKactivity (added 30
min before addition of 20 �g/ml cycloheximide). In contrast to
previous findings wherein long term incubation with Y-27632
decreasedRnd3 levels (9, 35, 37), we found that immediate inhi-
bition of ROCK protected Rnd3 from degradation (Fig. 2D).

The prolonged incubation with Y-27632 (i.e. �24 h) is likely to
change the transcriptional profile of cells. In HeLa cells which
have lower levels of Rnd3 (supplemental Fig. 3B), addition of
Y-27632 also reduced the rate of Rnd3 degradation (Fig. 2E).
We could not detect a difference in the rate of Rnd3(S11A) or
Rnd3(S11D) turnover (supplemental Fig. 4), although other
sites on Rnd3 are noted (9). Taken together, it appears that
Rnd3 levels are down-regulated by a ROCK-sensitive mecha-
nism in COS-7 cells, whereas in keratinocytes undergoing dif-
ferentiation there is a ROCK-mediated up-regulation of Rnd3
levels probably through transcriptional mechanisms (35).
These point to potentially complex regulation of Rnd3 medi-
ated by phosphorylation atmultiple sites (9, 11) as well as effec-
tor interaction.
Rnd3 Stabilization by Proteasome Inhibition Is Likely

Indirect—The turnover of endogenous as well as tagged Rnd3
was prevented by the proteasome inhibitor MG132 (Fig. 3, A
and B), suggesting that Rnd3 turnover is proteasome-depen-

FIGURE 2. ROCK activity stimulates Rnd3 turnover. A, HeLa cells and human keratinocytes treated for the indicated times with cycloheximide and then lysed
and immunoblotted (WB) for endogenous Rnd3. B, Western blot analysis of Rnd3 levels in COS-7 cells transfected with control or two sets of Rnd3 siRNA
duplexes for 24 h. C, COS cells treated with bryostatin (100 nM), phorbol 12-myristate 13-acetate (PMA) (100 nM), or calyculin (10 nM) for 10 min, lysed, and
immunoblotted for endogenous Rnd3. D, Western blot analysis of endogenous Rnd3 protein in COS cells incubated in the presence or absence of 10 �M

Y-27632 for 30 min before being treated with cycloheximide (CHX) for the indicated times. In the graphical representation, the y-axis corresponds to the ratio
of Rnd3 relative to time 0. The average values derived from three independent experiments are shown with the level of the two bands normalized to time �
0 (using Image J). E, Western blot analysis of endogenous Rnd3 protein in HeLa cells treated and analyzed as in D. DMSO, dimethyl sulfoxide.
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dent. Most proteasome substrates are targeted for degradation
by the addition of polyubiquitin chains. To determine whether
Rnd3 is ubiquitinated, we transfected HeLa cells with plasmids
encoding streptavidin-binding peptide (SBP)-Rnd3 (and HA-
ubiquitin); lysates and purified proteins were probed with
anti-HA to detect the ubiquitinated proteins. We were unable
to detect any ubiquitinated species of Rnd3 whereas polyubiq-
uitinated Rac1 (29, 38) was easily observed (Fig. 3C). To deter-
mine whether prolonged inhibition of proteasome function
could stabilize putative ubiquitinated species of Rnd3, over-
night treatment was performed, but again no ubiquitinated
Rnd3was detected (data not shown). To examinewhether there
are other post-translational modifications that underlie Rnd3
degradation, we probed for higher mobility species in the
lysates of SBP-Rnd3 that were treated with dimethyl sulfoxide
or MG132 (supplemental Fig. 5). These experiments suggest
that anymodified intermediates are unstable even withMG132
(i.e. not turned over by proteasome) or present in very low lev-
els. Protein turnover via nonubiquitin pathways has been doc-
umented (39–42). To confirm that Rnd3 lifetime in cells is
indeed dependent on effector binding we tested a nucleotide-
binding deficient Rnd3(T37N) mutant, which undergoes nor-
mal rates of turnover but was not stabilized by adding MG132
(Fig. 3D). These experiments suggest that (i) the protein
responsible for Rnd3 turnover can interact with Rnd3 inde-

pendent of nucleotide state and (ii) MG132 stabilization
requires the active form of Rnd3. This is consistent with Rnd3
effectors controlling endogenous Rnd3 levels. We sought to
investigate these events further bymakingmutations toRnd3 in
regions known to be important for effector binding and protein
localization.
Identification of Rnd3 K45 as Important for Turnover—Our

observations are consistent with protein(s) involved in this
down-regulation of Rnd3 competing with effector binding
around the Rnd3 switch 1–2 regions (43). We also considered
modification of Rnd3 in this region and noted a conserved
lysine (Lys-45 highlighted in Fig. 4A) in the vicinity of Rnd3
switch 1–2 regions which could represent a target for ubiquitin
or sumoylation. The Rnd3 point substitutions K45R andK115R
(the latter as a control, Fig. 4B) indicated that Rnd3(K45R) has a
slower turnover than wild-type Rnd3 or the K115R mutant.
Quantification of this effect indicated that at steady state
Rnd3(K45R) is expressed �8-fold higher than wild-type Rnd3
(Fig. 4C) and has a much slower turnover rate (supplemental
Fig. 6). In line with this finding, Syx co-expression has only a
minor effect on Rnd3(K45R) levels whereas Rnd3(WT) was
routinely increased�10-fold. TheRnd3(K115R)mutantwas by
contrast expressed at a lower level and significantly stabilized
by Syx. Because Rnd3(K45R) binds normally to Syx (Fig. 4D) it
seems that protein(s) interacting with residues including

FIGURE 3. Rnd3 can be stabilized by proteasomal inhibition. A, HeLa cells were treated with cycloheximide (CHX) in the presence of 10 �M MG132 or
dimethyl sulfoxide (DMSO), then lysed and immunoblotted (WB). In the graphical representation, the y-axis corresponds to the ratio of Rnd3 relative to time 0.
The average of three independent experiments is shown. B, 293T cells overexpressing Rnd3 were treated for the indicated times with cycloheximide in the
presence of 10 �M MG132 or dimethyl sulfoxide and analyzed as in A. C, HeLa cells were co-transfected with the indicated SBP-tagged plasmids and HA-
ubiquitin. Cells were treated with 20 �M MG132 for 30 min prior to lysis. SBP pulldown was performed, and ubiquitinated proteins were visualized by
immunoblotting using anti-HA. Conjugation of ubiquitin to Rnd3 was not detected. D, 293T cells overexpressing Rnd3(T37N) were treated for the indicated
times with cycloheximide in the presence of 10 �M MG132 to assess whether the effect of proteasome inhibition is direct.
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Lys-45 might contribute to its turnover. Note that the localiza-
tion of Rnd3(K45R) was indistinguishable fromwild-type Rnd3
(Fig. 4E). Both Rnd3 WT and Rnd3(K45R) lead to stress fiber
loss, confirming that they interact normally with p190 RhoGAP
(supplemental Fig. 7). However, under the same transfection
conditions the K45R mutant is more potent in causing stress
fibers disruption than wild-type Rnd3 (supplemental Fig. 7B).
The GTP binding-deficient Rnd3(T37N) was used as an inac-
tive control.
It has recently been shown that the productive interaction of

Rnd1 and Rnd3 with p190 RhoGAP is responsible for lipid raft
targeting and activation of p190 RhoGAP (22). To address
whether the correct subcellular localization in Rnd3 is required
in its turnover, we first tested Rnd3(C241S) which is predomi-
nantly cytosolic (Fig. 4E), although the protein binds normally
to Syx (supplemental Fig. 2). At steady statewe observed a�10-
fold higher level of Rnd3(C241S) compared with wild-type
Rnd3, indicating that membrane localization is needed to pro-
mote turnover (Fig. 4, B and C). Co-expression of Syx did not
significantly affect Rnd3(C241S) levels. Rnd3 has a stretch (�40
residues) of nonconserved sequence (comparing Rnds) at its C
terminus (Fig. 4A). When this region is removed and the

Rnd3(1–200) fused to the last 15 residues of Cdc42 we found
that the chimeric protein was also stabilized (Fig. 4, B and C).
This chimera showed a�10-fold higher protein level compared
withwild-type Rnd3 and is primarily localized to internalmem-
branes (Fig. 4E) (44).We conclude that in part the correct local-
ization of Rnd3 via its C terminus is required for its turnover.
Do Other Rnd Interacting Domains Stabilize Rnd3?—In con-

trast to conventional GTPases such as RhoA and Rac1, the
mammalian Rnd proteins appear to have a more limited set of
effectors that includes p190 RhoGAP (20), Plexin B1 (45–47),
and Syx (14). The Ras-binding domains (RBD), such as that
found in Raf1, is represented in approximately 50 human gene
products (48). The Syx RndBD likely adopts the same type of
effector complex as seen for the Raf1-Ras complex (49) judging
by mutational analysis of the Syx RndBD (14). As illustrated in
Fig. 5A, Rnd effector proteins have diverse domain organiza-
tion. Although the RndBD of Syx can be mapped to a distinct
small domain resembling the classic Raf1 RBD (49), the extent
of p190 RhoGAP Rnd-binding domain has not been detailed
(20) and was originally mapped to a 600-amino acid region
(p190B RhoGAP, residues 382–1007) with no known similarity
to other proteins. To assess whether the p190B RhoGAP

FIGURE 4. Lys-45 and membrane localization are important for Rnd3 turnover. A, schematic shows Rnd3 construct and amino acid substitutions made in
this study. The highly conserved Lys-45 is highlighted in gray. The Rnd3(C15) chimeric construct in which the last 44 C-terminal residues of Rnd3 is replaced by
the last 15 C-terminal residues of Cdc42 is in yellow. B, 293T cells overexpressing the indicated plasmids were treated for 3 h with cycloheximide, lysed, and
immunoblottted. C, graph represents the average of two independent experiments. D, 293T cells were co-transfected with SBP-FLAG Rnd3 or Rnd3(K45R) with
Syx(1– 800) constructs. The purified protein complex was immunoblotted to visualize bound Syx. E, localizations of the indicated constructs in MDCK cells were
immunolabeled with anti-FLAG antibodies and examined by confocal microscopy.
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RndBD sequence might contain a cryptic RndBD-like domain
we first attempted to map a minimum productive binding
region. Various p190B RhoGAP truncations (as illustrated in
Fig. 5B) were tested for Rnd3 binding. Surprisingly, even
removal of the N-terminal “FF” domains that flank the N-ter-
minal GTPase domain of p190BRhoGAP abolished Rnd3 bind-
ing. We successfully deleted approximately 100 residues from
the C-terminal side without compromising the interaction; but
further deletionswere not tolerated (data not shown). Thus, the
p190B RhoGAP(382–910) appears to represent the minimal
RndBD (Fig. 5B) and suggests a complex allosteric mode of
binding. We were not able to detect primary sequence homol-
ogy to the Syx RndBD within this region. The RndBD of Plexin
B1 adopts a ubiquitin-like fold similar to the Syx RndBD but
binds toRnds (andmany other Rhoproteins) using the opposite
face (50), suggesting that it is evolutionarily unrelated. We
tested this, as well as the tandem RBDs of RGS14 (48) whose
sequence (Fig. 5A) is quite similar to Syx RndBD. The three
SBP-tagged Rnd isoforms were expressed in 293T cells, and
their binding to putative RndBDs of Syx, p190B RhoGAP,
Plexin B1, and RGS14 was measured by streptavidin pulldown.
Rnd3 interacted stronglywith Syxwhereas Rnd1 andRnd2 bind
more weakly, at levels comparable with Plexin B1 and RGS14
sequences (Fig. 5C). All Rnds interacted equally with p190B
RhoGAP(382–910), which is consistent with the observation
that they activate p190B RhoGAP activity to the same extent

(20). This is somewhat curious because Rnd2 is reported not to
induce cell rounding (2, 15) and would suggest that p190
RhoGAP activation is not the key activity that underlies this
phenotype.
To determine whether RndBDs of the various proteins could

stabilize Rnd3, cells were co-expressedwith Rnd3 andHA-GST
tagged Plexin B1(1743–1862), RGS14(323–469), or Syx(145–
216). As controls, we also include HA-GST and Syx(1–800).
Protein translationwas inhibited for 3 h, and the levels of trans-
fected proteins were determined byWestern blotting (Fig. 5D).
In keeping with their weak interaction, neither Plexin B1 nor
RGS14 stabilizes Rnd3.
p190 RhoGAP Interaction with Rnd3 Is Effector-like and Sta-

bilizes Rnd3—Syx and p190 RndBDs have equivalent “effector-
like” behavior as seen by their inability to bind Rnd3(T55A),
which cannot adopt a GTP-bound state (Fig. 6A). Thus, both
Syx and p190 RhoGAP likely interact with Rnd3 via contacts
typical of the switch I and II binders (51). We then examined
whether co-expression of p190B RhoGAP(382–1007) affected
the half-life of Rnd proteins. As shown in Fig. 6B, turnover of
Rndswasmarkedly decreased in the presence of p190 RhoGAP.
The effect of increasing levels of Syx(1–800) or p190B
RhoGAP(382–1007) transfection (Fig. 6C) showed that Syxwas
somewhat more potent in stabilizing Rnd3. These experiments
are consistentwith a new formof regulation inwhichRho effec-
tor proteins feed back to stabilize their partners and suggest

FIGURE 5. Rnd3 is not efficiently stabilized by all Rnd-interacting domains. A, schematic represents constructs used in 293T cell expression and Rnd
interaction studies. Sequence alignment shows the highly conserved Raf1-like RBDs in mouse Syx (AAU04953) and RGS14 (NP_006471). B, p190B RhoGAP
amino acid 382–910 is the minimum Rnd3-binding region. 293T cells were co-transfected with SBP-FLAG Rnd3 and HA or HA-GST p190B RhoGAP constructs.
The purified protein complex was immunoblotted to visualize bound p190B RhoGAP. C, binding of Rnd isoforms to Plexin B1 was much weaker compared with
Syx and p190 RhoGAP. 293T cells were transfected with expression vectors encoding SBP-FLAG Rnd1, Rnd2, or Rnd3 together with the indicated constructs and
assessed for interaction. D, 293T cells overexpressing Rnd3 and the indicated plasmids were treated for 3 h with cycloheximide, lysed, and immunoblottted.
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that factors that disrupt this interaction would lead to Rnd
turnover. Given the large number of RBD’-containing proteins
(48), which are candidate Rnd3 binders in addition to p190
RhoGAP it is no surprise that the knockdownof Syx by itself has
no obvious effect on Rnd3 levels (data not shown). We antici-
pate that in vivo Rnd3 protein levels are likely responsive to the
availability of various multiple effector proteins (including Syx
and p190 RhoGAP).

DISCUSSION

Wehave shown previously that Rnd3 binds to Syx via a Raf1-
likeRBDand refer to this related sequence as theRndBD. In this
study, we show that this interaction is dependent on proper
GTP loading of Rnd3. The observation that Syx protects Rnd3
fromdegradation has led us to amodel (Fig. 7) in which effector
binding impedes accessibility of protein(s) to access a region of
Rnd3 that likely includes the conserved Lys-45. Such a mode of
regulation has not been reported for other Rho GTPases.
We demonstrated that inhibition of ROCK kinase activity

protects Rnd3 from turnover in COS-7 and HeLa cells. In con-
trast to previous studies (9, 35, 37) whereby ROCK stabilizes
Rnd3, we demonstrate ROCK-dependent down-regulation of
Rnd3. In this context, ROCK-mediated phosphorylation lead-
ing to Rnd3 turnover would serve as a feedback mechanism to
modulate Rnd3 down-regulation of RhoA activity.
Rnd proteins contain bothN- andC-terminal extensions; the

C-terminal CAAM(methionine in last position) is farnesylated.
Rnd3 exists largely in a GTP-bound state (1) and undergoes
post-translational modifications such as phosphorylation (9,
10), which might affect its localization. We show here that the
levels of Rnd3 are strongly influenced by co-expression of either

Syx or p190B RhoGAP. The behaviors of nonfunctional Rnd3
mutant (T37A) and a Rnd3 binding defective Syx (Fig. 1D) are
consistent with this notion. One can also observe that the
expression level of a nonprenylated Rnd3 is severalfold higher
than wild type, indicating that correct membrane targeting is
required for degradation. Interestingly, whenwe target the pro-
tein using the Cdc42 C-terminal 15 residues, the localization is

FIGURE 6. p190 RhoGAP is a genuine Rnd3 effector that stabilizes Rnd3. A, 293T cells were transfected as indicated, and SBP pulldown was performed.
Associated proteins were visualized by immunoblotting. No interaction between Rnd3 effector mutant (T55A) and p190 RhoGAP was observed. B, 293T cells
were co-transfected with Rnd1, Rnd2, or Rnd3 together with p190 RhoGAP(382–1007) and treated for the indicated times with cycloheximide, lysed, and
immunoblottted (WB). C, the stabilizing effect of Rnd3 by Syx and p190 RhoGAP is dose-dependent. 293T cells were transfected with 0.5 �g of Rnd3 and
increasing amounts of Syx or p190 RhoGAP plasmids as indicated. The levels of Rnd3 were visualized by immunoblotting with anti-FLAG antibody. Graphical
representation of the experiment is shown.

FIGURE 7. Model showing Rnd3 regulation by the level of effectors and
ROCK activity. Rnd3 is targeted for degradation by binding of unknown pro-
tein (X) which is sensitive to both the Rnd3(K45R) mutation and the mem-
brane localization of Rnd3. This turnover of Rnd3 is sensitive to Y-27632, indi-
cating that ROCK stimulates such turnover. Effector interaction can prevent
the turnover of Rnd3 probably by competing for binding of protein X.
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switched to intracellular membranes and protects the protein
from turnover. Our data suggest that Rnd3 is not modified by
ubiquitin but that the effects of MG132 might be mediated
indirectly through the stabilization of its effectors. Thus, after
cycloheximide treatment the turnover of Rnd effectors leads
indirectly to their degradation. Alternatively, a specific endog-
enous component may be limiting in the ubiquitylation assay.
Interestingly, Rnd3(K45R) is more stable and shows higher
activity in disrupting stress fibers in cells (supplemental Fig. 7).
This might provide a useful mutant for further studies because
it is a more stable form of Rnd3. We hypothesize that effectors
such as Syx compete out a protein that interacts with Rnd3 (in a
nucleotide-independent manner) that is responsible for Rnd
degradation. This is analogous to the ability of effectors such as
ACK1 and PAK1 to prolong the lifetime of the active GTP-
bound state of Cdc42 and Rac1 (52, 53). Thus, productive sig-
naling by small G proteins results in increased or prolonged
signaling.
In the current study, we have validated the interaction

between Rnd3 and p190RhoGAP (Fig. 5), an abundant modu-
lator of RhoA (20), and demonstrated that Syx and p190
RhoGAP bind with similar avidity to Rnd3 (Fig. 6A). The com-
paratively weak binding of Rnds to Plexin B1, which also binds
diverse GTPases including Rac1 and RhoD (54), is insufficient
to stabilize Rnd3 (Fig. 5D).The RndBD of p190B RhoGAP is a
surprisingly large�500 residues (382–910), indicating perhaps
that Rnd binding spans multiple domains (20). The contribu-
tion of the FF domains, also present within eukaryotic tran-
scription factors such as CA150 (55), is curious. The first p190
RhoGAP FF(1) domain does not fold with the typical �-helical
arrangement of other FF domains (56), in keeping with the low
sequence homology in this domain. It has been suggested that
the serum-responsive transcriptional regulator TFII-I interacts
with the p190 RhoGAP tandem FF domains (57). Competition
for binding could underlie an ability of Rnd proteins to affect
growth factor-mediated entry into the cell cycle (58, 59), which
is independent of RhoA.
In summary, we have shown that Syx and p190RhoGAPbind

with similar avidity to Rnd3 although their RndBDs are struc-
turally unrelated. Both of these proteins can prevent Rnd1 and
Rnd3 degradation (and to a lesser extendRnd2), suggesting that
a feedback loop exists to balance the activities of Rnd proteins
and their targets. It is unlikely that individual Rnd3 effector
serves as a critical regulator; we anticipate that the rate of Rnd
turnover integrates across the whole spectrum of Rnd3 effec-
tors in a given cell. In vivo this might be an important mecha-
nism to down-regulate the level of Rnd proteins under condi-
tions in which their effectors change concentration.
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