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Small GTPases of the Rho family act as molecular switches, and modulation of the GTP-bound state of Rho
proteins is a well-characterized means of regulating their signaling activity in vivo. In contrast, the regulation
of Rho-type GTPases by posttranslational modifications is poorly understood. Here, we present evidence of the
control of the Saccharomyces cerevisiae Rho-type GTPase Rho5p by phosphorylation and ubiquitination. Rho5p
binds to Ste50p, and the expression of the activated RHO5(Q91H) allele in an �ste50 strain is lethal under
conditions of osmotic stress. An overexpression screen identified RGD2 and MSI1 as being high-copy suppres-
sors of the osmotic sensitivity of this lethality. Rgd2p had been identified as being a possible Rho5p GTPase-
activating protein based on an in vitro assay; this result supports its function as a regulator of Rho5p activity
in vivo. MSI1 was previously identified as being a suppressor of hyperactive Ras/cyclic AMP signaling, where
it antagonizes Npr1p kinase activity and promotes ubiquitination. Here, we show that Msi1p also acts via
Npr1p to suppress activated Rho5p signaling. Rho5p is ubiquitinated, and its expression is lethal in a strain
that is compromised for proteasome activity. These data identify Rho5p as being a target of Msi1p/Npr1p
regulation and describe a regulatory circuit involving phosphorylation and ubiquitination.

In Saccharomyces cerevisiae, hyperosmotic stress conditions
induce a series of signaling events resulting in rapid physiolog-
ical adaptation. Primary among the signaling responses is the
activation of the high-osmolarity glycerol (HOG) pathway (18,
41). Two nonredundant membrane-associated proteins, Sln1p
and Sho1p, regulate the activation of this pathway. These pro-
teins activate signaling via separate mitogen-activated protein
kinase (MAPK) kinase kinases, Ssk2p or Ssk22p on the Sln1p
branch and Ste11p on the Sho1p branch, but converge on the
MAPK kinase Pbs2p. Pbs2p then activates the MAPK Hog1p,
with a resultant efflux of water from the cell and increased
levels of production and accumulation of intracellular glycerol.
The adaptor protein Ste50p is essential for the activation of the
Sho1p branch of this pathway. Ste50p binds to the MAPK
kinase kinase Ste11p through their respective sterile-alpha mo-
tif (SAM) domains (20, 44, 63). Besides the N-terminal SAM
domain, Ste50p also possesses a Ras-associated (RA) domain
(45); RA domains have been identified in proteins throughout
eukaryotic evolution, where they are involved in binding mem-
bers of the Ras superfamily, including Rho family members
(43). Ste50p’s RA domain binds to the C terminus of the
integral membrane protein Opy2p during HOG signaling,
thereby tethering the Ste50p-Ste11p module to the membrane
(62). In contrast, during pseudohyphal development, the
Ste50p-RA domain has been proposed to bind the Rho-type

GTPase Cdc42p, resulting in the localization of Ste50p and
Ste11p to the membrane, where Ste11p can be activated by
Cdc42p-associated Ste20p (57).

Rho family GTPases are involved in a variety of cellular
processes. Rho proteins are known principally for their in-
volvement in controlling cell morphology via actin cytoskeleton
dynamics, but they have also been implicated in the control of
cell polarity, membrane transport dynamics, transcription fac-
tor activity, and cellular signaling (for a review, see reference
6). The budding yeast genome codes for six members of the
Rho family of GTPases: CDC42 and RHO1 to RHO5. The
essential Cdc42p protein is involved in bud site assembly, po-
larized growth, and cytokinesis (21). Furthermore, Cdc42p is
involved in activating MAPK signaling cascades via its effector
Ste20p in response to osmotic stress, mating pheromones, and
nutrient deprivation (27, 36, 42, 53, 66). The other yeast Rho
family members are less well characterized: Rho1p is an es-
sential protein involved in cell wall synthesis, cell polarity, and
the regulation of protein kinase C signaling (23, 33); Rho2p
function is partially redundant with Rho1p (34); Rho3p and
Rho4p share an uncharacterized essential function and are
involved in establishing cell polarity and exocytosis (1, 39); and
Rho5p has been implicated in cell wall integrity signaling (52)
and in mediating the oxidative stress response (54).

Like all GTPases, Rho family members cycle between “active”
and “inactive” states by binding to GTP or GDP, respectively;
they bind to effectors and induce a cellular response according to
their nucleotide-bound state. Intrinsic GTPase activity results
in the hydrolysis of GTP to GDP and the conversion of the
GTPase to the inactive state. The Rho GTPase is reactivated
when GDP is exchanged for GTP. This switch mechanism is
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tightly regulated by a set of Rho-binding proteins, the guanine
nucleotide exchange factors, which catalyze the exchange of GDP
for GTP and thus result in their activation (10, 24). GTPase-
activating proteins (GAPs) perform the opposite function, stim-
ulating the rate of intrinsic GTPase hydrolysis and catalyzing the
conversion of the GTPase to its inactive, GDP-bound form (8,
11). A third class of regulators, guanine nucleotide dissoci-
ation inhibitors, inhibits GDP dissociation, thereby main-
taining Rho GTPases in the inactive state (7, 25). These
Rho-associated elements provide targets for signaling net-
works and allow the regulation of Rho GTPase activity.

Phosphorylation and ubiquitin-mediated proteolysis are well-
characterized methods of regulating signaling activity. These post-
translational modifications can modulate signaling activity by
determining the relative activity, localization, stability, and inter-
actions of the target substrate. Phosphorylation constitutes a ma-
jor source of cellular regulation; the protein kinase complement
of the human genome is estimated to contain over 500 kinases,
and approximately 30% of cellular proteins are phosphorylated
(4, 35). The reversible phosphorylation and dephosphorylation of
a protein allow for sophisticated regulatory control involving one
or many inputs and finely tuned outputs (for a review, see refer-
ence 4). Conversely, ubiquitin-mediated proteolysis constitutes an
irreversible step in many signaling pathways and is thus a major
regulatory mechanism (for a review, see reference 14). The reg-
ulated destruction of components of signal transduction pathways
is observed, for instance, in the NF-�B pathway (2). Often, phos-
phorylation and ubiquitination are coordinated. Many proteins
regulated by ubiquitin-mediated proteolysis contain characteristic
PEST sequences. For instance, the cyclin-dependent kinase phos-
phorylation of residues within G1 cyclin PEST sequences specifies
the protein’s recognition and ubiquitination, with subsequent pro-
cessing by the proteasome (29, 60, 61, 65). This coordination of
signaling output via phosphorylation with the targeted destruction
of signaling components illustrates a way in which posttransla-
tional modifications result in sophisticated modulations of cellular
physiology.

Despite their prevalence in signaling networks, there have
been few reports of posttranslational modifications of small
Rho-type GTPases. In human natural killer cells, RhoA is
phosphorylated by protein kinase A, resulting in the translo-
cation of membrane-associated RhoA toward the cytosol (28).
Phosphorylated RhoA is thereby separated from its effectors,
and its signaling is terminated independently of GTP/GDP
cycling. In fibroblasts, RhoA associates with the E3 ubiquitin
ligase Smurf1 in lamellipodia and filopodia and is targeted for
destruction (58). This prevents RhoA signaling during dynamic
membrane movements at the leading edge of migrating cells.
An atypical Rho-type GTPase, RhoBTB2, is ubiquitinated by a
Cul3-based ubiquitin ligase complex, and a missense mutation
that is not recognized by the ubiquitin-proteasome system has
been identified in a lung cancer cell line (59). In yeast, no
experimental evidence for the phosphorylation or ubiquitina-
tion of Rho-type GTPases exists.

In this study, the yeast Rho-type GTPase Rho5p is shown to
interact with Ste50p to regulate the response to osmotic stress.
We have identified several means of regulating its activity.
First, Rgd2p’s purported role as a Rho GAP for Rho5p is
confirmed in vivo. Second, Rho5p is regulated by a module
involving Msi1p, phosphorylation by Npr1p, and ubiquitin-me-

diated proteolysis. We have identified the phosphorylation and
ubiquitination of Rho5p and have linked these posttransla-
tional modifications to its regulation in vivo.

MATERIALS AND METHODS

Materials. Restriction endonucleases and DNA-modifying enzymes were ob-
tained from New England Biolabs and GE Healthcare. An enhanced chemilu-
minescence assay system, protease inhibitor tablets, and reduced glutathione
were obtained from Roche. Nitrocellulose membranes were purchased from
Bio-Rad. Anti-His polyclonal antibody, anti-ubiquitin mouse antibody, and
horseradish peroxidase-conjugated secondary antibodies were purchased from
Santa Cruz Biotechnology; anti-hemagglutinin (HA) polyclonal antibody was
purchased from Open Biosystems; and the antibody against glutathione S-trans-
ferase (GST) was described previously (63). Glutathione-Sepharose 4B beads
and PreScission protease were purchased from GE Healthcare. Radioisotopes
were purchased from GE Healthcare and Perkin-Elmer, and film for autora-
diography was BioMax MS from Kodak. The QuikChange site-directed mu-
tagenesis kit was purchased from Stratagene. Acid-washed glass beads (450 to
600 �m), protease inhibitors, sorbitol, and trypsin were purchased from Sigma.

Construction of plasmids. The His-tagged STE50 construct was described
previously (62). GST-tagged NPR1 was obtained from the GST-ORF library
purchased from Invitrogen. Other GST-tagged constructs were obtained from a
genomic collection kindly provided by Eric M. Phizicky (University of Rochester)
(38).

The Rho5p overexpression plasmids pGAL-RHO5 and pGAL-RHO5Q91H

and their parent plasmid (pGAL) were provided by Jurgen J. Heinisch (Univer-
sitat Osnabruck) (52). HA-tagged ubiquitin plasmid and its untagged parent
were obtained from M. Hochstrasser (Yale University) (17).

Plasmid pGEX-RHO5 was constructed by amplifying the full sequence of
Rho5 minus the C-terminal 4 amino acids of the membrane-localizing CAAX
box (nucleotides 1 to 984) from vector pGAL-RHO5 (52) with the oligonucle-
otides 5�-GAGAGAATTCATGAGGTCTATTAAATGTGTGATAA-3� and 5�-
GAGAGTCGACTTACTTTGACTTCTTTTTCTTCTTGTC-3�, where the un-
derlined nucleotides are EcoRI and SalI sites, respectively. The resultant PCR
product was inserted into vector pGEX-6P-1 by cutting with both EcoRI and
SalI, followed by ligation. The resultant plasmid, pGEX-RHO5, was confirmed
by sequencing.

Yeast strains and manipulations. Yeast media, culture conditions, and ma-
nipulations were described previously (47). Transformation of yeast with plasmid
DNA was achieved with lithium acetate and standard protocols (47). The yeast
deletion strain collection was purchased from the ATCC.

Viability assays of yeast cells were performed by performing 10-fold serial
dilutions of mid-logarithmic-phase cultures onto selective plates. Plates were
incubated for 3 days at 30°C.

High-copy library screening for suppressors. Strain YCW1321 (�ste50::Natr)
expressing RHO5(Q91H) was transformed with a genomic library constructed in
vector YEp213 (3). Roughly 15,000 transformants were recovered on synthetic
dextrose (SD) plates lacking uracil and leucine. These transformants were first
replica plated onto rich-medium plates and then rereplicated onto selection
plates containing 2% galactose as a carbon source and 1.25 M sorbitol. Clones
that were able to grow on the hyperosmotic media after 4 days were considered
to be positive.

Preparation of GST fusion or His-tagged proteins. The expression of GST
fusion proteins in S. cerevisiae strain BY4741 or W303 was induced by the addition
of 0.4 mM CuSO4 for 3 h with CUP1 promoter-driven expression or with 4%
galactose for 5 h with GAL1-driven expression. The preparation of total cell extracts
and isolation of GST fusion proteins by binding to glutathione-Sepharose beads
were performed as described previously (63). Eluted proteins were washed with
storage buffer and concentrated with Centricon 30 filters before storage at �80°C.

The purification of His-tagged Ste50p was done as previously described (62).
Expression of pGEX-RHO5 was done with Escherichia coli strain BL21, which

was induced with 0.4 mM isopropyl-�-D-thiogalactopyranoside for 3 h. Fusion
proteins were obtained essentially as described previously (55), with the modi-
fication that the proteins were eluted by the cleavage of the GST tag with
PreScission protease (GE Healthcare).

Protein kinase assays. Kinase assays were performed as described previously
(64). Approximately 1.0 �g of Rho5p or GST-Cdc42p substrates in solution was
resuspended in kinase buffer supplemented with 1 �M ATP and 1 �l [�-32P]ATP
(4,500 Ci/mmol and 10 Ci/�l, respectively) and 0.5 �g GST-Npr1p or GST-
Ste20p, where appropriate. Reaction mixtures were incubated for 30 min and
then boiled for 5 min after the addition of Laemmli buffer. Samples were
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separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE), dried, and visualized by autoradiography.

Photomicroscopy. Cells were grown under the conditions indicated and viewed
with a microscope (Nikon Eclipse E800) equipped with Nomarski optics. Micro-
scopic photographs were acquired with a 100	 objective and a Nikon DXM1200
camera and ACT-1 version 2.10 software (Nikon).

RESULTS

Rho5p binds to the RA domain of Ste50p. Ste50p is involved
in the activation of the HOG MAPK pathway in response to
hyperosmotic shock. In this pathway, Ste50p is responsible for
delivering Ste11p to the plasma membrane (57, 62). We have
previously shown that the C-terminal RA domain of Ste50p is
required for Ste50p function in both the pheromone response
and HOG pathways (62, 63). In an attempt to establish which
small GTPase(s) could bind to the RA domain of Ste50p, we
performed an in vitro resin-binding assay between Ste50p and
yeast Ras and Rho-type small GTPases. GTPases were ex-
pressed as GST fusion proteins in yeast and were purified on
glutathione-Sepharose beads according to standard proce-
dures (64). Purified yeast GTPases were then incubated with
bacterially expressed and purified His8-tagged Ste50p. The glu-
tathione-Sepharose beads were washed extensively, and the
bound proteins were resolved by SDS-PAGE, transferred onto
a nitrocellulose membrane, and then revealed by Western blot-
ting using anti-His tag antibodies and appropriate secondary
antibodies, followed by chemiluminescence. As shown in Fig.
1A, Ste50p selectively binds to Rho5p and Rhb1p and weakly
to Rho2p and Rho3p. Given the role of Rho GTPases in
Ste50p-associated processes, we focused on the interaction
between Ste50p and Rho5p.

Expression of RHO5(Q91H) in a �ste50 strain results in a
growth defect and is osmotically lethal. To determine the bi-
ological relevance of the physical interaction between Ste50p
and Rho5p, we asked whether there is a role for Rho5p in

resistance to hyperosmotic stress. The RHO5(Q91H) allele ex-
changes the glutamine at position 91 in loop 4 for histidine,
creating an activated protein with reduced intrinsic GTPase
activity (52). This mutant protein was overexpressed from the
GAL10 promoter in an ste50 deletion strain (YCW1321). This
strain was tested on hyperosmotic medium, which induced the
HOG pathway, and on isosmotic medium, which permits nor-
mal vegetative growth. On osmotically neutral medium, the
transformants exhibited only a mild growth defect compared to
the wild type (Fig. 1B, middle). However, when grown on
hyperosmotic medium (1.25 M sorbitol) under inducing con-
ditions, the �ste50 RHO5(Q91H) strain died (Fig. 1B, bottom).
The expression of RHO5(Q91H) in a wild-type strain gener-
ated no detectable defects under either isosmotic (data not
shown) or hyperosmotic (Fig. 1B, top) conditions. Thus, it
appears that Rho5p plays a role in the cellular response to
hyperosmotic stress in a Ste50p-dependent manner.

Isolation of high-copy suppressors of RHO5(Q91H) �ste50
osmotic sensitivity. To define the basis of the osmotic sensi-
tivity of the �ste50 RHO5(Q91H) strain, we conducted a sup-
pressor screen using the inability to grow under hyperosmotic
conditions as a condition for selection. The strain was trans-
formed with a yeast genomic library constructed in the multi-
copy vector YEp213 and plated onto osmotically neutral SD
plates lacking uracil and leucine and then replica plated onto
medium selecting for osmotic resistance. Roughly 15,000 col-
onies were screened.

This approach identified 37 colonies that suppressed the os-
motic sensitivity of the �ste50 RHO5(Q91H) strain. Plasmids were
isolated from these colonies and retested, and confirmed positives
were sequenced. We isolated seven genes: RGD2 (four times),
MSI1 (multicopy suppressor of �ira1) (four times), PGM1 (one
time), PGM2 (two times), ATX1 (one time), GAL80 (four times),
and URA3 (two inserts) (20 times). ATX1 encodes a metallochap-

FIG. 1. Rho5 and Ste50 interact physically and genetically. (A) GST fusion constructs of yeast Ras superfamily GTPases were incubated with
bacterially expressed His8-tagged Ste50p and were then purified with glutathione-Sepharose. Bound proteins were separated by SDS-PAGE, and
the fraction of Ste50p associated with the membrane-bound GTPases was detected with antibodies to His8. (B) Yeast cells transformed with
hyperactive RHO5(Q91H) were tested for their ability to grow under hyperosmotic conditions (1.25 M sorbitol) in the presence (wild type [wt])
and absence (�ste50) of endogenous Ste50p. SD �ura, SD uracil dropout medium; Gal �ura, selective medium with galactose as the carbon
source; ctl, control; WB, Western blot.
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erone involved in iron absorption (31). GAL80 encodes a tran-
scriptional regulator involved in the inhibition of expression of
galactose response genes (30). It presumably suppresses the os-
motic sensitivity of the strain by downregulating the expression of
RHO5(Q91H) from the GAL10 promoter. The expression of
URA3 on the YEp213 library plasmid presumably allows rescue
via the loss of the URA3-marked RHO5(Q91H) plasmid. Both
isoforms of phosphoglucomutase (PGM1 and PGM2) act as sup-
pressors. Interestingly, phosphoglucomutase and MSI1 were both
previously identified as being suppressors of hyperactive Ras
pathway mutants (19, 50), suggesting a connection between Ras
signaling and Rho5p activity. Based on their potential involve-
ment in the direct regulation of Rho5p activity, RGD2 and MSI1
were chosen for further examination.

Rgd2p acts as a high-copy suppressor of activated Rho5p.
RGD2 was identified as a suppressor of the synthetic osmotic
sensitivity of the �ste50 RHO5(Q91H) strain in four isolates
(Fig. 2). Rgd2p was predicted to be a Rho GAP based on the
identification of sequences with similarity to Rho GAP do-
mains (49). That same study confirmed that Rgd2p stimulated
the GTPase activity of Rho5p and Cdc42p in an in vitro assay.
The RHO5(Q91H) allele contains a mutation that is analogous
to the mutation of glutamine to histidine at position 61 in
human p21 Ras, which reduces intrinsic GTP hydrolysis (26,
52). The overexpression of its cognate GAP is predicted to
downregulate the activity of the activated RHO5(Q91H) allele
in vivo (9). Rgd2p could suppress the synthetic osmotic sensi-
tivity of this strain by stimulating the GTPase activity of
RHO5(Q91H), and thus, in vivo, Rgd2p is likely functioning as
a GAP for Rho5p.

MSI1 suppression of the RHO5(Q91H) �ste50 growth defect
may involve Npr1p. MSI1 was identified as being a suppressor
in four isolates (Fig. 2). MSI1 was previously identified as being
a suppressor of hyperactive Ras signaling, potentially through
its ability to sequester and inhibit the kinase Npr1p (22, 50)

because the deletion of NPR1 was shown to mimic the effect of
MSI1 overexpression (22). To determine if MSI1 suppression
of �ste50 RHO5(Q91H) osmotic sensitivity occurs via the same
mechanism, we generated an �ste50 �npr1 strain, which we
then transformed with the RHO5(Q91H) plasmid. As ex-
pected, the deletion of NPR1 rescued the growth defect of the
�ste50 RHO5(Q91H) strain (Fig. 3A). Microscopic analysis of
cells supports the plate phenotypes (Fig. 3B). Under isosmotic
conditions, the expression of RHO5(Q91H) in a variety of
strain backgrounds results in mild morphological defects. A
wild-type strain overexpressing RHO5(Q91H) exhibits mild
morphological defects including mildly elongated buds and
occasional multibudded cells, whereas �ste50 and �ste50 �npr1
cells exhibit wild-type morphologies despite the slow growth
exhibited by the �ste50 RHO5(Q91H) strain (Fig. 3A). Os-
motic stress, however, results in more severe phenotypes. The
wild-type strain expressing RHO5(Q91H) exhibits severely
elongated cells. The �ste50 RHO5(Q91H) strain exhibits a
variety of aberrant cell morphologies including large, round,
misshapen cells and widespread cell lysis. However, combining
the �npr1 and �ste50 mutations rescues the aberrant morphol-
ogy and cell lysis defects observed when RHO5(Q91H) is ex-
pressed. Thus, the suppression of growth defects by MSI1 over-
expression is mimicked by the deletion of the gene that codes
for its antagonist kinase, NPR1, suggesting that, as with the
suppression of hyperactive Ras signaling, this regulatory mod-
ule is also involved in controlling Rho5p signaling.

Npr1p is a protein kinase whose activity influences the sta-
bility of its substrates by promoting or antagonizing ubiquitin-
mediated proteolysis (51, 56). We therefore investigated if
Rho5p can act as a substrate for Npr1p phosphorylation by
using an in vitro kinase assay. As can be seen in Fig. 3C, Rho5p
is effectively labeled in vitro by GST-Npr1p (lane 1) but not by
an unrelated kinase, Ste20p (lane 2). Specificity toward the
phosphorylation of Rho5p is demonstrated by the inability of
GST-Npr1p to phosphorylate the closely related Rho GTPase
Cdc42p (Fig. 3C, lane 3). Autophosphorylation of both Npr1p
and Ste20p was also observed. This demonstrates that in vitro,
GST-Rho5p is a substrate of Npr1p.

Rho5p is ubiquitinated, and its overexpression is lethal in a
strain with a compromised proteasome. Since Npr1p kinase
activity has been shown to antagonize ubiquitin-mediated prote-
olysis, it is possible that the Msi1p/Npr1p regulatory module is
moderating Rho5p signaling via this mechanism. We therefore
examined whether Rho5p is a substrate for ubiquitination. Strain
WCG4-11 carries the pre1-1 mutation and results in a tempera-
ture-sensitive allele of PRE1, which codes for a core component
of the 26S proteasome (13). This mutation is lethal in strains
grown at 37°C but viable at the semipermissive temperature of
30°C, where it accumulates ubiquitin-protein conjugates normally
targeted for proteasomal proteolysis. To determine if Rho5p is
ubiquitinated, we expressed GST-Rho5p in congenic wild-type
(WCG4a) and proteasome-impaired (WCG4-11a) strains. GST-
Rho5p was purified and examined by Western blotting with either
anti-GST or anti-ubiquitin probes. When probed with anti-GST
antibodies (Fig. 4A), a strong band corresponding to GST-Rho5p
was observed in both the wild-type and proteasome-deficient
strains. The band observed at a low molecular weight is in greater
relative abundance in the pre1-1 strain than in the wild type. This
may represent a Rho5p breakdown product that is efficiently

FIG. 2. A high-copy library screen identified RGD2 and MSI1 as
being suppressors of the osmotic sensitivity of �ste50 pGAL-
RHO5Q91H. SD �leucine �ura, synthetic dextrose leucine and uracil
dropout medium; gal �leu �ura, leucine and uracil dropout medium
with galactose as the carbon source.
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processed in wild-type cells but accumulates to higher concentra-
tions in a strain with partially deficient proteasome function.

We then probed the blot with anti-ubiquitin antibodies (Fig.
4A). Interestingly, the main GST-Rho5p bands tested positive
for ubiquitination, suggesting that the majority of GST-Rho5p
is ubiquitinated. The estimated molecular weight indicates mo-
noubiquitination. Monoubiquitination has been identified as
being a common method of posttranslational modification in-
volved in diverse cellular processes such as membrane traffick-
ing and histone function (15). There is no evidence of the faint
smear beneath the primary band, as seen when probed with
anti-GST antibodies, suggesting that the phosphorylated form
of Rho5p may correspond with monoubiquitination. Further-
more, there is no evidence of the low-molecular-weight GST-
Rho5p breakdown product as seen with anti-GST probes,
which implies that the processing of GST-Rho5p involves the
processing of the ubiquitin-conjugated region of the molecule.
In the pre1-1 strain, we observed a series of higher-molecular-
weight species suggestive of a polyubiquitination “ladder.”
This was not observed in the wild-type strain, suggesting that
the pre1-1 strain grown at a semipermissive temperature is
accumulating the polyubiquitin-GST-Rho5p conjugates, as
predicted. Thus, it seems that GST-Rho5p is mono- and polyu-
biquitinated, although the polyubiquitination was detectable
only in the proteasome-deficient strain.

To confirm this, we coexpressed GST-Rho5p with an HA-
ubiquitin fusion protein in W303 cells. HA-tagged ubiquitin is
efficiently utilized by the ubiquitination machinery and has
been shown to recapitulate ubiquitination patterns of wild-type
ubiquitin, although the HA-ubiquitin-protein conjugates are
inefficiently processed by the proteasome (5). In this case, we
purified GST-Rho5p and tested for the presence of HA-ubiq-
uitin by probing Western blots with anti-HA probes. As can be
seen in Fig. 4B, GST-Rho5p reacts strongly with anti-HA an-
tibodies when purified from cells coexpressing HA-tagged
ubiquitin. Again, we see the presence of a characteristic polyu-
biquitin ladder as well as the presence of monoubiquitinated
protein. We also observed lower-molecular-weight species
when blotted for HA-ubiquitin, which we ascribe to processing
by the proteasome. This would explain why these species are
not observed in the proteasome-compromised pre1-1 strain
shown in Fig. 4A. Thus, based on these observations, we con-
clude that GST-Rho5p is monoubiquitinated and exhibits
polyubiquitination in strains inhibited for proteasome activity.

In order to assay the importance of Rho5p ubiquitination in
vivo, we overexpressed RHO5 alleles in strains compromised
for proteasome activity. Strains WCG4, WCG4-11a, and
WCG4-11/22a are congenic, with the latter two containing
mutations (pre1-1 or pre1-1 pre2-2, respectively) in components
of the 20S subunit of the 26S proteasome (12, 13). These

FIG. 3. MSI1 suppression of �ste50 RHO5(Q91H) osmotic sensitivity may involve Npr1p phosphorylation. (A) Serial dilutions of relevant
genotypes under osmotically neutral noninducing (SD plates lacking uracil [SD �ura]), neutral inducing (uracil dropout medium with galactose
as the carbon source [gal �ura]), and hyperosmotic inducing (uracil dropout medium with galactose as the carbon source plus 1.25 M sorbitol)
conditions. wt, wild type. (B) Morphology of yeast cells with relevant genotypes (as indicated at the bottom) under neutral (uracil dropout medium
with galactose as the carbon source) and hyperosmotic (uracil dropout medium with galactose as the carbon source plus 1.25 M sorbitol)
conditions. (C) In vitro phosphorylation of Rho5p by Npr1p. Relevant proteins were resuspended in the combinations indicated in a buffered
solution containing relevant divalent cofactors and [�-32P]ATP, followed by 30 min of incubation at 30°C. Radiolabeled proteins were separated
by SDS-PAGE and subsequently visualized by autoradiography (top). Loading controls of Rho5p and Cdc42p are indicated by Coomassie staining
(bottom).
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strains are inviable at the restrictive temperature of 37°C but
are viable when grown at lower temperatures (30°C). We rea-
soned that the inability to regulate Rho5p activity by ubiquitin-
mediated proteolysis may result in an observable growth de-
fect. We thus expressed wild-type RHO5 and the activated
RHO5(Q91H) in the appropriate strains and incubated them at
30°C for 3 days. Proteasome-inhibited strains overexpressing
wild-type RHO5 were noticeably impaired for growth com-
pared to the wild-type strain and compared to a plasmid con-
trol (Fig. 4C). The expression of the activated RHO5(Q91H)
allele severely impaired growth in the pre1-1 strain and was
lethal in the more compromised pre1-1 pre2-2 strain (Fig. 4C).
The expression of the activated allele in the congenic wild-type
strains had no noticeable defect, which suggests that an active
proteasome is required to fully insulate the cells from the
effects of the overexpression of RHO5 alleles. Furthermore,
the increased severity of the phenotype associated with the
activated allele of RHO5 suggests that this is not a general
overexpression defect but is associated with increased Rho5p
activity. Thus, we conclude that Rho5p is subject to polyubiq-
uitination and subsequent 26S proteasome-mediated proteol-
ysis, and this is an important element of its regulation.

DISCUSSION

Our investigation of the function of Saccharomyces cerevisiae
Rho family member Rho5p has shown that it plays a role in the

osmotic shock response, and its activity is regulated by phos-
phorylation and ubiquitination. Rho5p binds the RA domain
of Ste50p, and an activated allele of RHO5 exhibits a synthetic
osmotic growth defect with an �ste50 mutation. A screen for
suppressors of this defect revealed two distinct means of reg-
ulating Rho5p activity: the overexpression of its purported
Rho GAP, Rgd2p, and a module involving phosphorylation
and ubiquitin-mediated proteolysis controlled by the nuclear
factor Msi1p. We have described a yeast Rho-type GTPase
regulated by phosphorylation and ubiquitination, suggesting
the possibility that other Rho-type GTPases may be similarly
regulated.

Rho5p binds to Ste50p, and a potential role for Rho5p in the
regulation of the osmotic stress response is suggested by the
synthetic osmotic sensitivity of an �ste50 RHO5(Q91H) mu-
tant. We have previously shown that the association between
the RA domain of Ste50p and the C terminus of Opy2p results
in the membrane localization of both Ste50p and its SAM
domain-associated partner Ste11p under conditions of osmotic
stress (62). The binding of Rho5p to Ste50p suggests another
possible interaction and another role for Ste50p in coordinat-
ing the osmotic stress response. One explanation is that Rho5p
may act as a direct negative regulator of HOG pathway signal-
ing, and the combination of increased Rho5p-dependent inhi-
bition with reduced pathway activation due to the �ste50 mu-
tation results in a synthetic osmotic lethality. A second
explanation is that the synthetic effects are indirect due to the

FIG. 4. Rho5p is ubiquitinated. (A) GST-Rho5p purified from congenic wild-type (WT) and proteasome-impaired (pre1-1) strains was assayed
for ubiquitination by probing with the anti-ubiquitin antibody. The levels of GST-Rho5p were monitored by the anti-GST antibody. (B) GST-
Rho5p was expressed singly or in combination with HA-tagged ubiquitin and was subsequently purified and separated by SDS-PAGE. The
presence of HA-ubiquitin was assayed by an anti-ubiquitin antibody. (C) Impaired proteasome function impairs growth of Rho5-expressing strains.
Vectors containing wild-type RHO5 (pGAL-RHO5) and activated rho5 (pGAL-RHO5Q91H) were transformed into strains compromised for
proteasome function due to one (pre1-1) or two (pre1-1 pre2-2) mutations to core components of the 26S proteasome. A congenic wild-type strain
and empty vector (pGAL) are included as controls.
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interactions of distinct and separate pathways. Other yeast
signaling pathways have exhibited synthetic interactions with
HOG pathway mutants. For example, increased signaling by
cyclic AMP/protein kinase A pathway results in increased os-
motic sensitivity (16, 40). Also, it has been suggested that the
cell integrity and HOG pathways cooperate in the same pro-
cess (18). If Rho5p is involved in moderating signaling through
a separate pathway that exhibits synthetic growth defects with
osmotic signaling, the combination of increased Rho5p signal-
ing and decreased HOG signaling may result in a synthetic
osmotic lethality.

A screen for suppressors of this synthetic osmotic defect re-
vealed different means of regulating Rho5p signaling activity. One
suppressor, Rgd2p, was previously suggested to be a possible
Rho5p Rho GAP based on in vitro studies (49). Here, we confirm
its ability to downregulate Rho5p signaling in vivo. It is likely that
Rgd2p is not the only Rho GAP for Rho5p; if it was, an �rgd2
mutation should mimic the activated RHO5(Q91H) allele, yet an
�ste50 �rgd2 strain does not display the synthetic osmotic sensi-
tivity defect characteristic of the �ste50 RHO5(Q91H) strain (data
not shown). Thus, other Rho GAPs that can stimulate Rho5p
GTPase hydrolysis may exist.

The suppressor screen also identified MSI1, thus suggesting
a regulatory mechanism involving Npr1p phosphorylation and
ubiquitin-mediated proteolysis. Npr1p is a kinase that stabi-
lizes several membrane proteins by moderating ubiquitination
and subsequent proteasomal degradation (51, 56). Phosphor-
ylation by Npr1p affects the ubiquitination and subsequent
processing by the proteasome, thereby stabilizing some sub-
strates such as Gap1p (32, 56) while destabilizing others such
as Tat2p (51). In the suppression of Ras signaling, Npr1p
phosphorylation was found to act antagonistically to the ubiq-
uitin-proteasome system (22). We found that Npr1p seems to
be similarly involved in the suppression of Rho5p signaling, as
an �npr1 mutation suppresses the hyperosmotic sensitivity of
the �ste50 RHO5(Q91H) strain. Rho5p is an efficient in vitro
substrate for Npr1p phosphorylation; while in vitro assays do
not necessarily confirm a physiological role for phosphoryla-
tion in vivo, this result suggests that Rho5p can serve as a
substrate for Npr1p. These results suggest that, as in the case
of Ras signaling suppression, Msi1p, via Npr1p, suppresses the
�ste50 RHO5(Q91H) synthetic osmotic sensitivity via phospho-
rylation and subsequent ubiquitin-mediated proteolysis of
Rho5(Q91H)p.

In agreement with the model of Msi1p/Npr1p suppression of
Rho5p signaling via phosphorylation and subsequent ubiquitin-
mediated proteolysis, we found that Rho5p is ubiquitinated in
vivo. A strain compromised for proteasome activity accumulated
a characteristic high-molecular-weight ladder of GST-Rho5p spe-
cies, which were detected with antibodies against ubiquitin. Fur-
thermore, GST-Rho5p purified from a strain coexpressing HA-
ubiquitin accumulated high-molecular-weight species, which were
detected with antibodies against the HA tag. These results sup-
port the model that Rho5p is ubiquitinated and may be regulated
by ubiquitin-mediated proteolysis. We hypothesized that the
overexpression of Rho5p in a strain compromised for proteasome
function may generate a growth defect and that this defect may be
increased upon the expression of the activated allele in the same
strain. Indeed, the expression of wild-type Rho5p in pre1-1 or
pre1-1 pre2-2 temperature-sensitive strains caused mild growth

defects at a semipermissive temperature. The expression of the
activated allele in these backgrounds resulted in more pro-
nounced growth defects. In support of the model of ubiquitin-
mediated proteolytic regulation of Rho5p signaling, efficient pro-
teolysis is required to mitigate the effects of Rho5p
overexpression. It remains to be determined under what condi-
tions Rho5p ubiquitination occurs whether this modification is
constitutive or cell cycle regulated or occurs in response to con-
ditions of stress.

Rho5p phosphorylation and ubiquitination may be coordi-
nated. This suggestion is supported by the presence of a canonical
PEST sequence in Rho5p. PEST sequences are characteristic of
many short-lived proteins targeted for proteasome-mediated
turnover (46); Rho5p is the only yeast Rho-type GTPase to pos-
sess a PEST sequence (49). These regions are often sites of
regulated phosphorylation; this provides a signal for ubiquitina-
tion, thus allowing signaling networks to efficiently regulate the
stability of candidate proteins. This is classically observed in the
case of G1 cyclins, whose PEST sequence phosphorylation by
their cognate cyclin-dependent kinases results in their targeted
destruction (29, 60, 61, 65). This regulatory element is observed in
numerous other systems in yeast, including membrane proteins
(37, 48).

While the function of Rho5p in the osmotic stress response
remains elusive, several lines of evidence suggest that it may
play a role in mediating signaling by the Ras/cyclic AMP path-
way. Three of the suppressors of �ste50 RHO5(Q91H) signal-
ing (MSI1, PGM1, and PGM2) were previously identified as
being suppressors of hyperactive Ras pathway mutants (19,
50). Furthermore, cells with a hyperactive Ras pathway are
more sensitive to osmotic stress (16, 40). The target of the
Msi1p/Npr1p-mediated suppression of Ras signaling was not
identified in previous work (22, 50); Rho5p thus represents a
potential target for the Msi1p/Npr1p regulation of Ras signal-
ing as the first yeast Rho-type GTPase to be regulated by
phosphorylation and ubiquitination.
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