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Rho1p, a Yeast Protein at the Interface Between
Cell Polarization and Morphogenesis
Jana Drgonova, Tomas Drgon, Kazuma Tanaka, Roman Kollar,

Guang-Chao Chen, Richard A. Ford, Clarence S. M. Chan,
Yoshimi Takai, Enrico Cabib*

The enzyme that catalyzes the synthesis of the major structural component of the yeast
cell wall, B(1—3)-D-glucan synthase (also known as 1,3-B-glucan synthase), requires a
guanosine triphosphate (GTP) binding protein for activity. The GTP binding protein was
identified as Rho1p. The rho? mutants were defective in GTP stimulation of glucan
synthase, and the defect was corrected by addition of purified or recombinant Rho1p. A
protein missing in purified preparations from arho1 strain was identified as Rho1p. Rho1p
also regulates protein kinase C, which controls a mitogen-activated protein kinase cas-
cade. Experiments with a dominant positive PKC7 gene showed that the two effects of
Rho1p are independent of each other. The colocalization of Rho1p with actin patches at
the site of bud emergence and the role of Rho1p in cell wall synthesis emphasize the
importance of Rho1p in polarized growth and morphogenesis.

Little is known at the molecular level
about the mechanisms involved in morpho-
genesis, a fundamental process in growth
and differentiation. To study those mecha-
nisms, we have used the cell wall of the
yeast Saccharomyces cerevisiae (1). In the
yeast budding cycle, synthesis of a new cell
wall starts at bud emergence and continues
until the daughter cell completes its matu-
ration, after cytokinesis and septum forma-
tion (I). Temporal controls must be in
place to ensure synchronization between
cell wall growth and the cell cycle. Spatial
regulation is also required to determine the
site where the new bud will emerge (2) and
to direct growth of the cell wall in an
orderly manner that will result in the cor-
rect shape for the new cell. To gain infor-
mation about such controls, we have stud-
ied the biosynthesis of B(1—3)glucan, the
major structural component of the yeast cell
wall (1). B(1—3)Glucan synthase (GS), a
membrane-bound enzyme, is stimulated by
submicromolar concentrations of GTP (3).
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A proteinaceous component that interacts
with GTP has been extracted from mem-
branes of several fungi (4).

Recently, two fractions, A and B, both
essential for GS activity, were solubilized
from yeast membranes and a GTP binding
protein was purified from fraction A (5). To
identify this protein, we tested mutants in

Fig. 1. B(1—3)Glucan

ek it a S

REcssi b

S AR R ﬂa‘;‘,‘»

761 (1984); C. H. Vanderwolf, Int. Rev. Neurobiol.
30, 225; M. A. L. Nicolelis, L. A. Baccala, R. C. S. Lin,
J. K. Chapin, Science 268, 1353 (1995).

20. Supported by fellowships to M.A.C. from the Ministry
of Science and Education of Spain and the National
Institute of Mental Health (MH19118), and grants to
B.W.C. from the NIH (NS25983) and the Office of
Naval Research (NO0014-90-J-1701).

29 September 1995; accepted 8 February 1996

known small GTP binding proteins. Of the
approximately 20 such proteins found thus
far in yeast, most participate in intracellular
traffic. However, defects in the RHOI (6)
and RHO3 or RHO4 (7) genes result in
arrest of the cell cycle at the small bud stage
with concomitant cell lysis (8, 9), a pheno-
type consistent with a defect in the initia-
tion of cell wall growth caused by impaired
glucan synthesis. '

Here, we measured GS activity in the
absence or presence of guanosine-5'-O-(3-
thiotriphosphate) (GTP-y-S) in membrane
preparations from strains containing a tem-
perature-sensitive mutation in RHO1, rhol -
104 (8). Strains with a conditional muta-
tion in RHO3 and a disruption in RHO4
(or vice versa) were also tested. Enzymatic
activity and GTP stimulation of the syn-
thase from rho3/rho4 mutants differed little
from that in the wild type (10). On the
other hand, synthase from the rhol mutant
showed a decrease in activity, which was
not remedied by the addition of GTP-y-S
(Fig. 1A). The defect was evident even
when rhol cells were grown at the permis-
sive temperature and was exacerbated by
incubation of the cells at 37°C. Fraction A
(5) restored both activity and GTP-y-S
stimulation to membrane preparations from

the rhol-104 strain (Fig. 1B). The wild-type
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fractions. Cells were grown at 26°C continuously (26°C) or transferred to 37°C for 2 hours (26°—37°C)
before harvesting. (B) Reconstitution of GS activity of rho7-104 with fraction A. The amount of added
fraction A was 20 pg. (C) Reconstitution of GS activity in rho7-104 with recombinant Rho1p (23). The
amount of added Rho1p was 0.7 pmol per reaction mixture. (D) Reconstitution of GS activity with Rho1p
and fraction B from strain GS1-36. Fraction B (7.2 g of protein) was added to all reaction mixtures.
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enzyme was also somewhat stimulated by
fraction A, but the percent activation by
GTP-v-S was unchanged (Fig. 1B). Purified
preparations (5) of the GTP binding pro-
tein yielded similar results but with less
stimulation by GTP-y-S, because the pro-
tein was partially bound to GTP (5) during
purification (10).

Fraction A was purified from strains
OHNY1 (wild type) and HNY21 (rhol-104)
by Mono(QQ and Sephacryl S-300 chromatog-
raphy (5). Determinations of [>>SJGTP-y-S
binding by the purified material yielded 14.3
pmol/pg of protein in the wild type but only
1.6 pmol/pg of protein in the mutant. This
result suggested that Rholp is the previously
studied (5) GTP binding protein and that our
purified preparations contain only one GTP
binding protein (5). After SDS—polyacrylam-
ide gel electrophoresis (SDS-PAGE), the ma-
terial from the RHOI strains OHNY1 and
GS1-36 (5) showed essentially the same pro-
tein pattern, except for a band at 14.4 kD,
which was missing in the OHNY1 fraction
(Fig. 2A). The patterns yielded by OHNY1
and HNY21 differed only in one major band
at 24 kD (Fig. 2A), which is missing in the
mutant fraction. Its molecular size is similar
to that calculated for Rholp (23 kD).

To verify that Rholp was indeed the GS
complementary factor, we used recombi-
nant Rholp in reconstitution experiments.
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Fig. 2. Identification of a band at 24 kD as Rho1p.
(A) SDS-PAGE of proteins from RHO?1 strains GS1-
36 (lane 1) and OHNY1 (lane 2) and rho7-104 strain
HNY21 (lane 3), after purification of fraction A by
MonoQ and Sephacryl 300 columns (5) and Coo-
massie blue staining. The amount of protein added
to each lane was 7.8 pg. The 24-kD band present
in preparations from GS1-36 and OHNY1, but ab-
sent from HNY21, is labeled G. (B) ADP (adenosine
diphosphate) ribosylation of GTP binding proteins.
Reaction mixtures contained 20 mM Hepes (pH 8),
0.3 mM magnesium acetate, 0.3 mM 5’-AMP
(adenosine monophosphate), 10 uM [2Pjnicoti-
namide adenine dinucleotide phosphate (54 X 10
cpm for GS1-36 purified protein and 2.7 X 10°
cpm for recombinant Rho1p), and 13 ng of C. bot-
ulinum C-3 exoenzyme in a total volume of 15 ul.
The C-3 exoenzyme was omitted from the mixtures
of lanes 2 and 4. Mixtures in lane 1 and 2 contained
0.2 pg of purified GTP binding protein from RHO1
strain GS1-36. Mixtures in lanes 3 and 4 contained
3.5 pmol of recombinant Rho1p. Incubation was
for 1 hour at 37°C, followed by SDS-PAGE and
autoradiography.
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Table 1. Glucan synthase activity in pkc71 mutants. The strains used were DL1783 (MAT a leu2-3,112
ura3-52 trp1-1 his4) and DL376 (MAT a leu2-3,112 ura3-52 trp1-1 his4 pkc1::LEU2). Cells were grown
in the presence of 0.5 M potassium acetate. The other components of growth medium as well as the

preparation of membrane and solubilized fractions and enzyme assays were as described (5).

Specific activity of
Specific activity of Stimulation fractions
Strain membranes by GTP-y-S (nmol hour=' mg~")
(nmol hour=' mg~") (fold)
A B
DL1783 (wild type) 744 5.6 6,560 13,340
DL376 (pkc1A) 504 4.7 6,240 6,860

Addition of the recombinant protein to
membrane preparations from the thol-104
mutant restored stimulation of the synthase
by GTP-y-S (Fig. 1C). Guanosine diphos-
phate (GDP) had no effect (10), in agree-
ment with the finding that GDP-bound
Rholp is inactive in the GS assay (5, figure
10). We reconstituted active GS by adding
Rholp to fraction B (Fig. 1D). This result
indicates that the latter fraction contains
all proteins required for glucan synthesis
other than Rholp.

Both recombinant Rholp and purified
fraction A from RHOI strain GS1-36 were
subjected to adenosine diphosphate (ADP)
ribosylation with Clostridium botulinum C-3
exoenzyme, followed by SDS-PAGE and
autoradiography. In both cases, a band at 24
kD was labeled (Fig. 2B). No other radio-
active band appeared. We conclude that
the GTP binding protein in fraction A is
Rholp.

Protein kinase C, the first member of a
regulatory protein kinase cascade that par-
ticipates in the maintenance of cell wall
integrity (11), is under the control of RHOI
(12). The terminal phenotypes of tempera-
ture-sensitive thol and pkcl mutants are
similar—that is, mother cells with small
buds that lyse (8, 13)—although pkcl null
mutants are rescued in media of high osmo-
larity (13), whereas rhol null mutants are

A
7\
[8(1->3)Glucan synthase| [Pkcip]

K

Cell wall synthesis | |Cell wall synthesis
B(1—-3)Glucan B(1—6)Glucan
B(1-3)Glucan

GDP GTP

o+ §

not (8). The effects of the thol-104 defect
are negated in the presence of 1 M sorbitol
(8), but only partially (10). Membrane
preparations from a pkcl null mutant had
less GS activity than the wild type, but no
impairment in stimulation by GTP-y-S
(Table 1). Fractional solubilization of the
membranes showed that the activity defect
resided in fraction B, which contains the
catalytic activity (Table 1). This defect in
the catalytic subunits may explain the
somewhat smaller amount of B(1—3)glu-
can found in the cell walls of pkcl mutants
(14).

To separate the effect of Rholp on glucan
synthesis from its effect on protein kinase C,
we transformed strain HNY21 (rhol-104)
with a plasmid [YCp50-PKC1 (R398P),
where R is Arg and P is Pro] containing a
PKC! mutation that results in a constitu-
tively active protein kinase C (PKC) (12). A
strain transformed with the YCp50 vector
served as a control. As in untransformed
cells, preparations of GS from both transfor-
mants had little activity, which was stimu-
lated by addition of recombinant Rholp
(15). In regard to lysis and terminal pheno-
type at the nonpermissive temperature, the
phenotypes of both transformed strains were
also similar (15). We conclude that the ef-
fects of Rholp on GS and on Pkelp are
independent and that the lytic phenotype is

/v UDP-O™* CHHHD

ubP-O Outside

Cytoplasm

Fig. 3. Functions of Rho1p. (A) Rho1p regulation of glucan synthesis and of the MAP (mitogen-activated
protein) kinase cascade controlled by protein kinase C. For the interaction between the Pkc1p cascade
and B(1—6)glucan, see (74). (B) Scheme for the localized regulation of cell wall synthesis at bud
emergence. For convenience, the GTP-GDP exchange in Rho1p is shown to occur in the cytoplasm but
may take place while Rho1p is attached to the plasma membrane. The small squares attached to UDP
represent glucosyl units. Pr, prenyl group.
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still present even after correction of the pro-
tein kinase C defect. Thus, Rholp acts both
on a morphogenetic enzyme, of which it is
an essential subunit, and on a regulatory
cascade. Both pathways have an effect on
cell wall synthesis (Fig. 3A).

The identification of Rholp as an acti-
vator of GS is important in understanding
the spatial regulation of new wall initiation.
The distribution of Rholp in the cell close-
ly mimics that of actin patches (8), and the
protein is prenylated (8). GS is bound to
the plasma membrane (16), where it must
be colocalized with at least a fraction of
Rholp, without which it would be inactive
(Fig. 1D). The scheme of Fig. 3B is based on
these facts. An inactive GS complex, with
only the components of fraction B, including
the hydrophobic FKSI (17) and FKS2 (18)
gene products, spans the plasma membrane
at upper right. When a prenylated Rholp
exchanges its GDP for GTP, a concomitant
change in conformation would enable it to
bind to the GS complex. This binding, com-
bined with the affinity of the prenyl group
for the lipid environment of the membrane,
may open a “gate,” allowing the substrate
(uridine diphosphate—glucose) to bind to
the now-exposed catalytic site. Simultaneous
synthesis and extrusion of glucan would en-
sue, as in the case of chitin (19). The
active complex may be surrounded by ac-
tin filaments (8, 20). In Fig. 3B, a double-
headed arrow indicates a possible interac-
tion, direct or indirect, between actin and
Rholp. The Rho proteins function in the
organization of the cytoskeleton in animal
cells (21), although in yeast Cdc42p may
be the operative Rho (22) and the local-
ization of Rholp may depend on actin
rather than the opposite. Thus, Rholp is
poised at a critical boundary between cell
polarization [as represented by the cy-
toskeleton together with the bud site lo-
calization and bud site organization ma-
chinery (2)] and morphogenesis, as repre-
sented by cell wall synthesis.
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Identification of Yeast Rho1p GTPase as a
Regulatory Subunit of 1,3-3-Glucan Synthase
Hiroshi Qadota,* Christophe P. Python,” Shunsuke B. Inoue,*

Mikio Arisawa, Yasuhiro Anraku, Yi Zheng, Takahide Watanabe,
David E. Levin, Yoshikazu Ohyaf

1,3-B-D-Glucan synthase [also known as B(1—38)glucan synthase] is a multi-enzyme
complex that catalyzes the synthesis of 1,3-B-linked glucan, a major structural com-
ponent of the yeast cell wall. Temperature-sensitive mutants in the essential Rho-type
guanosine triphosphatase (GTPase), Rho1p, displayed thermolabile glucan synthase
activity, which was restored by the addition of recombinant Rho1p. Glucan synthase
from mutants expressing constitutively active Rho1p did not require exogenous
guanosine triphosphate for activity. Rho1p copurified with 3(1—3)glucan synthase and
associated with the Fks1p subunit of this complex in vivo. Both proteins were localized
predominantly at sites of cell wall remodeling. Therefore, it appears that Rho1p is a
regulatory subunit of (1—38)glucan synthase.

The cell wall of the budding yeast Saccha-
romyces cerevisiae is required to maintain
cell shape and integrity (1). Vegetative pro-
liferation requires that the cell remodels its
wall to accommodate growth, which during
bud formation is polarized to the bud tip.
The main structural component responsible
for the rigidity of the yeast cell wall is
1,3-B-linked glucan polymers with some
branches through 1,6-B-linkages. The bio-
chemistry of the yeast enzyme that catalyzes
the synthesis of 1,3-B-glucan chains has
been studied extensively (2, 3), but little is
known at the molecular level about the
genes that encode subunits of this enzyme.
Only a pair of closely related proteins
(Fks1p and Fks2p) are known to be subunits
of the B(1—3)glucan synthase (GS) (3-5).
GS activity in many fungal species, includ-
ing S. cerevisiae, requires guanosine triphos-
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phate (GTP) or a nonhydrolyzable analog,
such as guanosine 5'-O-(3-thiotriphos-
phate) (GTP-v-S) as a cofactor, which sug-
gests that a GTP binding protein stimulates
this enzyme (2, 3, 6). Here, we demonstrate
that the Rholp GTPase is an essential reg-
ulatory component of the GS complex.
The Saccharomyces RHO1I (Ras homolo-
gous) gene encodes a small GTPase that is
localized at sites of growth (7) and whose
function is essential for viability (8). On the
basis of phenotypic analyses of conditional
rhol mutants, normal function of Rholp is
thought to maintain cell integrity (7, 9).
Conditional rhol mutants are hypersensi-
tive to Calcofluor white and echinocandin
B, drugs that interfere with cell wall assem-
bly. This hypersensitivity suggests that this
gene is involved in wall construction (10).
To determine if Rholp was required for
glucan synthesis, we measured GS activity
in extracts- of temperature-sensitive thol
mutants grown at a permissive temperature.
GS activity from wild-type cells increased
as a function of assay temperature from
23°C to 30°C to 37°C (Fig. 1A). All of the
rhol mutants tested displayed reduced ac-
tivity at each temperature relative to the
activity of the wild type. Moreover, the
enzymes from all but one mutant (rhol-5)
exhibited some amount of thermolability,
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