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The RHOI gene encodes a homolog of mammalian
RhoA small GTP binding protein in the yeast Saccharo-
myces cerevisiae. Rholp is localized at the growth sites,
including the bud tip and the cytokinesis site, and is
required for bud formation. We have recently shown
that Pkclp, a yeast homolog of mammalian protein
kinase C, and glucan synthase are targets of Rholp.
Using the two-hybrid screening system, we cloned a
gene encoding a protein which interacted with the
GTP-bound form of Rholp. This gene was identified
as BNII, known to be implicated in cytokinesis or
establishment of cell polarity in S.cerevisiae. Bnilp
shares homologous domains (FH1 and FH2 domains)
with proteins involved in cytokinesis or establishment
of cell polarity, including formin of mouse, capu and dia
of Drosophila and FigA of Aspergillus. A temperature-
sensitive mutation in which the RHOI gene was
replaced by the mammalian RhoA gene showed a
synthetically lethal interaction with the bnil mutation
and the RhoA bnil mutant accumulated cells with a
deficiency in cytokinesis. Furthermore, this synthetic
lethality was caused by the incapability of RhoA to
activate Pkclp, but not glucan synthase. These results
suggest that Rholp regulates cytoskeletal reorganiz-
ation at least through Bnilp and Pkclp.
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Introduction

The Rho family belongs to the small G protein superfamily
and consists of the Rho, Rac and Cdc42 subfamilies (Hall,
1994; Takai et al., 1995). Rho has two interconvertible
forms: GDP-bound inactive and GTP-bound active forms.
The GDP-bound form is converted to the GTP-bound form
by the GDP/GTP exchange reaction, which is regulated by
two types of regulatory proteins: the GDP/GTP exchange
proteins (GEPs), which stimulate the GDP/GTP exchange
reaction, and the GDP dissociation inhibitors (GDIs),
which inhibit it. The GTP-bound form interacts with its
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specific target and performs its cell functions. Thereafter,
the GTP-bound form is converted to the GDP-bound form
by the GTPase reaction, which is regulated by GTPase
activating proteins (GAPs).

Evidence is accumulating that, through reorganization
of the actin cytoskeleton, Rho regulates various cell
functions, such as maintenance of cell morphology, forma-
tion of stress fibers and focal adhesions, cell motility,
membrane ruffling, cytokinesis, cell aggregation and
smooth muscle contraction (Hall, 1994; Takai et al., 1995).
Recently, various proteins have been identified as potential
targets of Rho (Leung et al., 1995; Madaule et al., 1995;
Amano et al., 1996; Ishizaki et al., 1996; Matsui et al.,
1996; Watanabe et al., 1996). However, it remains to be
clarified whether these target proteins of Rho are involved
in reorganization of the actin cytoskeleton.

The budding yeast Saccharomyces cerevisiae possesses
Rho family members, including RHOI (Madaule et al.,
1987), RHO2 (Madaule et al., 1987), RHO3 (Matsui and
Toh-e, 1992), RHO4 (Matsui and Toh-e, 1992) and CDC42
(Adams et al., 1990; Johnson and Pringle, 1990). Cells of
this yeast grow by budding and the actin cytoskeleton
plays a pivotal role in the budding and cytokinesis pro-
cesses (Drubin, 1991). Cortical actin patches are clustered
at the growth sites, including the site of bud emergence
in unbudded cells and the bud tip and the cytokinesis sites
in budded cells, whereas actin fibers are generally oriented
along the long axes of the mother-bud pairs (Adams and
Pringle, 1984). RHOI is a homolog of the mammalian
RhoA gene and we have shown that rhol mutants are
deficient in the budding process (Yamochi et al., 1994).
Moreover, immunofluorescence microscopic studies indi-
cate that Rholp is localized at the growth site, including
the presumptive budding site, the bud tip and the cyto-
kinesis site (Yamochi ef al., 1994). These results suggest
that RHO! regulates the process of bud formation through
reorganization of the actin cytoskeleton. Concerning the
upstream regulators of RHOI, we have identified and
characterized Rdilp and Rom1p/Rom2p as GDI (Masuda
et al., 1994) and GEP (Ozaki et al., 1996) respectively.
Recently, we identified a novel Rholp interacting protein,
Rom7p/Bemdp, although its role in the regulation or
function of Rholp remains to be clarified (Hirano et al.,
1996). Concerning the downstream targets of RHOI, we
have recently shown that one of the targets of Rholp is a
homolog of mammalian protein kinase C, Pkclp (Nonaka
et al., 1995; Kamada et al., 1996), which regulates cell
wall integrity through activation of the MAP kinase
cascade (Levin and Errede, 1995). More recently, we have
also shown that another target of Rholp is 1,3-B-glucan
synthase (glucan synthase) (Drgonovi4 et al., 1996; Qadota
et al.,, 1996), which is involved in cell wall synthesis.
Although it is apparent that Pkclp and glucan synthase
are involved in bud formation, it remains to be clarified
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BNI1 as a target of RHO1

Table I. Two-hybrid interactions between Bnilp and Rholp

DNA binding domain fusions Transcriptional activating

domain fusions®

Colony color B-Galactosidase” (U)

RHO1(Q68L) BNII
RHO1(Q68L) vector
RHOI1 BNII
RHOI1 vector
RHOI1(T24N) BNII
RHOI1(T24N) vector
RHOI1(T42A Q68L) BNI1
RHOI(T42A Q68L) vector
Ras(G12V) Raf

blue 81 £ 6
white <l
white 6=*1
white <l
white <l
white <l
white <1
white <1
blue 88 £ 1

“Plasmid pACT-BNI1(90—489) was used as a fusion of BN// with the GAL4 transcriptional activating domain.

The values are averages + SE for three transformants.

whether these targets perform their functions through
reorganization of the actin cytoskeleton.

In the present work, we have cloned the BNII gene as
a gene encoding a protein which specifically interacts with
the GTP-bound form of Rholp. The results of our genetic
studies of BNII, along with the previous identification of
BNII and the BNII-related genes as genes involved in
cytokinesis or establishment of cell polarity in various
organisms, suggest that Bnilp may be specifically involved
in regulation of the actin cytoskeleton as a target of Rholp
in S.cerevisiae.

Results

Molecular cloning of BNI1 as a potential target of
RHO1

To search for a gene which encodes a potential target of
RHOI, the two-hybrid method was used. Since it was
presumed that a target of Rholp should specifically bind
to the GTP-bound form of Rholp, Rholp(Q68L), carrying
an amino acid substitution which is likely to keep Rholp
in the GTP-bound form, was used as a bait to screen
a yeast cDNA library. We have actually shown that
Rholp(Q68L) is specifically bound to Pkclp, which is a
target of Rholp, in the two-hybrid method (Nonaka et al.,
1995). Among 5x10° total transformants, 182 positive
clones (His™ and lacZ*) were identified and the library
plasmids were recovered from these clones. Among these
182 plasmids, 32 clones were found to confer the His™
and lacZ™ phenotypes on L40 containing pBTMI16-
RHO1(Q68L). DNA sequencing of the insert DNAs of
these clones revealed that one clone encoded amino
acid positions 90489 of Bnilp (GenBank accession No.
L31766), which is involved in control of the budding
pattern and cytokinesis in S.cerevisiae (Zahner et al.,
1996). Since we had shown that Rholp is localized at the
cytokinesis site (Yamochi er al., 1994), we decided to
investigate the physiological significance of the
Rholp(Q68L)-Bnilp interaction.

The specificity and extent of the interaction of
Bnilp(90-489) with Rholp were investigated further.
As described in Table I, Rholp(Q68L) interacted with
Bnilp(90—489) to an extent similar to that of the interaction
of Ras(G12V) with Raf, which is the target of Ras.
Moreover, neither the wild-type Rholp (the GDP-bound
form) nor Rholp(T24N) (the GDP-bound form or the
nucleotide-free form) interacted with Bnilp(90—489).

Rho1p-binding
domain FH1 FH2

Association
with Rhotp | || [ 1 ] Bnitp

1 1954

|
490 1954

9 276
- A
140 343

Fig. 1. Rholp interacts with the N-terminal region of Bnilp. Various
DNA fragments encoding truncated Bnilps were cloned into the two-
hybrid vector pACT-HK and the resultant plasmids were transformed
into L40 containing pBTM116-RHO1(Q68L). Association of the Bnil
proteins with Rholp(Q68L) was examined by the qualitative assay
method for B-galactosidase activity. FH1 and FH2 are formin
homology domains 1 and 2 respectively.

Rholp(T42A Q68L), carrying an amino acid substitution
in the effector domain, which is implicated in interaction
with its target, did not interact with Bnilp(90—489) either.
These results are similar to those obtained with Pkclp
(Nonaka et al., 1995) and suggest that Bnilp is a target
of Rholp in S.cerevisiae.

Bnilp is a protein of 1954 amino acids in length and
it contains FH1 and FH2 domains, which are found in
several proteins involved in the establishment of cell
polarity or cytokinesis, including formin IV of mouse and
the products of capu and dia of Drosophila and FigA of
Aspergillus (Castrillon and Wasserman, 1994: Emmons
et al., 1995; Figure 1). The region of BNII which was
cloned in the two-hybrid screening system corresponded to
the N-terminal region. As shown in Figure 1, Rholp(Q68L)
was bound to full-length Bnilp, suggesting that the GTP-
bound form of Rholp interacts with Bnilp in vivo. Deletion
mapping demonstrated that the region of Bnilp interacting
with Rholp is in a 253 amino acids region (amino acid
positions 90-343).

Bnilp interacts directly with Rho1p

To investigate whether Bnilp interacts directly with Rholp
in vitro. a recombinant Bnilp fused to maltose binding
protein (MBP), which contains amino acid positions 1-
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Rho1p » - S

Fig. 2. Bnilp interacts directly with Rholp. The GDP- or GTPyS-
bound form of Rholp was incubated, at a Rholp concentration of
80 nM, with MBP or MBP-Bnilp(1-524), which was prebound to
protein A—Sepahrose CL-4B beads through the anti-MBP antibody.
The recovered samples were subjected to SDS-PAGE followed by
Western blotting with the anti-Rholp antibody. Lanes 1 and 2, MBP;
lanes 3 and 4, MBP-Bnilp(1-524). Lanes 1 and 3, the GDP-bound
form of Rholp; lanes 2 and 4, the GTPyS-bound form of Rholp.

Table II. Synthetic lethality between RhoA and bnil mutations

Genotype Viable Inviable?
RhoA bnil 0 32
RHOI bnil 49 3
RhoA BNII 39 13
RHOI BNI1 32 0

2Genotypes of the inviable segregants were inferred from those of the
viable segregants.

524 of Bnilp, was expressed in Escherichia coli and
purified. As shown in Figure 2, MBP-Bnilp(1-524), but
not MBP, bound to the GTPYS-bound form of Rholp with
higher affinity than to the GDP-bound form. This result
indicates that Bnilp directly interacts with Rholp.

The bni1 mutation is synthetically lethal with the
RhoA mutation
To investigate whether BNII genetically interacts with
RHOI, BNII was disrupted with HIS3 and it was found
that the bnil mutant grew normally at 24 and 30°C, but
poorly at 35°C (data not shown). We have recently shown
that a mutant in which the RHO! gene is replaced by the
mammalian RhoA gene shows a recessive temperature-
sensitive growth phenotype (Qadota et al., 1994; Yamochi
et al., 1994). The bnil mutant HKY2-1A was crossed
with the RhoA mutant HNY78 and the resultant diploid
was tetrad dissected. As described in Table II, the bnil
mutation was synthetically lethal with the RhoA mutation.
Since expression of RHOI under the control of the GALI
promoter suppressed the growth deficiency of the RhoA
bnil mutant (Figure 3), this synthetic lethality was not
due to a dominant effect of the RhoA mutation. It was
also confirmed that expression of BNII under the control
of its promoter on a single copy plasmid suppressed the
growth deficiency of the RhoA bnil mutant (data not
shown). These results indicate that a function of Bnilp
overlaps with that of a downstream component of Rholp
for vegetative cell growth and that the RhoA mutation is
deficient in activation of this downstream component.
The physiological significance of the interaction of
Rholp with Bnilp was investigated further. If the Rholp—
Bnilp interaction is essential for the function of Bnilp,
RhoA should bind to Bnilp, since the RhoA mutant is
viable. This point was examined by the two-hybrid method
and it was found that RhoA interacted with Bnilp in the
same way as Rholp interacted with Bnilp (data not
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Fig. 3. The bnil mutation is synthetically lethal with the RhoA
mutation. Cells of strains KY2-1-4D (RhoA bnil), HNY78 (RhoA),
OHNY1 (wild-type) and KY2-1A (bnil) were streaked onto YPGalAU
and YPDAU plates which were subsequently incubated at 24°C for

4 days.

Table IIL. Synthetic lethality between pkc! and bnil mutations

Genotype Viable Inviable?
pkel bnil 0 71
PKCI bnil 83 2
pkcl BNII 77 8
PKCI BNII 71 0

2Genotypes of the inviable segregants were inferred from those of the
viable segregants.

shown). Moreover, it was found that expression of
Bnilp(490-1954), which lacks the Rholp binding domain,
did not complement the growth deficiency of the RhoA
bnil mutant (data not shown). These results are consistent
with the interpretation that Bnilp is a target of Rholp.

Pkc1p, but not glucan synthase, is involved in the
synthetic lethality between the RhoA and bni1
mutations

We have recently shown that Pkclp (Nonaka et al., 1995;
Kamada et al., 1996) and glucan synthase (Drgonova
et al., 1996; Qadota et al., 1996) are targets of Rholp.
These results raise the possibility that the lethality of the
RhoA bnil mutant is due to a deficiency of RhoA in the
activation of Pkclp or glucan synthase. In other words,
BNII may genetically interact with the PKCI or/and
glucan synthase pathways.

Whether BNII genetically interacts with PKCI was
therefore examined. The bnil mutant BTY1 was crossed
with the pkcl mutant TFY7 and the resultant diploid was
subjected to tetrad analysis. Since the pkc! mutant requires,
osmotic support for growth (Levin and Bartlett-Heubusch,
1992), spore clones were grown on YPDAU medium
containing 1 M sorbitol. As described in Table III, the
bnil mutation clearly showed a synthetically lethal inter-
action with the pkcl mutation. Both the bnil and pkcl
mutants grew normally, but the bnil pkcl mutant did not
form a visible colony even in the presence of 1 M sorbitol.
This result suggests that the lethality of the RhoA bnil
mutant was due to a deficiency of RhoA in activation of
Pkclp. Consistently, as shown in Figure 4, the lethality
of the RhoA bnil mutant was suppressed by expression
of the PKCI(R398P) mutant gene, which we isolated as
a dominant suppressor of the RhoA mutation (Nonaka
et al., 1995), but was not suppressed by osmotic support.

In the next experiment, we examined whether BNI!
genetically interacts with the glucan synthase pathway. A
pair of closely related proteins, Fkslp and Fks2p, are
known to be subunits of glucan synthase and at least
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Fig. 4. The synthetic lethality of the RhoA bnil mutation is suppressed
by the dominant active PKC/(R398P) mutation, but not by an osmotic
support. Cells of strains KY2-1-4C transformed with pRS316-
PKC1(R398P) [RhoA bnil PKCI(R398P)], KY2-1-4C transformed
with pRS316 (RhoA bnil vector) and HNY81 (RhoA) were streaked
onto a YPDAU plate and a YPDAU plate containing 1 M sorbitol.
which were subsequently incubated at 24°C for 4 days.

Fkslp has been shown to be immunoprecipitated with
Rholp (Qadota er al., 1996). Simultaneous disruption of
both genes results in lethality, but disruption of either one
does not (Inoue et al., 1995). Since disruption of FKSI
results in a slow growth phenotype, the fks/ mutant was
crossed with the bnil mutant and the resultant diploid
was subjected to tetrad analysis. The result indicated that
the fksI bnil mutant is viable at 23, 30 and 37°C (data
not shown), suggesting that BNII is not involved in the
glucan synthase pathway. This point was examined further
by another approach. It was found that, in contrast to the
RhoA mutation, another temperature-sensitive mutation of
RHOI, rhol-104, did not show synthetic lethality with
the bnil mutation (Figure 5A). However, as shown in
Figure 5B, glucan synthase activity was reduced in the
rhol-104 mutant, as well as in the RhoA mutant. These
results indicate that the lethality of the RhoA bnil mutant
is not due to a reduced level of glucan synthase activity.
This conclusion is consistent with the result that the bnil
mutant possessed a normal level of glucan synthase activity
(Figure 5B). Taken together, we concluded that a function
of Bnilp overlaps with that of Pkclp, but not with that
of glucan synthase, for vegetative cell growth.

Deficiency of cytokinesis in the RhoA bni1 mutant
A diploid strain homozygous for the bnil mutation grows
normally but is partially deficient in cytokinesis and shows
a random budding pattern (Zahner et al., 1996). We
constructed a diploid strain homozygous for both the bnil
and RhoA mutations whose lethality was suppressed by
the expression of RHOI under control of the GALI/
promoter. This strain was incubated under RHO1 repressed
conditions for 12 h and the cells were subjected to
microscopic analysis along with those of the wild-type
and bnil mutant strains. It was found that 30% of the
bnil mutant cells and 60% of the RhoA bnil mutant cells
contained unseparated large buds, probably due to a
deficiency in cytokinesis, and the mother-bud neck was
wider in >80% of the RhoA bnil mutant cells than in the
bnil mutant cells (Figure 6A, Phase). Enlargement of the
mother-bud neck in the RhoA bnil mutant was more
clearly observed by staining the chitin ring, which is
present at the cytokinesis site, with Calcofluor (Figure
6A, Chitin). Moreover, staining of actin revealed that
cortical actin patches, which are normally seen at the
cytokinesis site, were randomly distributed throughout the
cells in >90% of the cytokinesis-deficient cells of both
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Fig. 5. BNI! is not involved in the glucan synthase pathway. (A) The
rhol-104 mutation is not synthetically lethal with the bni/ mutation.
Cells of strains KY2-1-4D (RhoA bnil), HNY78 (RhoA), HKY15-5A
(rhol-104 bnil) and HNY21 (rhol-104) were streaked onto a YPDAU
plate, which was subsequently incubated at 24°C for 4 days.

(B) Glucan synthase activity is reduced in the RhoA and rhol-104
mutants, but not in the bnil mutant. Membrane fractions of the wild-
type strain (OHNY 1), the RhoA mutant (HNY78), the rhol-104 mutant
(HNY21) and the bnil mutant (HKY2-1A) were cultured at 24°C and
glucan synthase activity was measured in the presence or absence of
0.8 UM GTPyS. 1. OHNYI: 2. HNY78: 3. HNY2I: 4, HKY2-1A.
Closed bars. in the presence of GTPYS: open bars, in the absence of
GTPYS. The values are averages * SE for four experiments.

the bnil and RhoA bnil mutants (Figure 6B, Actin).
Interestingly, DNA staining revealed that ~10% of the
RhoA bnil mutant cells contained more than two nuclei,
indicating that the RhoA bnil mutant is deficient in the
migration of divided nuclei into daughter cells (Figure
6B, DNA). These results suggest that the effect of the
bnil mutation on cytokinesis is enhanced by the RhoA
mutation. Consistent with this, the percentage of cyto-
kinesis-deficient cells in the RhoA bnil mutant increased
from 30 to 75% after a shift from RHOI-expressed to
RHOI-repressed conditions (Figure 7). We conclude that
the RhoA bnil mutant does not grow mainly due to a
deficiency in cytokinesis.

Discussion

In the present study, we have cloned BNII as a gene
which encodes a putative target of Rholp. The two-hybrid
study indicates that Bnilp specifically interacts, at its
N-terminal 254 amino acid region, with the GTP-bound
form of Rholp to an extent similar to that of the interaction
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Chitin

Phase

Fig. 6. Deficiency in cytokinesis of the RhoA bnil mutant.

(A) Staining of chitin. Cells of diploid strains OHNY3 (wild-type),
KY4 (bnil) and KY1 (bnil RhoA), incubated at 24°C in YPDAU
medium for 12 h, were fixed and stained with Calcofluor for chitin
and were subsequently subjected to microscopic observation.

(B) Staining of actin and DNA. Cells of OHNY3, KY4 and KY1,
incubated as described above, were fixed and double stained with
rhodamine—-phalloidin and DAPI for actin and DNA respectively and
were subsequently subjected to microscopic observation. All fields
were photographed at the same magnification.

of Ras with Raf. The result with recombinant Bnilp also
indicates that Bnilp binds directly to the GTPyS-bound
form of Rholp with higher affinity than to the GDP-
bound form, but, in contrast to the results obtained in the
two-hybrid study, Bnilp bound to the GDP-bound form
of Rholp to a significant extent. It may be speculated that
in vivo there is an unknown factor which enables Bnilp
to more specifically interact with the GTP-bound form of
Rholp. One candidate for such a factor is Rdilp, which
specifically interacts with the GDP-bound form of Rholp
(Masuda et al., 1994). Rdilp might inhibit the GDP-
bound form of Rholp from interacting with Bnilp. We
have previously shown that Pkclp (Nonaka et al., 1995;
Kamada et al., 1996) and glucan synthase (Drgonovd
et al., 1996; Qadota et al., 1996) are targets of Rholp.
Bnilp is a candidate for the third target among the targets
of Rholp which have so far been identified in S.cerevisiae.
Although we have shown that Pkclp (Kamada et al.,
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Fig. 7. Accumulation of cytokinesis-deficient cells in the RhoA bnil
mutant. Cells of diploid strains KY1 (RhoA bnil) and KY4 (bnil),
grown at 24°C in YPGalAU medium were collected, washed with
H,0 and inoculated into YPDAU medium. After incubation at 24°C
for various times, a portion of the culture was sampled and the
percentage of cytokinesis-deficient cells was determined by observing
>400 cells under a light microscope. @, KY1; O, KY4.

1996; H.Nonaka et al., unpublished results) and glucan
synthase (Drgonova et al., 1996; Qadota et al., 1996) are
activated by the GTP-bound form of Rholp, the mode of
action of Rholp on Bnilp remains to be clarified.

The bnil mutant shows a partial deficiency in cyto-
kinesis and the RhoA mutation enhances this phenotype.
The BNII gene was originally isolated as a gene whose
mutation was synthetically lethal with the cdc/2 mutation
(Zahner et al., 1996). Cdc12p is a protein named septin
which is conserved among eukaryotes and, at least in
yeast, septin probably forms a filament-like structure
required for cytokinesis at the mother-bud neck (Longtine
et al., 1996). We have found that the RhoA mutation is
also synthetically lethal with the cdcl2 mutation (data not
shown), suggesting that Rholp is involved in the regulation
of septin functions. It has been shown that Rho regulates
cytokinesis in Xenopus eggs (Kishi et al., 1993) and in
sand dollar eggs (Mabuchi et al, 1993). It may be
interesting to investigate whether Rho regulates cyto-
kinesis through Bnilp-like targets and whether septin-like
proteins are involved in this Rho—Bnilp system in higher
eukaryotes. The involvement of Bnilp-like proteins in
cytokinesis is also supported by the fact that the product
of dia, a homolog of Bnilp, is required for cytokinesis in
Drosophila (Castrillon and Wasserman, 1994).

Recently, five genes, SHEI-SHES, have been isolated
as genes needed for the accumulation in daughter nuclei
of Ashlp, a repressor of HO, which is specifically tran-
scribed in mother cells (Jansen et al., 1996). In this study,
SHES has been shown to be identical to BNII and SHE1
encodes a myosin motor, Myo4p, suggesting that Bnilp
is also involved in control of the actin cytoskeleton.
Furthermore, an indirect immunofluorescence microscopic
study has indicated that Bnilp is localized in buds (Jansen
et al., 1996). This result, together with the result that
Rholp is also localized in buds (Yamochi et al., 1994),
supports our present conclusion that Bnilp is a target of
Rholp. BNII has also been identified in a genetic screen
for mutants displaying a bipolar budding-specific ran-
domization of budding pattern (Zahner et al., 1996). Based
on precise phenotypic analysis of the bnil mutant, it has



been presumed that Bnilp is necessary for the initial
localization of bipolar positional signals to the presumptive
bud site. These results suggest that Bnilp is involved in
the establishment of cell polarity in yeast, but this conclu-
sion does not seem to be consistent with the fact that the
bnil mutant shows a partial deficiency in cytokinesis.
However, one plausible idea is that the Rholp-Bnilp
system is required to assemble a component required for
cytokinesis at the presumptive budding site, since the
budding site is the future cytokinesis site in cells of
S.cerevisiae. Taken together, the Rholp-Bnilp system
seems to be involved in the localization of numerous
proteins at the budding site or in the bud. That the RhoA
bnil mutant showed an abnormal localization of divided
nuclei may indicate that the Rholp-Bnilp system is also
required for localization of a machinery needed for the
migration of nuclei into daughter cells.

Bnilp shares two conserved domains, FH1 and FH2
domains, with a variety of proteins, including formin IV
of mouse and fuslp of Shizosaccharomyces pombe and
the products of capu and dia of Drosophila and FigA of
Aspergillus (Castrillon and Wasserman, 1994; Emmons
et al., 1995). Of these proteins, Capu is required for the
establishment of cell polarity (Emmons et al., 1995), Dia
is involved in cytokinesis (Castrillon and Wasserman,
1994), FigA is required for normal cell morphology or
polarity and fus1p is required for cell conjugation (Petersen
et al., 1995). These results suggest that FH1- and FH2-
containing proteins are involved in regulation of cytoskele-
tal reorganization. In this respect, it is noteworthy that the
FH1 domains consist of proline-rich sequences (Castrillon
and Wasserman, 1994). The proline-rich sequences have
been shown to interact with an actin binding protein,
profilin (Tanaka and Shibata, 1985), and the SH3 domains,
which are often found in proteins implicated in regulation
of the actin cytoskeleton (Pawson and Schlessinger, 1993).
In fact, it has been demonstrated that a fusion protein
containing 28 amino acids from the FH1 domain of formin
bound in vitro to the SH3 domains of Abl and Src (Ren
et al., 1993). Recently, a target of Cdc42Hs, another
member of the Rho family of small GTP binding proteins,
has been identified to be the Wiskott—Aldrich syndrome
protein (WASP) (Aspenstrom et al., 1996; Kolluri et al.,
1996; Symons et al., 1996) and WASP has been shown
to induce actin polymerization when expressed in cells
(Symons et al., 1996). It should be noted that WASP
contains the same proline-rich sequence as does Bnilp
and another protein, vasodilator-stimulated phosphoprotein
(VASP), which has homologous regions to WASP, has
actually been shown to bind to profilin through the proline-
rich sequence (Reinhard er al., 1995). These results,
together with our present results, suggest that Rholp
and Cdc42Hs may regulate reorganization of the actin
cytoskeleton by a similar mechanism.

The present results of genetic analyses indicate that the
Bnilp functions in cell growth overlap with Pkclp, but
not with glucan synthase. This may be the first demonstra-
tion of a functional interaction between the two targets of
a small GTP binding protein. We also examined whether
Bnilp physically interacted with Pkclp by the two-hybrid
method, which it did not (data not shown). It has been
shown that Pkc1p regulates cell wall integrity through the
MAP kinase cascade, which is composed of Bckip (MAP
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kinase kinase kinase), Mkk 1p/Mkk2p (MAP kinase kinase)
and Mpklp (MAP kinase) in that order (Levin and Errede,
1995). Therefore, it should be determined whether Pkclp
carries out its Bnilp-related function through the MAP
kinase cascade. Based on the lethality of the pkc/ mutant
being caused by cell lysis and suppressed in the presence
of 1 M sorbitol, it was proposed that PKCI regulates
cell wall integrity (Levin and Bartlett-Heubusch, 1992).
However, the lethality of the pkc/ bnil mutant was not
suppressed by 1 M sorbitol, indicating that there is another
function of Pkclp which is not related to regulation of cell
wall integrity, but is related to regulation of cytoskeletal
reorganization by Bnilp.

In conclusion, this study is the first report of the
identification of a target of Rho which probably links Rho
with the actin cytoskeleton. The region of Bnilp that
interacts with Rholp is present in the N-terminal 254
amino acid region. It would be intriguing to examine
whether FH1- and FH2-containing proteins found in other
organisms interact with Rho.

Materials and methods

Strains, media and yeast transformations

Yeast strains used in this study are listed in Table IV. Yeast strains
were grown on rich medium that contained 2% Bacto-peptone (Difco
Laboratories. Detroit. MI). 1% Bacto-yeast extract (Difco). 0.04%
adenine sulfate, 0.02% uracil and 2% glucose (YPDAU) or 3% galactose
and 0.2% sucrose (YPGalAU). Yeast transformations were performed
by the lithium acetate method (Gietz et al.. 1992). Transformants were
selected on SD medium that contained 2% glucose and 0.7% yeast
nitrogen base without amino acids (Difco). with SD medium supple-
mented with amino acids when required. Standard yeast genetic manipula-
tions were performed as described (Sherman er al.. 1986). Escherichia
coli strain DH50. was used for construction and propagation of plasmids.

Molecular biological techniques

Standard molecular biological techniques were used for construction of
plasmids. DNA sequencing and PCR (Sambrook er al.. 1989). DNA
sequences were determined using an ALFred DNA sequencer (Pharmacia
Biotech Inc.) and PCR was performed using a GeneAmp PCR System
2400 (Perkin Elmer). Plasmids used in this study are listed in Table V.

Screening for a target of Rholp by the two-hybrid method

A strain L40 carrying pPBTM116-RHO1(Q68L) (Nonaka er al.. 1995)
was transformed with a yeast cDNA library made in pACT (kindly
provided Stephen J.Elledge). Transformants were screened for growth
on SD plate medium lacking tryptophan, leucine and histidine. but
containing 5 mM 3-amino-1.2.4-triazole, which is a specific inhibitor of
the HIS3 gene product. His ™ colonies were then placed on a nitrocellulose
filter and stained with 5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside
for B-galactosidase activity as described (Vojtek et al.. 1993). From the
His™ and lacZ™ positive clones obtained with this screening. library
plasmids were recovered through E.coli transformation. The recovered
plasmids were transformed again into L40 containing pBTMI16-
RHOI(Q68L) to select clones which conferred the His™ and lacZ™
phenotypes on L40 containing pBTM116-RHO1(Q68L). The nucleotide
sequences of the insert DNAs of selected clones were determined. For
quantitative assay for B-galactosidase activity. cells of each transformant
were cultured in SD-Trp-Leu medium and the B-galactosidase activity
was measured according to the ONPG assay method (Guarente. 1983).

Disruption of BNI1

pBS-bnil::HIS3 was cut with BamHI and Smal and the digested DNA
was introduced into a diploid strain OHNY3. The genomic DNA was
isolated from each transformant and proper disruption of BNII was
verified by PCR (data not shown). A diploid strain in which one BNI/
allele was disrupted was named HKY1 and was subjected to tetrad
analysis. All dissected asci (15) showed a 2 His™:2 His™ segregation
pattern and all of the His™ clones grew normally at 23 and 30°C. but
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Table IV. Yeast strains used in this study

Strain Genotype

OHNY1 MATa ura3 leu2 trpl his3 ade2 (Nonaka et al., 1995)

OHNY3 MATa/MATo. ura3/ura3 leu2/leu2 trpl/trpl his3/his3 ade2/ade2

HNY78 MATa ura3 leu2 trpl his3 ade2 rhol::RhoA-URA3 (Nonaka et al., 1995)

HNYS81 MATa ura3 leu2 trpl his3 ade2 rhol.:RhoA-HIS3 (Nonaka et al., 1995)

HNY21 MATa ura3 leu2 trpl his3 ade2 rhol-104 (Yamochi et al., 1994)

TFY7 MATa ura3 leu2 trpl his3 ade2 pkcl::LEU2

HKY1 MATa/MAT o ura3/ura3 leu2/leu trpl/trpl his3/his3 ade2/ade2 BNI1/bnil::HIS3

HKY2-1A MATa ura3 leu2 trpl his3 ade2 bnil::HIS3

BTY1 MATa ura3 leu2 trpl his3 ade2 bnil::HIS3

KY2-1-4D MATa. ura3 leu trpl his3 ade2 bnil::HIS3 rhol::RhoA-HIS3 YCp-LEU2-GAL1-RHO1

KY2-1-4C MATo ura3 leu2 trpl his3 ade2 bnil::HIS3 rhol::RhoA-HIS3 YCp-LEU2-GAL1-RHO1

HKY15-5A MATa or MATo ura3 leu2 trpl his3 ade2 bnil::HIS3 rhol-104

KY1 MATa/a. ura3/ura3 leu2/leu2 trpl/trpl his3/his3 ade2/ade2 bnil::HIS3/bnil::HIS3 rhol::RhoA-URA3/rhol.:RhoA-URA3
YCp-LEU2-GAL1-RHO1

KY4 MATa/o. ura3/ura3 leu2/leu? trpl/trpl his3/his3 ade2/ade2 bnil::HIS3/bnil::HIS3

L40 MATa trpl leu2 his3 LYS2::lexA-HIS3 URA3::lexA-lacZ

Strains used in this study are isogenic except L40.

Table V. Plasmids used in this study

Plasmids

Characteristics®

pBTM116-RHO1

DBDj (xs-RHO1P, TRP1, 2um (Nonaka et al., 1995)

pBTM116-RHO1(Q68L) DBDy .xo-RHO1(Q68L), TRPI, 2um (Nonaka et al., 1995)

pBTM116-RHO1(T24N) DBDj ¢xo-RHO1(T24N), TRPI, 2um (Nonaka et al., 1995)

pBTM116-RHO1(T42A, Q68L) DBDj ¢xa-RHO1(T42A, Q68L), TRPI, 2um (Nonaka et al., 1995)

pACT-BNI1(90-489) ADgar4®, LEU2, 2um; isolated in this study from the yeast cDNA library provided by S.Elledge
pACTII-HK ADgpr4, LEU2, 2um (Ozaki et al., 1996)

pACTII-HK-BNI1(1-

1954) ADgaL4-BNI1(1-1954), LEU2, 2um; made by inserting the 5.9 kb BamHI-Smal PCR fragment containing the
BNI1 ORF into the BamHI-Smal site of pACTII-HK. The 5.9 kb BN/ DNA fragment was amplified by PCR
using upstream primer 1, 5'-GCCCGGATCCATGTTGAAGAATTCAGGCTCCAAAC, and downstream primer
1, 5'-GCCCCCCGGGTTATTTGAAACTTAGCCTGTTACC

pACTII-HK-BNI1(490-1954) ADgaL4-BNI1(490-1950), LEU2, 2um; made by inserting the 4.4 kb BamHI-Smal PCR fragment encoding

amino acid positions 490-1954 of Bnilp into the BamHI-Smal site of pACTII-HK. The 4.4 kb BNII DNA
fragment was amplified by PCR using upstream primer 2, 5'-GCGCGGATCCATGAACTTCAAAAAAATGCC-
CCAG, and downstream primer 1

pACTII-HK-BNI1(1-524) ADga14-BNI1(1-524), LEU2, 2um; made by inserting the 1.6 kb BamHI-Smal PCR fragment encoding amino

acid positions 1-524 of Bnilp into the BamHI-Smal site of pACTII-HK. The 1.6 kb BNII DNA fragment was
amplified by PCR using upstream primer 1 and downstream primer 2,
5'-GCGCCCCGGGTCATCGGCCGTCTAAAGTTTGTTC

pACTII-HK-BNI1(1-343) ADga14-BNI1(1-343), LEU2, 2um; made by inserting the 1.0 kb BamHI-Smal PCR fragment encoding amino

acid positions 1-343 into the BamHI-Smal site of pACTII-HK. The 1.0 kb BNII DNA fragment was amplified
by PCR using upstream primer 1 and downstream primer 3,
5'-GCGCCCCGGGTCATCGGCCGTGCACATAATGTATCGGT-GGTC

pACTII-HK-BNI1(90-276) ADgaL4-BNI1(90-276), LEU2, 2um; made by inserting the 0.5 kb BamHI-Smal PCR fragment encoding amino

acid positions 90-276 of Bnilp into the BamHI-Smal site of pACTII-HK. The 0.5 kb BNII DNA fragment was
amplified by PCR using upstream primer 3, 5'-TCTAGGATCCACACAAAACTTGTCTCAATAT, and
downstream primer 4, 5'-GCGCCCCGGGTCAAGTTGAGGTGGGAGAAGAGGCGCT

pACTII-HK-BNI1(140-343) ADGaL4-BNI1(140-303), LEU2, 2jum; made by inserting the 0.6 kb BamHI-Smal PCR fragment encoding

pBS-BNII

pBS-bnil::HIS3

amino acid positions 140-343 of Bnilp into the BamHI-Smal site of pACTII-HK. The 0.6 kb BNI1 DNA
fragment was amplified by PCR using upstream primer 4,
5’-GCGCGGATCCCAGCATACCGGGCAAAGTCACTCC, and downstream primer 3

BNI1; made by inserting the 6.5 kb PCR fragment of BN/ into the EcoRV site of pBluescript KS(+). The

6.5 kb BNI1 DNA fragment was amplified by PCR using upstream primer 5,
5'-TATAGGATCCAGTTGGTATGGATAGAGCCAGAATGTAAAACAAGGTGGCA, and downstream primer 4,
5'-CTCTCCCGGGCTAGTGCTTGTTTGGATGTTTGTTTTGGTATTACTGTTGT

a derivative of pBS-BNI1; made by replacing the 561 bp Bgl/II-Bg/II internal fragment of BNII corresponding to
amino acid positions 1228-1414 of Bnilp with the 1.8 kb HIS3 fragment

YCp-LEU2-GAL1-RHO1 GALI-RHOI, LEU2, CEN4 (Yamochi et al., 1994)

pRS316

URA3, CENG (Sikorski and Hieter, 1989)

pRS316-PKC1(R398P) URA3, CEN6, PKCI(R398P); made by inserting the 4.2 kb Sphl-SphlI (filled in) PKCI1(R398P) fragment into the

Smal site of pRS316

pMAL-c2-BNI1(1-524) MBP-BNI1(1-524); made by inserting the 1.5 kb BamHI-BgiIl DNA fragment of BNII from pACTII-HK-

BNI1(1-524) into the BamHI site of pMAL-c2 (New England BioLabs Inc.)

2Underlined sequences are portions of the BNI/ gene.
®DBDy x4 and ADgGaL4 are the DNA binding domain of LexA and the transcriptional activation domain of GAL4 respectively.
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poorly at 35°C, compared with the His™ clones. These bni/ mutant
strains were used for further genetic studies.

Cytological techniques

Actin and DNA were stained with rhodamine-phalloidin (Molecular
Probes Inc., Eugene, OR) or 4',6'-diamidino-2-phenylindole dihydro-
chloride (DAPI; Sigma Chemical Co., St Louis, MO) respectively, as
described (Yamochi et al., 1994). Chitin was stained with Calcofluor
White M2R New (Sigma Chemical Co.) as described (Pringle, 1991).
Stained cells were observed and photographed on Neopan Super Presto
film (Fuji Photo film, Tokyo, Japan) using a Zeiss Axiophoto microscope
(Carl Zeiss, Oberkochen, Germany).

Materials and chemicals for biochemical assays

Recombinant MBP-Bnilp(1-524) was purified from E.coli as a MBP
fusion protein using an amylose column as described (Guan et al., 1987).
The lipid-modified form of Rholp was purified from the membrane
fraction of Sf9 insect cells as described previously (Mizuno et al.,
1991). The anti-MBP antibody was an affinity-purified rabbit polyclonal
antibody raised against MBP (K.Shimizu et al., unpublished results).
The anti-Rholp antibody has been described previously (Hirano et al.,
1996). Protein A-Sepharose CL-4B was purchased from Pharmacia
Biotech Inc.

Assay for the binding of recombinant Bnilp with Rho1p

MBP (40 pmol) or MBP-Bnilp(1-524) (10 pmol) was incubated with
the anti-MBP antibody (75 pmol) at 4°C for 2 h in buffer A (150 pl)
containing 20 mM Tris-HCI, pH 7.5, 150 mM NaCl, 2 mM EDTA,
1 mM dithiothreitol, 12 mM MgCl; and 0.2% 3-[(3-cholamidopropyl)di-
methylammonio]-1-propanesulfonate (CHAPS). The antigen-antibody
complexes were recovered with 5 mg protein A-Sepharose CL-4B. The
GDP- or GTPyS-bound form of Rholp was prepared as described
previously (Yamamoto er al., 1990) and 10 pmol of each form was
incubated at 4°C for 1.5 h with immobilized MBP (25 pmol) or MBP-
Bnilp(1-524) (5 pmol) in buffer A (120 pl) containing 5 uM GDP (for
the GDP-bound form of Rholp) or GTPYS (for the GTPYS-bound form
of Rholp). The Rholp-MBP or Rholp-MBP-Bnilp(1-524) complex-
containing beads were recovered by centrifugation, washed three times
with buffer A and the protein samples eluted and subjected to SDS-
PAGE followed by Western blotting with the anti-Rholp antibody.

Assay for glucan synthase activity

Yeast cells were grown in YPDAU medium at 24°C to an ODgy of 1.0.
Cells were harvested by centrifugation and glucan synthase activity in
the membrane fraction was measured in the presence or absence of
0.8 UM GTPyS as described (Inoue et al., 1995).

Acknowledgements

We thank Stephen J.Elledge for the yeast cDNA library for the two-
hybrid screening. We also thank John Pringle for valuable discussions
and for personal communications on BNII before publication of their
work. This investigation was supported by grants-in-aid for Scientific
Research and for Cancer Research from the Ministry of Education,
Science, Sports, and Culture, Japan (1995, 1996), by grants-in-aid for
Abnormalities in Hormone Receptor Mechanisms and for Aging and
Health from the Ministry of Health and Welfare, Japan (1995, 1996)
and by grants from the Human Frontier Science Program (1995, 1996)
and the Uehara Memorial Foundation (1995, 1996).

References

Adams,A.E. and Pringle,J.R. (1984) Relationship of actin and tubulin
distribution to bud growth in wild-type and morphogenetic-mutant
Saccharomyces cerevisiae. J. Cell Biol., 98, 934-945.

Adams,A.E., Johnson,D.I., Longnecker,R.M., Sloat,B.F. and Pringle,J.R.
(1990) CDC42 and CDC43, two additional genes involved in budding
and the establishment of cell polarity in the yeast Saccharomyces
cerevisiae. J. Cell Biol., 111, 131-142.

Amano,M., Mukai,H., Ono,Y., Chihara,K., Matsui,T., Hamajima,Y.,
Okawa,K., Iwamatsu,A. and Kaibuchi,K. (1996) Identification of a
putative target for Rho as the serine-threonine kinase protein kinase
N. Science, 271, 648-650.

Aspenstrom,P., Lindberg,U. and Hall,A. (1996) Two GTPases, Cdc42
and Rac, bind directly to a protein implicated in the immunodeficiency
disorder Wiskott—Aldrich syndrome. Curr. Biol., 6, 70-75.

BNI1 as a target of RHO1

Castrillon,D.H. and Wasserman,S.A. (1994) Diaphanous is required for
cytokinesis in Drosophila and shares domains of similarity with the
products of the limb deformity gene. Development, 120, 3367-
3377.

Drgonova,J., Drgon,T., TanakaK., Kollar,R., Chen,G.-C., Ford,R.A.,
Chan,C.S.M., Takai,Y. and Cabib,E. (1996) Rholp, a yeast protein at
the interface between cell polarization and morphogenesis. Science,
272, 277-279.

Drubin,D.G. (1991) Development of cell polarity in budding yeast. Cell,
65, 1093-1096.

Emmons,S., PhanH., Calley,J., Chen,W., James,B. and Manseau,L.
(1995) Cappuccino, a Drosophila maternal effect gene required for
polarity of the egg and embryo, is related to the vertebrate limb
deformity locus. Genes Dev., 9, 2482-2494.

Gietz,D., Jean,A.S., Woods,R.A. and Schiestl,R.H. (1992) Improved
method for high efficiency transformation of intact yeast cells. Nucleic
Acids Res., 20, 1425.

Guan,C., Li,P, Riggs,P.D. and Inouye,H. (1987) Vectors that facilitate
the expression and purification of foreign peptides in Escherichia coli
by fusion to maltose-binding protein. Gene, 67, 21-30.

Guarente,L. (1983) Yeast promoters and lacZ fusions designed to study
expression of cloned genes in yeast. Methods Enzymol., 101, 181-191.

Hall,A. (1994) Small GTP-binding proteins and the regulation of the
actin cytoskeleton. Annu. Rev. Cell Biol., 10, 31-54.

Hirano,H. et al. (1996) ROM7/BEM4 encodes a novel protein that
interacts with the Rholp small GTP-binding protein in Saccharomyces
cerevisiae. Mol. Cell. Biol., 16, 4396-4403.

Inoue,S.B. et al. (1995) Characterization and gene cloning of 1,3-B-D-
glucan synthase from Saccharomyces cerevisiae. Eur. J. Biochem.,
231, 845-854.

Ishizaki,T. et al. (1996) The small GTP-binding protein Rho binds to
and activates a 160 kDa ser/thr protein kinase homologous to myotonic
dystrophy kinase. EMBO J., 15, 1885-1893.

Jansen,R.-P., Dowzer,C., Michaelis,C., Galova,M. and NasmythK.
(1996) Mother cell-specific HO expression in budding yeast depends
on the unconventional myosin myo4p and other cytoplasmic proteins.
Cell, 84, 687-697.

Johnson,D.I. and Pringle J.R. (1990) Molecular characterization of
CDC42, a Saccharomyces cerevisiae gene involved in the development
of cell polarity. J. Cell Biol., 111, 143-152.

Kamada, Y., Qadota,H., Python,C.P., Anraku,Y., Ohya,Y. and Levin,D.E.
(1996) Activation of yeast protein kinase C by Rhol GTPase. J. Biol.
Chem., 271, 9193-9196.

Kishi,K., Sasaki,T., Kuroda,S., Itoh,T. and Takai,Y. (1993) Regulation
of cytoplasmic division of Xenopus embryo by rho p2l and its
inhibitory GDP/GTP exchange protein (tho GDI). J. Cell Biol., 120,
1187-1195.

Kolluri,R., Tolias,K.F., Carpenter,C.L., Rosen,F.S. and Kirchhausen,T.
(1996) Direct interaction of the Wiskott—Aldrich syndrome protein
with the GTPase Cdc42. Proc. Natl Acad. Sci. USA, 93, 5615-5618.

Leung,T., Manser,E., Tan,L. and Lim,L. (1995) A novel serine/threonine
kinase binding the Ras-related RhoA GTPase which translocates the
kinase to peripheral membranes. J. Biol. Chem., 270, 29051-29054.

Levin,D.E. and Bartlett-Heubusch,E. (1992) Mutants in the S. cerevisiae
PKCI gene display a cell cycle-specific osmotic stability defect.
J. Cell Biol., 116, 1221-1229.

Levin,D.E. and Errede,B. (1995) The proliferation of MAP kinase
signaling pathways in yeast. Curr. Biol., 7, 197-202.

Longtine,M.S., DeMarini,D.J., Valencik, M.L., Al-Awar,0.S., Fares,H.,
Del Virgilio,C. and Pringle,J.R. (1996) The septins: roles in cytokinesis
and other processes. Curr. Opin. Cell Biol., 8, 106-119.

Mabuchi,]., Hamaguchi,Y., Fujimoto,H., Morii,N., Mishima,M. and
Narumiya,S. (1993) A rho-like protein is involved in the organization
of the contractile ring in dividing sand dollar eggs. Zygote, 1, 325-331.

Madaule,P., Axel,R. and Myers,A.M. (1987) Characterization of two
members of the rho gene family from the yeast Saccharomyces
cerevisiae. Proc. Natl Acad. Sci. USA, 84, 779-783.

Madaule,P., Furuyashiki,T., Reid,T., Ishizaki,T., Watanabe,G., Morii,N.
and Narumiya,S. (1995) A novel partner for the GTP-bound forms of
rho and rac. FEBS Lett., 377, 243-248.

Masuda,T., Tanaka,K., Nonaka,H., Yamochi,W., Maeda,A. and Takai,Y.
(1994) Molecular cloning and characterization of yeast rho GDP
dissociation inhibitor. J. Biol. Chem., 269, 19713-19718.

Matsui,T. et al. (1996) Rho-associated kinase, a novel serine/threonine
kinase, as a putative target for the small GTP binding protein Rho.
EMBO J., 15, 2208-2216.

6067



H.Kohno et al.

Matsui,Y. and Toh-e,A. (1992) Yeast RHO3 and RHO4 ras superfamily
genes are necessary for bud growth, and their defect is suppressed by
a high dose of bud formation genes CDC42 and BEMI. Mol. Cell.
Biol., 12, 5690-5699.

Mizuno,T., Kaibuchi,K., Yamamoto,T., Kawamura,M., Sakoda,T.,
Fujioka,H., Matsuura,Y. and Takai,Y. (1991) A stimulatory GDP/GTP
exchange protein for smg p21 is active on the post-translationally
processed form of c-Ki-ras p21 and rhoA p21. Proc. Natl Acad. Sci.
USA, 88, 6442-6446.

Nonaka,H., Tanaka,K., Hirano,H., Fujiwara,T., Kohno,H., Umikawa,M.,
Mino,A. and Takai,Y. (1995) A downstream target of RHOI small
GTP-binding protein is PKCI, a homolog of protein kinase C, which
leads to activation of the MAP kinase cascade in Saccharomyces
cerevisiae. EMBO J., 14, 5931-5938.

Ozaki K., Tanaka,K., Imamura,H., Hihara,T., Kameyama,T., Nonaka,H.,
Hirano,H., Matsuura,Y. and Takai,Y. (1996) Romlp and Rom2p are
GDP/GTP exchange proteins (GEPs) for the Rholp small GTP-binding
protein in Saccharomyces cerevisiae. EMBO J., 15, 2196-2207.

Pawson,T. and Schlessinger,J. (1993) SH2 and SH3 domains. Curr. Biol.,
3, 434442,

Petersen,J., Weilguny,D., Egel,R. and Nielsen,O. (1995) Characterization
of fusl of Schizosaccharomyces pombe: a developmentally controlled
function needed for conjugation. Mol. Cell. Biol., 15, 3697-3707.

Pringle,J.R. (1991) Staining of bud scars and other cell wall chitin with
calcofluor. Methods Enzymol., 194, 732-735.

Qadota,H., Anraku,Y., Botstein,D. and Ohya,Y. (1994) Conditional
lethality of a yeast strain expressing human RHOA in place of RHOI.
Proc. Natl Acad. Sci. USA, 91, 9317-9321.

Qadota,H., Python,C.P,, Inoue,S.B., Arisawa,M., Anraku,Y., Zheng,Y.,
Watanabe,T., Levin,D.E. and Ohya,Y. (1996) Identification of yeast
Rholp GTPase as a regulatory subunit of 1,3-B-glucan synthase.
Science, 272, 279-281.

Reinhard,M., Giehl, K., Abel K., Haffner,C., Jarchau,T., Hoppe,V.,
Jockusch,B.M. and Walter,U. (1995) The proline-rich focal adhesion
and microfilament protein VASP is a ligand for profilins. EMBO J.,
14, 1583-1589.

Ren,R., Mayer,B.J., Cicchetti,P. and Baltimore,D. (1993) Identification
of a ten-amino acid proline-rich SH3 binding site. Science, 259,
1157-1161.

Sambrook,J., Fritsch,E.F. and Maniatis,T. (1989) Molecular Cloning: A
Laboratory Manual. 2nd edn. Cold Spring Harbor Laboratory Press,
Cold Spring Harbor, NY.

Sherman,F., Fink,G.R. and Hicks,J.B. (1986) Methods in Yeast Genetics.
Cold Spring Harbor Laboratory Press, Cold Spring Harbor, NY.

Sikorski,R.S. and Hieter,P. (1989) A system of shuttle vectors and
yeast host strains designed for efficient manipulation of DNA in
Saccharomyces cerevisiae. Genetics, 122, 19-27.

Symons,M.,  Derry,JM.J., Karlak,B., Jiang,S., Lemahieu,V.,
McCormick,F., Francke,U. and Abo,A. (1996) Wiskott—Aldrich
syndrome protein, a novel effector for the GTPase CDC42Hs, is
implicated in actin polymerization. Cell, 84, 723-734.

Takai,Y., Sasaki,T., Tanaka,K. and Nakanishi,H. (1995) Rho as a regulator
of the cytoskeleton. Trends Biochem. Sci., 20, 227-231.

Tanaka,M. and Shibata,H. (1985) Poly(L-proline)-binding proteins from
chick embryos are a profilin and a profilactin. Eur. J. Biochem., 151,
291-297.

Vojtek,A.B., Hollenberg,S.M. and Cooper,J.A. (1993) Mammalian Ras
interacts directly with the serine/threonine kinase Raf. Cell, 74,
205-214.

Watanabe,G. et al. (1996) Protein kinase N (PKN) and PKN-related
protein rhophilin as targets of small GTPase Rho. Science, 271,
645-648.

Yamamoto,T., Kaibuchi,K., Mizuno,T., Hiroyoshi,M., Shirataki,H. and
Takai,Y. (1990) Purification and characterization from bovine brain
cytosol of proteins that regulate the GDP/GTP exchange reaction of
smg p2ls, ras p21-like GTP-binding proteins. J. Biol. Chem., 265,
16626-16634.

Yamochi,W., Tanaka,K., Nonaka,H., Maeda,A., Musha,T. and Takai, Y.
(1994) Growth site localization of Rhol small GTP-binding protein
and its involvement in bud formation in Saccharomyces cerevisiae. J.
Cell Biol., 125, 1077-1093.

Zahner,J.E., Harkins,H.A. and Pringle,J.R. (1996) Genetic analysis of
the bipolar pattern of bud site selection in the yeast Saccharomyces
cerevisiae. Mol. Cell. Biol., 16, 1857-1870.

Received on June 17, 1996; revised on August 8, 1996

6068



