MOLECULAR AND CELLULAR BIOLOGY, May 1999, p. 3580-3587
0270-7306/99/$04.00+0

Vol. 19, No. 5

Copyright © 1999, American Society for Microbiology. All Rights Reserved.

Rho3 of Saccharomyces cerevisiae, Which Regulates the Actin

Cytoskeleton and Exocytosis, Is a GTPase Which
Interacts with Myo2 and Exo70

NICOLE G. G. ROBINSON,' LEA GUO,' JUN IMAI?*; AKIO TOH-E,> YASUSHI MATSUI,?
AND FUYUHIKO TAMANOI!*

Department of Microbiology and Molecular Genetics, Molecular Biology Institute, University of California,
Los Angeles, California 90095-1489," and Department of Biological Sciences,
The University of Tokyo, Tokyo 113-0033, Japan®

Received 3 December 1998/Returned for modification 26 January 1999/Accepted 8 February 1999

The Rho3 protein plays a critical role in the budding yeast Saccharomyces cerevisiae by directing proper cell
growth. Rho3 appears to influence cell growth by regulating polarized secretion and the actin cytoskeleton,
since rho3 mutants exhibit large rounded cells with an aberrant actin cytoskeleton. To gain insights into how
Rho3 influences these events, we have carried out a yeast two-hybrid screen using an S. cerevisiae cDNA library
to identify proteins interacting with Rho3. Two proteins, Exo70 and Myo2, were identified in this screen.
Interactions with these two proteins are greatly reduced or abolished when mutations are introduced into the
Rho3 effector domain. In addition, a type of mutation known to produce dominant negative mutants of Rho
proteins abolished the interaction with both of these proteins. In contrast, Rho3 did not interact with protein
kinase C (Pkcl), an effector of another Rho family protein, Rhol, nor did Rhol interact with Exo70 or Myo2.
Rho3 did interact with Bnil, another effector of Rhol, but less efficiently than with Rhol. The interaction
between Rho3 and Exo70 and between Rho3 and Myo2 was also demonstrated with purified proteins. The
interaction between Exo070 and Rho3 in vitro was dependent on the presence of GTP, since Rho3 complexed
with guanosine 5’-O-(3-thiotriphosphate) interacted more efficiently with Exo70 than Rho3 complexed with
guanosine 5'-0-(3-thiodiphosphate). Overlapping subcellular localization of the Rho3 and Exo070 proteins was
demonstrated by indirect immunofluorescence. In addition, patterns of localization of both Exo70 and Rho3
were altered when a dominant active allele of RHO3, RHO3%?**'3! which causes a morphological abnormal-
ity, was expressed. These results provide a direct molecular basis for the action of Rho3 on exocytosis and the

actin cytoskeleton.

Polarized cell growth is a fundamental necessity for many
cell types. Yeast cells must grow in a polarized fashion for
proper bud formation, and likewise, nerve cells must also ex-
hibit polarized growth during axon formation (6, 7, 12, 20, 21,
35). In yeast, this asymmetric pattern of growth is accom-
plished by the vectorial transport of secretory vesicles to the
cell surface specifically at the bud site. Multiple genes are
known to be responsible for ensuring the proper bud position-
ing and subsequent directed exocytosis of newly synthesized
materials to the bud; however, the exact mechanism by which
this is accomplished is poorly understood (6, 7, 12, 20, 21, 35).

One protein, of many, that seems to play a critical role in this
process is Rho3 (36), a member of the Rho family of proteins
which include Rhol (33), Rho2 (33), Rho4 (36), and Cdc42 (1,
25). Rho3 and Rho4 are important for directing the deposition
of newly synthesized materials to the bud site. Disruption of
RHO3 results in slow growth, which is exacerbated by the
additional disruption of RHO4, the combination of which
causes lethality above 30°C (36). Morphologically, tempera-
ture-sensitive rho3-1 mutants appear as enlarged rounded cells
with an aberrant actin cytoskeleton where actin patches are
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delocalized at nonpermissive temperatures (23). Furthermore,
cells depleted in both Rho3 and Rho4 lyse at the small-budded
stage (37). The addition of osmotic stabilizing agents partially
suppresses this lethality (37), which supports the idea that the
cell lysis is caused by mislocalization of materials necessary for
bud growth. A weakened cell wall at the site of active growth
could eventually cause the cell wall to rupture. Expression of
an activated RHO3 allele, RHO3512%4131 causes cold-sensitive
growth and the appearance of elongated cells which are often
bent at the sites where actin patches are observed (23). Genetic
interactions of RHO3 with bud-site assembly genes such as
CDC42 and BEM1 have been detected (37). In addition, RHO3
has been shown to interact genetically with SEC4 (23), a GTPase
involved in the fusion of secretory vesicles with the plasma
membrane (17, 48). From these studies, it was suggested that
Rho3 plays a critical role in directing newly synthesized pro-
teins to the bud site. This process involves organization of the
actin cytoskeleton; when this function is disrupted, newly syn-
thesized proteins are deposited in an isotropic fashion, leading
to the appearance of uniformly enlarged cells or, once bud
formation has begun, lysis of cells at the small-budded stage.

To gain further insights into the function of Rho3, we per-
formed a yeast two-hybrid assay which led to identification of
Exo70 and Myo2. Exo70 is a component of the exocyst, a
multiprotein complex which is involved in exocytosis (53).
Other components of the exocyst identified are Sec3, Sec5,
Sec6, Sec8, Secl0, and Secl5 (53). This complex is believed to
reside at the tip of the bud, enabling the fusion of secretory
vesicles with the plasma membrane, a process which requires
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Sec4 (15). Myo2 is an unconventional myosin that is proposed
to be important in the movement of secretory vesicles to the
bud site (26). The myo2-66 mutant accumulates secretory ves-
icles in the mother cell at nonpermissive temperatures and, like
rho3-1 temperature-sensitive mutants, exhibits an aberrant ac-
tin cytoskeleton including delocalized cortical actin patches
(26). In this report, we also show that the interaction of Rho3
with these proteins requires the effector domain of Rho3 and
that the interaction of Rho3 with Exo70 is dependent on the
presence of the GTP-bound form of Rho3. In addition, we
show that the localization of Exo70 largely follows that of
Rho3, raising the possibility that Rho3 is required to direct the
exocyst to areas of active cell growth.

MATERIALS AND METHODS

Construction of two-hybrid vectors and PCR mutagenesis. 703%/?°, an acti-

vating mutation of RHO3, was inserted into a modified version of the two-hybrid
construct pPGBT9 (13) which contains a Kpnl site (44). A RHO3 fragment flanked
atits 5" end with a Kpnl site and at its 3" end with a Sall site was created by PCR
amplifying the template pY0324-Rho3 (23), using primers 5'-ACTGTAGGTA
CCATGTCATTTCTATGTGGGTCAG-3" and 5'-ATCTCCGTCGACTTACA
TAATGGTACAGCTGG-3'. The resulting fragment was then inserted into the
corresponding sites of pGBT9-Kpnl to create pPGBRHO3F!?°. This construct was
then sequenced to ensure that no additional mutations occurred during PCR
amplification. The C-terminal CAAX sequence of Rho3 was deleted to prevent
mislocalization of Rho3 in the two-hybrid system. This was accomplished by
digesting pPGBRHO3E!?° with Kpnl and BamHI and inserting the Kpnl/BamHI
fragment into the corresponding sites of pGBT9-Kpnl. This created a plasmid,
pGBRHO3E12A5, containing the RHO3 sequence missing the last five amino
acids. Another CAAX-less construct, pPGBRHO3E'2°A, missing the last four
amino acids was also constructed by adding the linker 5'-GATCCAGCTAAAG
ATCTTG-3', which is flanked by BamHI and Sa/l, into the BamHI- and Sall-
digested pPGBRHO3®!?? vector. This resulted in the deletion of the last four
amino acids corresponding to the CAAX motif followed by a stop codon.

The rho3512%V25 | pho312%498  1ho3F12%547  and rho3%12%N3° mutations were
created by site-directed mutagenesis with overlap extension using PCR (22). The
mutagenic primers for the V25 mutation were B (5-TGGGCGACGTTGCCT
GTGGTAAAACTTCG-3") and C (5'-CACAGGCAACGTCGCCCAAAATA
ACGATC-3"), those for the A48 mutation were B (5'-TTATGAGCCTGCTGT
TTTTGAAAACTATATCC-3") and C (5'-TCAAAAACAGCAGGCTCATAA
ACTTCGG-3'), those for the S47 mutation were B (5'-TTATGAGTCTACTG
TTTTTGAAAACTATATCC-3") and C (5'-TTCAAAAACAGTAGACTCATA
AAC-3"), and those for the N30 mutation were B (5'-GTGGTAAAAATTCGT
TGCTG-3") and C (5'-GCAACGAATTTTTACCACAG-3"). The outside primers
were A (5'-ACTGTAGGTACCATGTCATTTCTATGTGGGTCAG-3") and D
(5'-ATCTCCGTCGACTTACATAATGGTACAGCTGG-3'), and the template
used was pPGBRHO3F!?°A. The resulting PCR products were cloned into the
corresponding sites of pGBT9-Kpnl. These plasmids were sequenced to ensure
that no additional mutations were introduced. Plasmids containing single muta-
tions of V25, A48, S47, and N30 were produced by replacing the E129-containing
fragment of RHO3 with a wild-type 3’ region with a Bcll-to-Sall fragment.

pGBRHO1V'A was constructed using PCR mutagenesis as described above.
The internal primers used were B (5'-GTTGGTGATGTTGCCTGTGGTAAG
ACATG-3") and C (5'-CACAGGCAACATCACCAACGATTACCAGC-3"). The
outside primers were A (5'-TATCGTTTCGACCATCG-3') and D (5'-GGGA
TTGAAAAAGGGCAG-3'). The template used was pRS316-HAZ-RHO1-Sall,
which is a modified version of pRS316-HA?-RHOL1 in which a Sall linker was
inserted after the RHOI stop codon (61). pGBT9-Kpnl was digested with Acc651
and Sal/l, and the PCR product was inserted after digestion with Acc651 and Sall.
The resulting vector, pPGBRHO1Y!?, was sequenced to ensure that no additional
mutations were introduced. The vector was then converted to a CAAL-less
version by replacing the 3" Nhel-to-Sall fragment with a fragment missing the last
four amino acids. The resulting plasmid, pPGBRHO1V'?A, was used in the two-
hybrid analysis.

RBP4 was moved into the pGAD424 vector (4) to create pPGAD-RBP4. The
pGAD424 vector was digested with BamHI, and a Bg/II fragment of RBP4
obtained from the pACTI library vector was inserted. (This fragment encodes
amino acids 275 to the stop codon of Exo70.) The full-length EXO70 plasmid was
constructed by PCR amplification of the 5" region of the EXO70 open reading
frame from a Saccharomyces cerevisiae genomic library and cloning into pGAD424
vector. The primers used for this amplification were A (5'-TGTACCCGGGGA
TGCCAGCTGAAATTGAC-3') and B (5'-CTTCTTGCGTACAATCTTGC-
3"), which added a Smal site at the 5’ region. This site was used to clone the 5’
Smal-to-Ndel fragment of EXO70 into pGAD-RBP4 to make the full-length
construct pPGAD-EXO70. The PCR-amplified region was sequenced to confirm
that no mutations were introduced. The MYO?2 fragment isolated from the
two-hybrid screen contained coding sequence for 11 residues of lysine after
amino acid 1211. These lysine residues were removed by inserting a stop codon
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after amino acid 1211 via PCR, which resulted in the construction of pGAD-
RBP26. The primers used for this amplification were A (5'-CCACTACAATG
GATGATG-3') and B (5'-GTACTAGGATCCGTCGACTTATTCACTTAAA
ACTATAATCAG-3'). This added a Sall site at the 3’ region of the PCR
fragment, which was then digested with BamHI and Sa/l and cloned into corre-
sponding sites of pGAD-GH (58). The PCR-amplified region was sequenced
to ensure that no mutations were introduced. A truncated construct of
MYO2, pACTRBP26AB, containing amino acids 871 to 1130 was also created. A
BglII fragment was removed from the MYO?2 clone isolated from the pACT1
library vector and cloned into the BamHI site of pACTII (31) to create
pACTRBP26AB. pGAD424-PKC1 and pACTII-HK-BNII1 were provided by K.
Tanaka (Osaka University).

Two-hybrid screening procedure. The pPGBRHO3F!2°A5 construct was used to
screen a yeast cDNA library inserted into the two-hybrid construct pACT1 (13).
The screen was carried out as follows. pPGBRHO3E12%A5 was transformed along
with the yeast two-hybrid cDNA library into the yeast strain Y190 by the lithium
acetate transformation method (16). The transformants were plated on synthetic
complete medium (51) lacking tryptophan, leucine, and histidine but containing
25 mM 3-aminotriazole to minimize background. A total of approximately 2 X
10° colonies were screened. The pACT plasmids contained in colonies positive
for both the histidine auxotrophy assay and the filter lift B-galactosidase assay
were isolated and purified by transformation into Escherichia coli. The plasmid
DNA was subsequently retransformed into Y190 with either pPGBRHO3F'2%A5
or pGBT9-Kpnl. Plasmids which were positive only in the presence of
pGBRHO3®!'?9A5 were further analyzed. The DNA from these candidates was
then sequenced and analyzed with the BLAST program (2) against the S. cer-
evisiae genome database to determine the identity of the DNA. Filter lift assays
and liquid B-galactosidase assays were performed as described previously (44).

Complementation studies. A centromeric plasmid expressing full-length RHO3
was constructed by replacing RHOI on plasmid pRS316-HA?-RHO1-Sall.
pRS316-HA>-RHO1-Sall was digested with Kpnl and Sall, and the Kpnl-Sall
RHO3 fragments of both the full-length wild type and various mutants were
inserted to create pNRHO3, pNRHO3V?*, pNRHO3"*¢, pNRHO3%, and
pNRHO3™. This resulted in the addition of a double hemagglutinin (HA)
epitope at the N terminus of RHO3. These constructs were transformed into
yeast cells by the lithium acetate method (16), and the resulting transformants
were examined for the ability to complement the 203 null phenotype. The yeast
strain YMR504 (MATo rho3::LEU2 GAL7p [GAL7 promoter|:RHO4 ura3::HIS3
leu2 his3 trpl lys2 ade2) was used for this experiment. Colony size was assessed
on both galactose- and dextrose-containing synthetic complete medium lacking
uracil. Western analysis was carried out as described by Sambrook et al. (49).

Protein purification and in vitro binding. The plasmid for expression of the
glutathione S-transferase (GST)-Rho3 fusion protein was constructed by insert-
ing a full-length RHO3 fragment into the Kpnl and Sall sites of a modified
pGEX-5X-3 vector (Amersham Pharmacia, Piscataway, N.J.) containing a Kpnl
linker. GST-Rho3 was purified as described previously (52, 60). Maltose binding
protein (MBP)-RBP4 was constructed by inserting a Bg/II (blunt-ended)-to-Sall
fragment of RBP4 into the BamHI (blunt-ended) and Sall sites of pMAL-c2, an
MBP vector (New England Biolabs). MBP-Ex070 was constructed by inserting a
Smal-to-PstI full-length fragment of EXO70 into the BamHI (blunt-ended) and
PstI sites of pMAL-c2. MBP-RBP26 was constructed by inserting an X#oI (blunt-
ended)-to-Xhol (blunt-ended) fragment into the BamHI (blunt-ended) site of
pPMAL-c2. MBP-RBP4, MBP-Ex070, and MBP-RBP26 were purified as de-
scribed previously (57). The MBP-RBP26 protein was purified as above except
that the cells were induced at an optical density (600 nm) of 0.1 and harvested at
an optical density of 0.5. In vitro binding was carried out by using a modified
version of a previously described method (62). First, GST-Rho3 was preloaded
for 15 min at 37°C with the nonhydrolyzable guanine nucleotide guanosine
5'-O-(3-thiotriphosphate) (GTPyS) or guanosine 5'-O-(3-thiodiphosphate)
(GDPBS) to exchange any bound nucleotides. The loading buffer contained 20
mM Tris-HCI (pH 7.4), 50 mM NaCl, 5 mM EDTA, 1 mM dithiothreitol, and 1
mM GTP~S. After the addition of 12.5 mM MgCl,, GST-Rho3 was incubated
with either MBP, MBP-RBP4, MBP-Ex070, or MBP-RBP26 bound to amylose
resin for 2 h at 4°C. The binding buffer contained 50 mM Tris-HCI (pH 7.4), 150
mM NaCl, 1 mM dithiothreitol, 1% Triton X-100, 10 mM MgCl,, and 2 mg of
bovine serum albumin (BSA) per ml. The protein-bound resin was then col-
lected, washed with binding buffer, and resuspended in Laemmli buffer. The
samples were boiled, separated by sodium dodecyl sulfate (SDS)-polyacrylamide
gel electrophoresis (PAGE), and then subjected to Western analysis performed
as described elsewhere (49). The presence of GST-Rho3 was detected by using
an anti-GST antibody (Santa Cruz Biotechnology, Santa Cruz, Calif.). The same
protocol was used to test binding with GST, GST-Kir, GST-Rad, GST-H-Ras,
and GST-Rho4.

Immunofluorescence. A yeast strain containing an HA-tagged version of
EXO70 was constructed as follows. A 1.9-kb DNA fragment of the EXO70 coding
region was amplified by PCR and cloned into pRS303. The sequence for three
copies of tandemly repeated HA epitope was inserted in frame just in front of the
stop codon of EXO70. The resulting plasmid was then integrated into the Xhol
site of the coding region of the EXO70 allele in the wild-type yeast strain
YPH499 (23) to produce HA-tagged Exo70 from the EXO70 promoter. These
cells were then transformed with plasmids containing either GAL7p:RHO3%72?
or GAL7p:RHO3%12%4131 and prepared for indirect immunofluorescence.
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Cells were grown to mid-log phase in synthetic complete medium without
uracil containing 2% galactose and 0.3% sucrose as carbon sources (SCGal-U)
and stained with both rabbit anti-Rho3 antibody (23) and monoclonal mouse
anti-HA antibody (Berkeley Antibody Company, Berkeley, Calif.) as previously
described (45). Cells were fixed with 3.6% formaldehyde for 120 min, treated to
form spheroplasts, and fixed onto polylysine-coated slides. The cells were then
treated with 0.2% SDS in 100 mM potassium phosphate buffer (pH 7.5) con-
taining 1 M sorbitol for 5 min, washed five times with G1T (1% gelatin, 0.5 mg
of BSA per ml, 150 mM NaCl, 50 mM HEPES [pH 7.5], 0.1% Tween 20, 1 mM
NaN3), submerged in methanol (—20°C) for 6 min and then in acetone (—20°C)
for 30 s, and subsequently incubated in G3T (3% gelatin, 0.5 mg of BSA per ml,
150 mM NaCl, 50 mM HEPES [pH 7.5], 0.1% Tween 20, 1 mM NaN3) for 30
min. Cells were then incubated with anti-Rho3 antibody (1:1,000 dilution in
GIT) at 25°C for 1 h followed by fluorescein isothiocyanate-labeled sheep anti-
rabbit immunoglobulin G (1:500 dilution in G1T) for 1 h. Next, cells were
incubated with G3T for 1 h, mouse anti-HA (1:400 dilution in G1T) for 1 h, and
Cy3-labeled sheep anti-mouse immunoglobulin G (1:500 dilution in GIT;
Chemicon International Inc., Temecula, Calif.) for 1 h. After each incubation,
cells were washed five times with G1T buffer. The samples were then mounted in
p-phenylenediamine (1 mg/ml in 90% glycerol) and observed with a model BH-2
epifluorescence microscope.

RESULTS

Rho3 interacts with Exo70 and Myo2. To identify proteins
interacting with Rho3, we performed a yeast two-hybrid screen
(8). An S. cerevisiae cDNA library was screened by using an
activated mutant of RHO3 fused with the DNA binding do-
main of GAL4 as bait. Using an activated mutant of RHO3 is
important, since we found that only the activated Rho3 protein
interacts with its downstream effectors in the two-hybrid sys-
tem. Similar results were obtained with RHQOI, which also
requires an activated form for detectable levels of effector
binding (30, 43). The mutations rh03*’?° (the original clone of
RHO3 that was isolated carries the 129th codon as Glu [36],
but RHO3 in the standard wild-type strain, W303 [38], carries
the 129th codon as Lys) and 103" were used as activating
mutations in this study. The 129th residue of Rho3 is located in
the G-4 region and the 25th residue is located in the G-1
region, both of which are necessary for GTP and GDP binding
of small G proteins (5). Such mutations in Ras superfamily G
proteins result in constitutive activation (10, 50). Finally, the
CAAX box at the C terminus of RHO3 was deleted to prevent
possible interference with the nuclear localization of the fusion
protein. A total of 2 X 10° colonies were screened with His™
selection. Of the 190 candidate clones obtained from this
screen, 24 have been scored as 3-galactosidase positive by filter
lift assay (44) upon isolation and retransformation. Eight
clones contained fragments of the EXO2 and Myo2 genes and
were further characterized. The interactions between activated
Rho3 and two of these clones, RBP4 and RBP26, are shown in
Fig. 1 and 2 and Table 1. Fragments of Exo70 were identified
seven times in our screen. Exo70 is a component of a multi-
protein complex called the exocyst which functions at the late
stage of protein secretion from the Golgi complex to the
plasma membrane (53). Another clone, RBP26, encodes a
fragment of the Myo2 protein, an unconventional myosin be-
lieved to be involved in the regulation of the actin cytoskeleton
and translocation of secretory vesicles along the actin cytoskel-
eton to the bud (26). Figure 1 shows the regions of Exo70 and
Myo2 which interact with Rho3. The fragments of Exo70 that
we identified map to the C-terminal half of the protein, the
smallest of which contains amino acids 360 through 623. This
finding indicates that the C-terminal region of Exo070 is suffi-
cient for Rho3 binding. Full-length Exo70 also interacts with
Rho3 (Table 1). In the case of Myo2, the RBP26 fragment
encompasses a region including the coiled coil and a part of the
non-a-helical C-terminal region spanning amino acids 871 to
1204. In addition, the smaller construct RBP26AB, which con-
tains the region between amino acids 871 and 1130, also inter-
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FIG. 1. Fragments of Exo70 and Myo2 which interact with Rho3. Regions of
Ex070 and Myo2 contained in the two-hybrid clones identified to interact with
Rho3 are shown as bars below the intact molecules. ATP, ATP binding region;
AB, actin binding region; N, neck region; C, coiled-coil region; H, hinge region.

acts with activated Rho3. This region is outside the regions of
actin and ATP binding which are located in the N-terminal half
of the protein (26). The interacting region consists of the
C-terminal part of the neck region, which contains two of the
six IQ motifs found in the protein, as well as the hinge and
N-terminal region of the non-a-helical C terminus. Neither
RBP4, full-length Exo70, nor RBP26 interacts with wild-type
Rho3 in the two-hybrid system, presumably because the GTP-
bound form of Rho3 is necessary for sustained interaction
(data not shown). Similar observations have been made for
other small G proteins, including Rhol and RhoA, which need
to be activated in order to produce measurable two-hybrid
signals with Bnil or Pkcl or with myosin phosphatase, respec-
tively (29, 30, 43). RBP4 interaction was also detected with an
activated version of Rho3 containing a CAAX box. On the
other hand, RBP26 interaction was seen only with the CAAX-
less construct (data not shown).

Effector domain and dominant negative mutants of Rho3.
Mutants of rho3 can be used to examine whether Exo70 and
Myo2 are downstream effectors of Rho3. A region called the
effector domain which encompasses residues 43 to 53 of Rho3
is known to be critical for interaction with downstream effector
molecules (23). Mutations in this domain result in the loss of
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FIG. 2. The yeast two-hybrid interaction between both Rho3 and Rhol with
their downstream effectors. Rho3 and Rhol were fused to the DNA binding
domain of GAL4. Their interactions with Pkcl, RBP4, RBP26, and Bnil, all of
which are fused to the activation domain of GAL4, are demonstrated by the plate
B-galactosidase assay.
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TABLE 1. Two-hybrid interaction of Rho3 with Exo70 and Myo2*

B-Galactosidase activity (Miller units; mean * SD)

Construct
Exo070 RBP4 RBP26
Rho3E12° 3.28 £0.10 48.09 = 12.7 3.48 £ 0.83
Rho3E129/A48 0.20 = 0.02 0.17 £ 0.04 0.11 £ 0.02
Rho3E129/547 0.26 = 0.02 6.79 £ 1.13 0.35 £0.18
Rho3E12o/N30 0.20 = 0.03 0.23 = 0.01 0.19 = 0.03

“ The liquid B-galactosidase assay was carried out as described by Poullet and
Tamanoi (44). RHO3 was fused to the DNA binding domain vector pGBT9.
EXO70, RBP4, and RBP26 were fused to the activation domain vector
pGAD-GH or pGAD424. The interaction between pGBT9 and pGAD-GH
(0.19 = 0.04 U) was used as a negative control, and the interaction between
pGBT9-NF1 and pGAD-HrasV'? (activated Hras) (4.35 = 2.11) was used as a
positive control as previously described (44). These experiments were repeated
three times with similar results.

function of Rho3, Rhol, or RhoA (3, 23, 30). We introduced
two effector loop mutations into 7203%?° and examined their
effects on the interaction with Exo70 as well as with Myo2 in
the two-hybrid system. To provide a quantitative comparison
of the interaction, a two-hybrid liquid assay which measures
B-galactosidase activity (41, 44) was carried out. As shown in
Table 1, no interaction was seen between the Rho3E!29-A48
mutant and full-length Exo70, the Exo70 fragment (RBP4), or
the Myo2 fragment (RBP26). Similarly, the Rho3"*'%%*7 mu-
tant did not interact with full-length Exo70. We did detect an
interaction between the Rho3®'***” mutant and the Exo070
fragment, but the interaction was significantly less than that of
Rho3"'?°, A weak interaction was also detected with
Rho3E!2%%47 and the Myo2 fragment (RBP26). Interactions
between Rho3"'?*5%7 and full-length Exo70 as well as the
Myo2 fragment (RBP26) were detected by using the Lex A
two-hybrid system (19), which is more sensitive than the Gal4
version (data not shown). We also examined a form of Rho3,
Rho3™*°, which is analogous to dominant negative forms of
other Rho proteins. Analogous mutants of Rhol, Rho4, and
RhoA do not interact with downstream effectors (24, 30, 59).
Furthermore, the dominant negative form of RhoA was shown
to remain preferentially in the GDP-bound form (63). As
shown in Table 1, Rho3E!2*N30 does not interact with full-
length Exo070, the Exo70 fragment, or the Myo2 fragment. This
mutant was also tested in the LexA two-hybrid system, and no
interaction was observed (data not shown). Western analyses
of the Rho3 proteins suggest that the expression levels of the
Rho3 mutants are comparable to that of the wild type in these
experiments (data not shown). In addition, all aforementioned
two-hybrid constructs were tested for self-activation and gave
negative results (data not shown). These results suggest that
Ex070 and Myo2 are downstream effectors of Rho3.

The ability of various Rho3 mutants to interact with down-
stream effectors correlates well with their ability to comple-
ment the loss of Rho3 function in vivo (Fig. 3). A rho3 disrup-
tion strain containing a copy of RHO4 under the control of the
GAL7 promoter was used, and all mutants were expressed on
a centromeric vector under the control of the RHO! promoter.
On galactose-containing medium where overproduction of
Rho4 complements the growth defect exhibited by the loss of
Rho3, there is no detectable difference in colony size in trans-
formants expressing either vector (pRS316) alone, wild-type
Rho3, Rho3V?, Rho3**%, Rho3%*’, Rho3™*°, or Rhol (Fig.
3A). However, when Rho4 overproduction is shut down by a
shift to dextrose-containing medium, the differences become
apparent. Both wild-type Rho3 and Rho3V? can complement
the growth defect, while neither Rho3*** nor Rho3™*" shows
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FIG. 3. Complementation of a Arho3 yeast with various RHO3 mutants.
Yeast strain YMR504 was transformed with RHO3, rho3"??, rho31*%, rho3%%7,
and rho3™3°, as well as RHOI, all of which were inserted into the centromeric
vector pRS316. Transformants were grown on medium containing either galac-
tose (A) or glucose (B) and assessed for the ability to complement the growth
defect exhibited by Arho3 cells. wt, wild type.

any difference in colony size from Rhol-expressing cells or
those transformed with vector alone (Fig. 3B). Cells expressing
Rho3%*” show almost wild-type levels of complementation,
with a barely discernible decrease in colony size compared with
wild-type Rho3. Similar results were observed with these mu-
tations in the E129 background (data not shown). Western
analysis showed that all Rho3 proteins were expressed at sim-
ilar levels (data not shown). These observations suggest that
the differences in binding ability among the different mutants
correlates with their ability to properly function in vivo.
Ex070 and Myo?2 interact specifically with Rho3, while Bnil
interacts with both Rho3 and Rhol. While Rho3 plays critical
roles in directing exocytosis to the bud, another Rho protein,
Rhol, is important for bud site maintenance as well as for cell
wall synthesis (11, 46). Two downstream effectors, Pkcl and
Bnil, are known to interact with activated Rhol in the two-
hybrid assay (30, 43). Bnil contains formin homology domains
and interacts with profilin, an actin binding protein, while Pkcl
participates in a protein kinase cascade regulating cell wall
integrity (27, 43). To investigate the specificity of Rho3 for
Myo2 and Ex070, Rhol effectors were tested with Rho3 and
vice versa. The activating mutation Rho3Y%* was used, as was
the corresponding mutation in Rhol, Rho1V*. As can be seen
from Fig. 2, Rho3 does not interact with Pkcl whereas Rhol
shows strong interaction with Pkcl. In addition, Rhol does not
bind to either Myo2 or Exo70. Thus, Rho3 interacts with a
separate and distinct set of proteins compared with Rhol.
Rho3 does interact with Bnil, but the interaction is weaker
than that seen between Rhol and Bnil. We also examined the
interaction of Bnil with the various Rho3 mutants described
above and obtained results similar to those for Exo70: Bnil
interacted with Rho3"'?* and Rho3®'?*5*7 but not with
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FIG. 4. Invitro interaction of Rho3 with RBP26, Exo70, and RBP4. (A) GST-Rho3 preincubated with a nonhydrolyzable analogue of GDP or GTP was mixed with
either MBP-RBP4 or MBP-Ex070 bound to amylose resin. After rinsing, the resin was collected, loading buffer was added, and the samples were boiled. The proteins
were then separated on an SDS-polyacrylamide gel, and the presence of GST-Rho3 was examined by using an anti-GST antibody. The Rho3 lane contains purified
GST-Rho3 and is intended to show the position of GST-Rho3. (B) GST-Kir (20 ng), GST-Rad (20 pg), GST (20 ng), GST-H-Ras (20 pg), GST-Rho4 (10 and 20 pg),
and GST-Rho3 (10 and 20 p.g) were loaded with GTP+S and assessed for the ability to bind MBP-Exo70 as described above. The Rho3 lane contains purified GST-Rho3
as in panel A. (C) GST-Rho3 and GST-Rho3”*® were loaded with GTPyS and assessed for the ability to bind MBP-RBP4 as described above. The Rho3wt (wild-type
Rho3) and Rho3**® lanes contain purified Rho3 proteins. (D) GST-Rho3 was loaded with GTPyS and assessed for its ability to bind to either MBP, MBP-RBP26, or
MBP-RBP4 as described above. The Rho3 lane contains purified GST-Rho3 as in panel A.

Rho3E12%448 or Rho3F122™30 (data not shown). The yeast Rho
family members include Cdc42 (1, 25), Rho2 (33), and Rho4
(37), which we also tested for binding with Myo2 and Exo70 in
the two-hybrid system. No interaction was observed for Cdc42
or Rho2 with either Myo2 or Exo70. Rho4, on the other hand,
interacted with Exo70 but not with Myo2 (data not shown).
The interaction between Rho4 and Exo70 was also confirmed
by in vitro analysis (see below).

Rho3 interacts with Myo2 and Exo70 in vitro. The interac-
tions between Rho3 and Myo2 and Exo70 were confirmed by
in vitro binding experiments (Fig. 4). Rho3 was purified as a
fusion protein with GST. RBP26 (fragment of Myo2) and RBP4
(fragment of Ex070) were purified as fusion proteins with
MBP. GST-Rho3 was complexed with a nonhydrolyzable gua-
nine nucleotide analogue, GTPyS, and then mixed with MBP-
RBP26 or MBP-RBP4 bound to amylose resin. After incuba-
tion, the resin was collected and washed. GST-Rho3 bound to
the resin was recovered by boiling with Laemmli buffer and
detected by SDS-PAGE and Western blotting using an anti-
GST antibody. As shown in Fig. 4D, GST-Rho3 complexed
with GTPyS binds to both MBP-RBP26 and MBP-RBP4. No
GST-Rho3 binding is observed with MBP alone. Furthermore,
no binding of GST with MBP-RBP26 or MBP-RBP4 is ob-
served (data not shown).

Because RBP4 shows stronger interaction with Rho3, we
decided to further characterize this interaction. As shown in
Fig. 4A, MBP-RBP4 binds specifically to GST-Rho3 com-
plexed with GTPyS but does not bind Rho3 complexed with
GDPgS. Furthermore, the full-length MBP-Exo070 protein also
prefers the GTPyS-bound form of GST-Rho3, although low
levels of binding with GDPBS are still observed. To test the
specificity of Exo70 binding, other small G proteins were also

evaluated (Fig. 4B). GST, GST-Kir (9, 34), GST-Rad (47),
GST-H-Ras (5), GST-Rho3, and GST-Rho4 (37) were loaded
with GTPvS and tested for binding with MBP-Ex070 as de-
scribed above. Neither GST, GST-Kir, GST-Rad, nor GST-H-
Ras bound MBP-Ex070. GST-Rho4, on the other hand, did
bind MBP-Ex070, albeit less efficiently than Rho3.

To further confirm the specificity of the binding, the effector
loop mutant GST-Rho3**® was tested for interaction with
MBP-RBP4. GST-Rho3 and GST-Rho3"*® were loaded with
GTP~S and tested for binding with MBP-RBP4 as described
above. As shown in Fig. 4C, the wild-type GST-Rho3 protein
interacts with MBP-RBP4 whereas minimal interaction is ob-
served with the effector loop mutant GST-Rho34%,

These results establish that Rho3 interacts with Exo70 di-
rectly in a GTP-dependent manner. Furthermore, the lack of
binding observed with other small G proteins as well as
Rho34*® enforces the specificity of this interaction. The bind-
ing observed with Rho4 correlates well with the two-hybrid
data (see above) and the complementation data showing that
overexpression of Rho4 suppresses the growth defect exhibited
by Rho3-deficient cells (36).

Rho3 localization overlaps with the localization of Exo070.
The above results suggest that Exo70 is a downstream effector
of Rho3; thus, Rho3 may be responsible for directing the
localization of Exo70. Subcellular localization studies were car-
ried out to examine this point. As shown in Fig. 5A, when
Rho3"'? and HA-Ex070 were expressed, they exhibited sim-
ilar patterns of localization. The staining pattern of Rho3%'%°
as detected by indirect immunofluorescence showed a patch-
like appearance throughout the cell, with fluorescence in the
bud. When the patterns of localization of Rho3%!?* and Ex070
were compared, Exo70 staining also exhibited a patch-like ap-



VoL. 19, 1999

A
Phase

FIG. 5. Localization of Exo70 and Rho3. (A) HA-Exo70-producing cells
carrying GAL7p:RHO3%"?? were cultured in SCGal-U at 30°C. (B) HA-Exo70-
producing cells carrying GAL7p:RHO3572>A4131 growing exponentially in SC-
Gal-U at 30°C were shifted to 15°C and harvested 48 h after the shift. Cells were
fixed and stained with anti-HA (middle) and anti-Rho3 (right) antibodies. Phase
photographs are also shown (left).

pearance, with strong fluorescence detected in the bud. Thus,
the two proteins overlap in cellular localization. We also ex-
amined the localization of both HA-Ex070 and endogenous
wild-type Rho3. In these cells, Exo70 fluorescence is concen-
trated more at the bud tip, while Rho3 is dispersed uniformly
throughout the cell surface and the bud (data not shown).
Thus, localization of wild-type Rho3 overlaps with that of
Ex070, but the two patterns also show differences. Activated
Rho3 shows more pronounced colocalization with Exo70, pre-
sumably because Rho3 interacts with Exo70 only when it is in
the GTP-bound form.

To further investigate the overlapping localization of Rho3
and Exo070, we took advantage of a Rho3 double mutant,
Rho3E12%A131 Expression of this mutant results in the gener-
ation of cold-sensitive cells with an aberrant morphology; they
are elongated and bent (23) (Fig. 5B). Also, these cells exhibit
a staining pattern in which accumulation of Rho3 is observed
at several points on the cell surface (Fig. 5B), in contrast to the
pattern observed for Rho3%'%, which exhibits a relatively uni-
form distribution of staining (Fig. 5A). Comparison of the
localization of Rho3 and Exo70 in yeast cells expressing the
mutant Rho3®'**A131 shows that Rho3F'2%A13! accumulates
at several sites as well as at the bud tip and that this distribu-
tion pattern is similar to that observed with Exo70. These
results further confirm that the localization of activated Rho3
overlaps with that of Exo70.
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Bnil —> profilin
Rho3 Myo2 actin cytoskeleton
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\ Exo70 —> Exocytosis

FIG. 6. Schematic showing the various effectors of Rho3 and the cellular
processes that they regulate. See Discussion for an explanation of each interac-
tion.

DISCUSSION

In this report, we have presented evidence that Exo70 and
Myo2 are downstream effectors of the Rho3 GTPase, which
plays a critical role in the regulation of bud growth. Together
with the effector Bnil, it appears that this GTPase has at least
three different effector molecules which have all been impli-
cated in aspects of actin cytoskeletal organization and exocy-
tosis, as shown in Fig. 6.

Rho3 directly interacts with Exo70, a component of the
exocyst (a complex of Exo70, Sec3, SecS, Sec6, Sec8, Secl0,
and Secl15), which appears to reside in the acceptor membrane
and is thought to facilitate docking of secretory vesicles, since
a high concentration of Sec6, Sec8, and Sec15 was found at the
tips of small buds, which represent active sites of exocytosis
(53, 54). We have shown that the interaction of Rho3 with
Exo70 requires the intact effector domain of Rho3 and is
dependent on the GTP-bound form of Rho3 and that the
patterns of localization of the two proteins overlap. It is pos-
sible that the interaction between Rho3 and Exo70 serves to
properly localize Exo70. This hypothesis is supported by our
demonstration that the localization patterns of these proteins
overlap and that the localization of Exo70 is altered by the
expression of an activated allele of RHO3, rho3%/2%3! This
activated allele of RHO3 causes cells to become cold sensitive
and elongated as well as bent at the sites where actin patches
are localized (23). Exo70 appears to accumulate at various
regions, including the bud tips in Rho3®'?**!3!_expressing cells.
This localization pattern is also observed for Rho35!2%-A131,
Thus, activated Rho3E!2%-413! appears to affect the localization
of Ex070, which may result in misdirection of the exocytosis
machinery. Rho3 may exert additional effects on exocyst func-
tion by influencing the process of vesicle fusion; however, ad-
ditional work is needed to clarify these points.

Rho3 also interacts with Myo2, an essential myosin in yeast
that appears to play critical roles in the organization of the
actin cytoskeleton. During polarized growth of yeast cells, actin
patches, which represent the cytoskeleton-plasma membrane
interface (42), accumulate in the bud where cell growth is
taking place; in addition, actin cables orient toward the bud
(28, 32). These specialized structures do not form in the ab-
sence of Myo2 function, as the temperature-sensitive myo2-66
mutant displays delocalized actin patches at the restrictive tem-
perature (26). In addition, the mutants arrest as large unbud-
ded cells. These phenotypes are similar to the rh03-1 mutant in
which the cells become enlarged and rounded at the restrictive
temperature, and actin patches lie scattered throughout the
cell surface (23). Furthermore, both the myo2-66 and rho3 rho4
mutants display delocalized deposition of chitin as well as a
multinucleate phenotype (37). This overlap of myo2-66 and
rho3-1 phenotypes is consistent with our assignment of Myo2
as an effector of Rho3 and raises the possibility that Rho3
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affects the activity of Myo2. Finally, Rho3 may also influence
changes in the actin cytoskeleton through its interaction with
the Bnil protein. The Bnil protein contains two formin ho-
mology domains which are responsible for the binding of pro-
filin, an actin binding protein (24).

In addition to its role in actin cytoskeletal organization,
Myo2 appears to be critical for the transport of a class of
secretory vesicles to the bud, as secretory vesicles accumulate
predominantly in the mother cell in the myo02-66 mutant (18,
26). Myo2 belongs to the class V unconventional myosin family
which includes mouse dilute (39) and chicken brain myosin V
(14), proteins also implicated in the transport of membrane-
bound organelles (55, 56). Genetic interactions between MYO?2
and seven late-acting sec genes including four components of
the exocyst have been detected (18). Furthermore, both rho3-1
and myo2-66 cells display synthetic lethality with sec4 mutants
(18, 23). While the precise mechanism remains unclear, these
observations raise the possibility that Myo2 and the exocyst
work in concert to ensure polarized cell growth by properly
depositing newly synthesized proteins at the bud site. Rho3
may be the G protein which regulates this process. It is inter-
esting that the region of Myo2 where Rho3 interacts is located
in the coiled-coil and non-a-helical C-terminal domain, a re-
gion that is thought to specify cargo loading in the class V
myosins (40).

How might Myo2, Rho3, and Exo70 work in concert to bring
about proper bud growth? As discussed above, Myo2 may be
responsible for transporting vesicles to the bud. Once in the
bud, the vesicles then interact with proteins necessary to pro-
mote vesicle fusion, a process requiring both Sec4 and likely
the exocyst (15, 53). Rho3 could function in this process early
on by assisting Myo2 in transport of vesicles to the bud. This
hypothesis is supported by the fact that Rho3-depleted cells
undergo lysis with small buds, which could be indicative of the
cargo never reaching its destination. One possibility is that
Rho3 is actually inserted into the vesicular membrane and
functions as the anchor to which both the vesicle and Myo2
bind. Upon arriving at the bud tip, Rho3 could then interact
with Exo070 to facilitate the fusion event. Another possibility is
that Rho3 located at the bud tip membrane can interact with
Ex070. Upon arrival of the vesicle, Rho3, through its interac-
tion with Myo2, could then function to facilitate vesicle fusion.
The validity of these ideas awaits the results of genetic analyses
which will give further insight into the exact role that these
proteins play in the process of polarized cell growth.
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