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Target-of-rapamycin proteins (TORs) are Ser/Thr kinases serving a central role in cell growth control. TORs
function in two conserved multiprotein complexes, TOR complex 1 (TORC1) and TORC2; the mechanisms
underlying their actions and regulation are not fully elucidated. Saccharomyces TORC2, containing Tor2p,
Avolp, Avo2p, Avo3p/Tscllp, Bit61p, and Lst8p, regulates cell integrity and actin organization. Two classes of
avo3 temperature-sensitive (avo3'®) mutants that we previously identified display cell integrity and actin
defects, yet one is suppressed by 4VOI while the other is suppressed by AVO2 or SLM1, defining two TORC2
downstream signaling mechanisms, one mediated by Avolp and the other by Avo2p/Slm1lp. Employing these
mutants, we explored Avo3p functions in TORC2 structure and signaling. By observing binary protein inter-
actions using coimmunoprecipitation, we discovered that the composition of TORC2 and its recruitment of the
downstream effectors Slm1p and Slm2p were differentially affected in different avo3" mutants. These molecular
defects can be corrected only by expressing AV03, not by expressing suppressors, highlighting the role of Avo3p
as a structural and signaling scaffold for TORC2. Phenotypic modifications of avo3" mutants by deletion of
individual Rholp-GTPase-activating proteins indicate that two TORC2 downstream signaling branches con-
verge on Rholp activation. OQur results also suggest that Avo2p/Slm1p-mediated signaling, but not Avolp-
mediated signaling, links to Rholp activation specifically through the Rholp-guanine nucleotide exchange

factor Tuslp.

TOR (target of rapamycin) proteins are conserved Ser/Thr
protein kinases found in diverse eukaryotes ranging from
yeasts to mammals (11, 13, 28, 39). A large body of evidence
points to TOR as a central regulator of a complex signaling
network that controls cell growth, proliferation, and survival.
TOR integrates signals from nutrients, energy status, growth
factors, and various cellular stressors to regulate a myriad of
processes. Diverse readouts of TOR functions include tran-
scription, translation, tRNA and ribosome biogenesis, protein
turnover, quiescence, autophagy, and actin cytoskeleton orga-
nization (13, 26, 57, 67, 69). Unlike most eukaryotic species,
which possess a single TOR, the budding yeast Saccharomyces
cerevisiae has two TOR proteins, Torlp and Tor2p (24). Torlp
and Tor2p share a rapamycin-sensitive function, to control cell
growth by regulating transcription, translation, and ribosome
biogenesis (3, 5, 24, 48, 53). Tor2p has an additional, rapa-
mycin-insensitive function that Tor1p is unable to perform, i.e.,
to control actin organization throughout cell cycle progression
(22, 24, 59).

Consistent with the existence of multiple protein interaction
modules in its structure (8), TOR appears to exert its functions
through multiprotein complexes. There are two distinct TOR
complexes, TORC1 and TORC2, identified first in budding
yeast (37, 66). Either Torlp or Tor2p can associate with Lst8p,
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Koglp, and Tco89p to form TORCI, while TORC2 is com-
posed of Tor2p, Lst8p, Avolp, Avo2p, Avo3p (also designated
Tscllp), and Bit61p. The two TOR complexes are distinct not
only in structure but also in function. Evidence supports the
notion that TORCI1 mediates the shared TOR function of
regulating rapamycin-sensitive, cell growth-related processes,
whereas TORC2 mediates the Tor2p-unique function of reg-
ulating actin organization (37). Remarkably, both TOR com-
plexes are structurally and functionally conserved, and the
presence of their mammalian counterparts, mTORC1 and
mTORC2, has been demonstrated (16, 21, 29, 32, 33, 55, 70).
Like yeast TORCI, the rapamycin-sensitive mTORCI, con-
taining mTOR, GBL (mLSTS), and Raptor (mKOG1), is in-
volved in regulating ribosome biogenesis and protein synthesis.
On the other hand, mTORC?2, containing mSIN1 (mAVOl,
the mammalian homolog of Avolp) and Rictor (mAVO3, the
mammalian homolog of Avo3p) in addition to mTOR and
GBL, participates in the control of actin cytoskeletal organi-
zation.

The discovery of two distinct TOR-containing complexes
adds to the challenge in understanding TOR signaling mech-
anisms. In Saccharomyces cerevisiae, TORC1 responds to nu-
trient conditions by acting on a phosphatase regulatory system
that includes the yeast type 2A phosphatases (PP2A) Pph21p
and Pph22p, the PP2A-related phosphatase Sitdp together
with its associated proteins, and two regulatory proteins,
Tap42p and Tip4lp (27). TORCI function also links to ki-
nases, including the Ras/cyclic AMP (cAMP) signaling-related
kinase Yaklp, the cAMP-regulated kinase protein kinase A
(PKA), and Sch9p (another member of the AGC [PKA, PKG,
and PKC] family of protein kinases) (9, 30, 56, 63, 72). It
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remains to be elucidated how TORC1 acts to coordinate these
phosphatases and kinases in mediating the regulation of cell
growth-related processes. To date, the upstream signals that
serve to activate TORC2 remain elusive, yet studies have im-
plicated several effector pathways downstream of TORC2. In
budding yeast, Rholp serves as a pivotal regulator of cell wall
integrity and actin organization (7, 36). Once activated, Rholp
binds and activates Pkclp, which in turn activates a down-
stream mitogen-activated protein kinase module cascade.
Tor2p, presumably functioning from within TORC2, regulates
the actin cytoskeleton by activating the Rholp pathway via the
guanine nucleotide exchange factor (GEF) Rom2p (58). Over-
expression of RHOI1, PKCI, and genes encoding components
of the mitogen-activated protein kinase cascade or deletion of
the GTPase-activating protein (GAP) gene SAC7 can rescue
the phenotype of for2 temperature-sensitive mutant (tor2")
cells (6, 23, 58). Moreover, the GEF activity of Rom2p toward
Rholp is dramatically reduced in tor2" cells (58). Despite
evidence linking Tor2p and Rholp functions, the mechanisms
underlying the regulation of the Rholp pathway by TORC2
are not well understood. In addition to Rholp, two function-
ally redundant pleckstrin homology domain-containing phos-
phatidylinositol-4,5-bisphosphate-binding proteins, Sim1p and
Slm2p, also act downstream of TORC2 to control actin cy-
toskeleton organization (2, 15). SImlp and Slm2p physically
interact with the TORC2 components Avo2p and Bit61p and
are phosphorylated by Tor2p in vivo and in vitro. slm1" sim2A
cells demonstrate defects in cell wall integrity and actin orga-
nization, which can be rescued by overexpression of PKC1. It is
still unclear whether the two Slm proteins regulate the actin
cytoskeleton through Rholp or other pathways. Another
TORC?2 downstream pathway involves the yeast protein ki-
nases Ypklp and Ypk2p, which are also AGC kinases (31).
These Ypk proteins can be activated by the yeast PDK1 ho-
mologs Pkhlp and Pkh2p, and they serve to regulate actin
organization and the cell wall (51, 52). Active Ypk2p (and also
Ypklp) can suppress the growth defect of cells depleted of
TORC2. Furthermore, Ypk2p has been demonstrated to be
phosphorylated by Tor2p in vitro, and the kinase activity of
Ypk2p is decreased in t0r2" cells (31). The molecular mecha-
nism by which TORC2 regulates Ypk proteins has not been
elucidated yet.

The molecular organization of TORC2 has been character-
ized in more detail (68). TORC2 appears to exist in cells in
oligomeric forms, most likely as dimers. Avolp and Avo3p may
bind cooperatively to the N-terminal HEAT (Huntingtin, elon-
gation factor 3, A subunit of PP2A, and TOR1) repeat region
of Tor2p. Depletion of either Avolp or Avo3p disrupts the
binary interactions between TORC2 components except for
the Tor2p-Lst8p interaction, suggesting that Avolp and Avo3p
may act as scaffold proteins in TORC2. On the other hand,
Lst8p binds to the C-terminal kinase domain region in Tor2p
and may participate in modulating Tor2p kinase activity.
Avo2p and Bit61p are nonessential proteins in TORC2, and
they may function as adaptors for binding downstream effec-
tors such as SIm1p and SIm2p (2, 15, 68). Despite the plethora
of evidence for physical interactions in the TOR complex, no
specific molecular actions of individual TORC2 components
have been demonstrated except for the Ser/Thr kinase activity
of Tor2p.
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Our previous analyses using temperature-sensitive mutants
of AVO3 suggest the existence of complex and probably mul-
tiple signaling mechanisms downstream of TORC2 (25). Al-
though different avo3" mutants similarly exhibit actin and cell
wall integrity defects, they can be grouped into two distinct
classes; AVOI serves as a multicopy suppressor of one class,
while the other class can be rescued by overexpression of
AVO2 or SLMI. The allelic specificity in dosage suppression
leads to the speculation that Avo3p may exert its functions
through two distinct mechanisms: one mediated by Avolp and
the other mediated by Avo2p and Slmlp. Since the avo3"
suppressors AVO1 and AVO2 encode components of TORC2
and the SLMI product is one of the TORC2 downstream
effectors, it is conceivable that Avo3p may modulate protein
interactions within TORC2 or the association with different
downstream effectors to specify TORC?2 signaling. Therefore,
in this study we explore the molecular defects in the two classes
of avo3" mutants by examining their TORC2 composition and
downstream signaling functions. We demonstrate that the in-
tegrity of TORC2 and its interaction with the downstream
effectors Slm1p and Slm2p were perturbed differently in the
two classes of avo3"™ mutants, suggesting a possible role of
Avo3p as a scaffold for the molecular architecture and down-
stream coupling of TORC2. By deleting various RhoGAPs
(negative regulators of Rho family GTPases) in different avo3*
mutants, we provided genetic evidence supporting the notion
that Avo3p functionally interacts with the Rholp signaling
pathway. Furthermore, we showed that Avo3p may coordinate
Avo2p and Slmlp signaling to activate Rholp through the
Rholp-GEF Tuslp.

MATERIALS AND METHODS

Yeast growth conditions. Yeast-peptone-dextrose (YPD) medium and a syn-
thetic complete minimal medium (SC) supplement with the appropriate nutri-
ents for plasmid maintenance were prepared as described elsewhere (20). Yeast
strains were cultured at 27°C unless indicated otherwise. For G418 selection,
YPD medium was supplemented with 200 pg/ml of G418 (Sigma). For galactose
induction, an overnight yeast culture in a medium supplemented with 2% raf-
finose was diluted 1:100 into 100 ml of 2% raffinose-containing medium and
grown for another 12 h. Galactose was then added to a final concentration of 3%,
and the culture was incubated for another 2 to 4 h to allow the induction of
GALI promoter-driven gene expression.

Yeast strains. Standard yeast genetic methods were performed as described
elsewhere (20). A lithium acetate method was employed for yeast transforma-
tions (18). Yeast strains and oligonucleotide primers used in this work are listed
in Tables S1 and S2 in the supplemental material, respectively.

To engineer a chromosomal allele expressing N-terminal triple-hemagglutinin
(HA) epitope-tagged Tor2p, we followed procedures described previously (66).
Briefly, a recombination cassette was amplified from the pHS8 plasmid by using
primers TOR2-tagF4 and TOR2-tagR3 and was transformed into the desired
yeast strains. Transformants were selected on G418-containing YPD plates.
G418-resistant clones were restreaked twice to avoid false-positive clones, and
candidate clones were checked for 3HA-Tor2p expression by Western blot anal-
ysis using anti-HA antibodies (Covance). To generate different yeast strains
expressing C-terminal 13Myc-tagged TORC1 or TORC2 components, we per-
formed PCR-based gene tagging as described elsewhere (38). Gene-specific
primers F2 and R1 were used to amplify a cassette containing multiple copies of
the Myc epitope and the HIS3 selection marker, and the PCR products were
concentrated and transformed into yeast cells. After transformation, yeast cells
were grown on SC-His plates to select for integrants. Candidate clones were
checked for tagged protein expression by Western blot analysis using anti-Myc
antibodies (Upstate).

Strains with individual gene deletions were generated based on a PCR-medi-
ated gene disruption strategy (4). To disrupt each gene encoding RhoGAP and
TUS1, a KanMX4 expression cassette-containing genomic knockout fragment
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was amplified from corresponding commercially available BY4741-based dele-
tion strains (Open Biosystems) (17) using gene-specific primers S1 and A1l. PCR
products were introduced into yeast cells, and the transformants were selected on
G418-containing YPD plates. Correct replacement of the target gene with the
KanMX4 expression cassette was verified by PCR amplifications using KanB1
plus gene-specific primer S2 and KanC3 plus gene-specific primer A2. To delete
AVO2, ROM1, and ROM2, gene-specific primers KO-S1 and KO-A1 were used
to amplify the HIS3 or URA3 marker from pRS403 or pRS306. PCR products
were transformed into yeast cells, and the chromosomal deletion in transfor-
mants was confirmed by PCR amplification using gene-specific primers CK-S1
and CK-Al.

Plasmids. DNA manipulations and bacterial transformation were carried out
by following standard protocols. The plasmids used in this study are listed in
Table S3 in the supplemental material. pHS8 was constructed as described
elsewhere (66).

To construct pHS9, a genomic fragment containing AVOI with a C-terminal
13Myc epitope fusion, along with 491 nucleotides upstream and 760 nucleotides
downstream of the gene, was amplified from the genomic DNA of YMY117 (see
Table S1 in the supplemental material) using primers AVO1-S6 and FA6a-HIS3-
Al. The PCR product was digested by BglII and subcloned into pYYL6, which
contains the full-length AVOI open reading frame along with its endogenous
promoter (Y.-Y. Liao, unpublished data).

Plasmids expressing glutathione S-transferase (GST) fusion proteins were
constructed as follows. For a GST-SLM1 fusion, a genomic fragment containing
the SLM1 gene from the start codon to 208 bp downstream of the stop codon was
amplified from YMY97 using primers SLM1-Xbal-S1 and SLM1-Al; the PCR
product was digested by Xbal and subcloned into pGAL1-GST-URA3 (provided
by J.-J. Lin at National Yang-Ming University), resulting in pHS10, which is a
YEp-based plasmid containing the URA3 selection marker and a GALI promoter-
driven GST-SLM1 expression cassette. For a GST-SLM?2 fusion, a SLM2-con-
taining genomic fragment was amplified from the yeast genome using primers
SIm2-S2 and SIm2-A2 and was subjected to TA cloning into pCR2.1-TOPO
(Invitrogen) to produce pCR2.1-TOPO-SLM2; the 2.7-kb KpnlI/Xhol fragment
from pCR2.1-TOPO-SLM2 was subsequently subcloned into pRS424 to produce
pHS12. The SLM?2 gene from the start codon to 215 bp downstream of the stop
codon was amplified from pHS12 using primers SLM2-Xbal-S1 and SLM2-Xbal-
Al; the PCR product was digested with Xbal and subcloned into pGAL1-GST-
URAZ3 to generate pHS13. For a GST-RHO! fusion, the full-length RHO1I gene
was amplified from the yeast genome with primers RHO1-Xbal-S1 and RHO1-
Xbal-Al, digested with Xbal, and subcloned into pGAL1-GST-URA3 to gen-
erate pHYSI.

Plasmids expressing Sac7p, Sac7p(R173A), and their HA-tagged versions were
constructed as follows. To construct pHYS2 and pHYS3, the entire SAC7 open
reading frame was amplified from the wild-type genomic DNA using primers
SAC7-S2 and SAC7-Al and was subcloned into pRS314 to generate pHYS2;
pHYS3 was derived from pHYS2 by performing PCR site-directed mutagenesis
using primers SAC7-R173A-Nru and SAC7-R173A-Anti. pHYS4 and pHYSS,
which express N-terminal HA-tagged versions of Sac7p and Sac7p(R173A),
respectively, were constructed by replacing the Bcll/Xhol fragment of pHYS2 or
pHYS3 with a Bell/Xhol PCR fragment generated by using SAC7-cHA-S1 and
SAC7-cHa-XholI-A1 as primers and pHYS2 as the template. To generate pHYS6
and pHYS7, ~2-kb EcoRI/Xhol fragments from pHYS4 and pHYSS, respec-
tively, were inserted into pRS416GAL (44).

The Tuslp-HA-expressing plasmid pHS11 was derived from BG1805-TUS1
(Open Biosystems), which contains URA3 and expresses Tuslp-HA under the
control of the GALI promoter. To change the selection marker from URA3 to
LEU2, a LEU2 fragment was amplified from pRS315 using primers Stul-
LEU2-S1 and Stul-LEU2-Al, and the PCR product was digested with Stul and
subcloned into BG1805-TUS1 to produce pHS11.

Coimmunoprecipitation. Strains expressing two different epitope-tagged
TORC?2 component proteins were grown to an optical density at 600 nm (ODy)
of 0.7 to 0.8 and divided into two aliquots, one of which was kept at 27°C while
the other was shifted to 37°C for another 2 h. Harvested cells were broken by
vortexing with glass beads in a lysis buffer containing 1X phosphate-buffered
saline (PBS), 10% (wt/vol) glycerol, 0.5% (vol/vol) Tween 20, and various inhib-
itors including 10 mM NaF, 10 mM NaNj, 10 mM p-nitrophenylphosphate, 10
mM sodium pyrophosphate, 10 mM B-glycerophosphate, 1 mM phenylmethyl-
sulfonyl fluoride (PMSF), and 1X protease inhibitor cocktail (Roche). Crude
extracts were centrifuged at 500 X g for 15 min at 4°C to remove cell debris.
Samples of lysates containing 3 mg of proteins were adjusted to 500 pl with lysis
buffer. For immunoprecipitation, 4 pl of a monoclonal anti-HA (clone 16B12;
Covance) or anti-Myc (clone 9E10; Upstate) antibody was added, and the reac-
tion tubes were rotated at 4°C for 2 h. A protein G-Sepharose slurry (Sigma) was
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added, and tubes were rotated at 4°C for another 1 h. Beads were collected by
centrifugation, washed three times with 1 ml lysis buffer, and resuspended in
sample buffer. After heating at 100°C for 5 min, samples were subjected to
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
Western blot analysis using anti-HA or anti-Myc antibodies.

Spot assay for yeast growth. In the semiquantitative plate assay for yeast
growth, the same numbers of cells collected from 27°C overnight cultures of
different strains were used to make 10-fold serial dilutions over a 10,000-fold
range. Five microliters of each dilution was spotted onto appropriate plates and
incubated at different temperatures until colonies formed.

GST pull-down assay. To examine the interaction of TORC2 with Slm pro-
teins, yeast strains carrying a tagged TORC2 component(s) were transformed
with pGAL1-GST-URA3 (as a control) or a plasmid expressing GST-SIm1p
(pHS10) or GST-SIm2p (pHS13) under the regulation of the GALI promoter.
Cultures of transformants were subjected to galactose induction for 2 h, divided
into two aliquots, one of which was kept at 27°C while the other was shifted to
37°C, and grown further for 2 h. Cells were harvested, and total lysates were
prepared as for coimmunoprecipitation. Lysate samples containing 10 mg of
proteins were each adjusted to 1 ml with lysis buffer, and 50 pl of glutathione-
Sepharose 4B beads was added (Amersham Pharmacia). After incubation at 4°C
for 2 h with rotation, proteins were pulled down with beads, washed five times
with lysis buffer, resuspended in sample buffer, and subjected to Western blot
analysis using anti-HA or anti-Myc antibodies.

To check the interaction between Rholp and wild-type or mutant Sac7p, the
GST pull-down assay was performed as described elsewhere, with modifications
(60). Appropriate yeast strains were induced by galactose to express GST-Rholp
from the GAL1I promoter. Harvested cells were resuspended in extraction buffer
1 (50 mM Tris-HCI [pH 7.5], 100 mM NaCl, 1 mM EDTA, 0.5% NP-40, 1 mM
PMSF) and lysed by vortexing with glass beads. Crude extracts were centrifuged
at 500 X g for 10 min to remove cell debris. GST-Rholp was isolated by
incubating the cell extracts with glutathione Sepharose 4B beads (Amersham
Pharmacia) for 2 h. Beads were collected and washed five times with extraction
buffer I containing 500 mM NaCl and 0.5% Triton X-100 and once with extrac-
tion buffer I. Pulled down GST or GST-Rholp samples were resuspended in 50
wl extraction buffer I and preloaded with 1 mM GTPyS at 25°C for 15 min.
Subsequently, extracts containing 3 mg proteins from cells expressing HA-Sac7p
or HA-Sac7p(R173A) were added, and the reaction mixtures were incubated at
4°C for 1 h with rotation. Beads were collected, washed five times with wash
buffer (50 mM Tris-HCI [pH 7.5], 500 mM NaCl, 0.1% NP-40, 0.5% Triton
X-100, and 1 mM EDTA), resuspended in 50 pl sample buffer, and boiled at
100°C for 5 min. Pulled down proteins were subjected to SDS-PAGE and West-
ern blot analysis with anti-HA antibodies to detect HA-Sac7p or HA-
Sac7p(R173A).

To investigate the interaction between Tuslp and Slmlp, yeast cells were
cotransformed with plasmids expressing Tuslp-HA (pHS11) and GST-SImlp
(pHS10) or GST (pGAL1-GST-URA3). Transformants were subjected to galac-
tose induction, and cells were collected and lysed in a lysis buffer (100 mM NaCl,
1 mM sodium pyrophosphate, 5 mM NaF, 1 mM EDTA, 1% Triton X-100, 0.5%
sodium deoxycholate, 50 mM Tris-HCI [pH 7.5], 1 mM PMSF, and 1 mM sodium
orthovanadate) containing 1X protease inhibitor cocktail (Roche). After cen-
trifugation at 12,000 rpm for 15 min to remove cell debris, the supernatant was
subjected to GST pull-down procedures as described above. Pulled down sam-
ples were washed five times with lysis buffer, resuspended in 1X sample buffer,
and subjected to SDS-PAGE and Western blot analysis using anti-HA antibodies
to detect Tuslp-HA.

Trypan blue assay for cell wall integrity. Yeast cell wall integrity was assessed
by a trypan blue exclusion assay essentially as described elsewhere (25). Over-
night cultures were diluted to an ODgq, of 0.15 in 5 ml of appropriate liquid
medium and were grown at 27°C for 2 h. Each culture was subsequently divided
into two aliquots, one of which was kept at 27°C while the other was shifted to
the nonpermissive temperature, and further cultured for 5 h. Harvested cells
were washed with distilled water and stained with 0.02% trypan blue in water for
1 h. At least 200 cells from each sample were examined under the microscope to
determine the proportion of stained cells.

Actin staining. Overnight yeast cultures were diluted to an ODg, of 0.35,
grown at 27°C for 2 h, and shifted to restrictive temperatures for 3 h. Cells
harvested from 10 ml of culture were fixed in 4% formaldehyde for 1 h at room
temperature, washed twice, and resuspended in 500 pl of 1xX PBS. Ten micro-
liters of 6.6 wM tetramethyl rhodamine isothiocyanate (TRITC)-phalloidin
(Sigma) was added to each 100-ul cell suspension sample, and samples were then
incubated at 27°C for 1.5 h. Cells were collected, washed once with 1X PBS,
resuspended in 50 pl of mounting solution, and examined by fluorescence and
differential interference contrast microscopy for actin distribution and cell mor-



VoL. 7, 2008

phology, respectively. Because small-budded cells normally show a polarized
distribution of actin in the daughter cells, we considered small-budded cells with
four or more actin patches in mother cells to be abnormal.

GAP activity assay. The GAP activities of HA-Sac7p and HA-Sac7p(R173A)
were examined as described elsewhere (60) with modifications. Yeast lysates
containing HA-Sac7p or HA-Sac7p(R173A) expressed under the control of the
GALI promoter were prepared as described for the GST pull-down experiments.
Samples of lysates containing 2 mg of proteins were subjected to immunopre-
cipitation using anti-HA antibodies and protein G-Sepharose beads. Precipitated
HA-Sac7p or HA-Sac7p(R173A) bound on the beads was washed four times with
extraction buffer I. GST and GST-Rholp were purified as described above. The
pulled down GST and GST-Rholp were preloaded with 1 p.Ci of [a->’P]GTP for
15 min at 25°C. The reaction mixtures were first mixed with the immune complex
containing HA-Sac7p, HA-Sac7p(R173A), or beads only in extraction buffer I
containing 2 mM dithiothreitol (DTT) and 2 mM MgCl, and were then incu-
bated at 25°C for 5 min. Beads were collected, washed three times with extraction
buffer I, and then incubated with 15 pl of nucleotide elution buffer (1% SDS-20
mM EDTA) at 65°C for 5 min to elute the bound nucleotides. Eluates were
loaded onto a polyethyleneimine cellulose F plate (Merck) and subjected to
thin-layer chromatography along with nucleotide standards to identify the nu-
cleotides.

Purification of GST-RBD and GST-Pkcl-RBD. Escherichia coli plasmids ex-
pressing a GST-fused rhotekin binding domain (GST-RBD) or a GST-fused
Rholp-binding domain of Saccharomyces Pkclp (GST-Pkc1-RBD) were pro-
vided by J.-Y. Chen at the Institute of Biomedical Sciences, Academia Sinica,
and David Pellman at Dana-Farber Cancer Institute, respectively. E. coli cells
expressing GST, GST-RBD, or GST-Pkc1-RBD were collected, resuspended in
cold buffer (1 M Tris-HCI [pH 7.5], 5 M NaCl, 0.5 M EDTA) with 1% Triton
X-100, and lysed by two passages through a French press at a pressure of 1,000
Ib/in®. Lysates were centrifuged at 12,000 rpm for 30 min at 4°C, and glutathione-
Sepharose 4B beads (Amersham Biosciences) were added to the supernatants.
After incubation at 4°C for 1 h, the protein-bound beads were collected, washed
five times, resuspended in cold buffer, and stored at —70°C for further use.

Pull-down assays for active Rholp levels. Assays for Rholp activation were
performed as described elsewhere (35, 64) with modifications. Transformed
wild-type and avo3®™ yeast cells were induced to express Rholp-HA by galactose
and were incubated at 37°C for 2 h before the preparation of lysates. For
GST-RBD binding, harvested cells were lysed in GPLB buffer (20 mM Tris-HCI
[pH 7.5], 150 mM NaCl, 5 mM MgCl,, 0.5% NP-40, 5 mM glycerophosphate, 5
mM NaF, 1 mM DTT, 1 mM PMSF) with protease inhibitor cocktail, and the
extracts were incubated with either bead-bound GST-RBD or GST alone for 1 h
at 4°C. Beads were pulled down, washed three times with GPLB buffer, and
resuspended in sample buffer. For GST-Pkc1-RBD binding, harvested cells were
lysed in a lysis buffer {150 mM Tris-HCI [pH 7.5], 150 mM NaCl, 1 mM EDTA,
12 mM MgCl,, 1 mM DTT, 1 mM PMSF, 0.6% 3-[(3-cholamidopropyl)-dimeth-
ylammonio]-1-propanesulfonate [CHAPS]} with protease inhibitor cocktail
(Roche), and lysates containing 5 mg of proteins were incubated with bead-
bound GST-Pkc1-RBD or GST at 4°C for 1 h. Beads were collected by centrif-
ugation, washed five times with lysis buffer, and resuspended in sample buffer.
Pulled down samples were analyzed by immunoblotting with anti-HA antibodies
to detect the active form of Rholp-HA.

RESULTS

The composition of TORC?2 is differentially affected in two
different avo3' mutants. Our previous studies have identified
two distinct temperature-sensitive avo3 mutants, avo3-1"* and
avo3-2* (originally referred to as tsB1 and tsD1 mutants, re-
spectively) (25), and found that AVO1I was an avo3-1'* mutant-
specific multicopy suppressor while AVO2 and SLMI were
avo3-2" mutant-specific multicopy suppressors. Since AVOI
and AVO2 encode TORC2 components, the observed allele-
specific suppression raised the possibility that the two avo3*
alleles might have affected TORC2 integrity differently. Hence,
we set out to investigate TORC2 composition in these avo3*
mutants. To this end, we engineered chromosomal gene fu-
sions that express epitope-tagged forms of TORC2 component
proteins. By using strains with double tags (see Table S1 in the
supplemental material), binary interactions of Tor2p with
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other TORC2 components were individually examined in wild-
type, avo3-1*, and avo3-2" backgrounds by coimmunoprecipi-
tation. Our results showed that in avo3-1' cells, the Tor2p-
Avolp interaction was slightly affected at the permissive
temperature (27°C) and was obviously decreased at the non-
permissive temperature (37°C) from that in wild-type cells; in
avo3-2* cells, the Tor2p-Avolp interaction was barely detected
at 27°C and undetectable at 37°C (Fig. 1A). The Tor2p-Avo2p
interaction was reduced in avo3-1* cells and completely unde-
tectable in avo3-2" cells at both 27°C and 37°C (Fig. 1B). We
also noted a significant decrease in Avo2p expression in both
mutants at 37°C and in avo3-2" cells even at 27°C, suggesting
that avo3" mutations may have affected the stability of Avo2p.
The Tor2p-Avo3p interaction was slightly decreased in avo3-1*
cells at both temperatures, while it was dramatically decreased
at 27°C and undetectable at 37°C in avo3-2* cells, compared to
that in wild-type cells (Fig. 1C). On the other hand, the Tor2p-
Lst8p interaction did not appear to be affected in either avo3"
mutant (Fig. 1D). Taken together, the results demonstrated
that defects in Avo3p could indeed influence the molecular
organization of TORC2. The deduced TORC2 compositions
of different mutants are summarized in Fig. 1E. In avo3-I1'
cells, TORC2 integrity was significantly perturbed, with weak-
ened binary interactions between Tor2p and other TORC2
components. In avo3-2* cells, TORC2 composition was greatly
altered, lacking Avo2p even at permissive temperatures and
losing all three Avo proteins at nonpermissive temperatures.
The different effects of avo3 mutations on TORC2 structure in
avo3-1' and avo3-2" cells are compatible with the possibility
that Avo3p may serve as a scaffold protein in TORC2.

We also examined the composition of TORCI in avo3-1*
and avo3-2* cells. Consistent with the fact that Avo3p is a
TORC2-specific component, neither the Torlp-Lst8p (Fig.
2A) nor the Torlp-Koglp (Fig. 2B) interaction was affected in
the two avo3" mutants.

Allele-specific multicopy suppressors do not restore TORC2
integrity in avo3" mutants. We next investigated if expression
of avo3-1"- or avo3-2"-specific multicopy suppressors could
restore TORC2 integrity in the corresponding avo3" mutants.
Vectors overexpressing untagged Avolp, Avo2p, Slmlp, or
Avo3p were respectively transformed into double-epitope-
tagged strains to analyze interactions between Tor2p and other
TORC2 components by coimmunoprecipitation. We did not
examine the interaction between Tor2p and any specific tagged
TORC2 component when its untagged version was overex-
pressed, since the untagged component could compete with
the tagged form in interacting with Tor2p, and therefore the
amounts of the coimmunoprecipitated tagged form might not
be a good measure of the interaction. Our results showed that
AVO3 overexpression could restore Tor2p-Avolp and Tor2p-
Avo2p interactions in both avo3" mutants (Fig. 3A, B, D, and
E). In avo3-1* cells, overexpression of the suppressor AVOI
could not rescue Tor2p-Avo2p or Tor2p-Avo3p interactions
(Fig. 3B and C), suggesting that the suppression effect of AV 0!
does not work by restoring the integrity of TORC2. Likewise,
in avo3-2* cells, overexpression of AVO2 or SLMI could not
restore Tor2p-Avolp and Tor2p-Avo3p interactions (Fig. 3D
and F), and SLM1 also failed to rescue Tor2p-Avo2p interac-
tion (Fig. 3E), indicating that neither AVO2 nor SLM]I sup-
presses avo3-2" phenotypes by restoring TORC2 composition.
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FIG. 1. Interactions between Tor2p and other TORC2 components are differentially affected in different avo3' mutants. Mid-log-phase
cultures of strains simultaneously expressing HA-tagged Tor2p and another, Myc-tagged TORC2 component were divided into two aliquots and
further incubated at 27°C or 37°C for 2 h. Cell lysates were prepared and subjected to immunoprecipitation (IP) using anti-HA antibodies.
Immunoprecipitates were separated by SDS-PAGE and examined for coimmunoprecipitated (ColIP) partner proteins by Western blot analysis
using anti-Myc antibodies. Expression of the Myc-tagged TORC2 component in the lysates is shown at the bottom of each panel. “Bead control”
(BC) samples were prepared using lysates from double-epitope-tagged wild-type (WT) strains without adding anti-HA antibodies during immu-
noprecipitation. (A) Tor2p-Avolp interaction detected in YMY120 (WT), YMY218 (avo3-1%), and YMY318 (avo3-2"). (B) Tor2p-Avo2p
interaction detected in YMY121 (WT), YMY219 (avo3-1"), and YMY319 (avo3-2*). (C) Tor2p-Avo3p interaction detected in YMY123 (WT),
YMY221 (avo3-1%), and YMY321 (avo3-2%). (D) Tor2p-Lst8p interaction detected in YMY122 (WT), YMY220 (avo3-1*), and YMY320
(avo3-2%). (E) Schematic summary of TORC2 composition in different strains at the indicated temperatures. Shaded ovals indicate proteins with

weakened interaction with Tor2p.

Because Slmlp and Slm2p are two functionally redundant
phosphatidylinositol-4,5-bisphosphate-binding proteins acting
downstream of TORC2 to control actin organization (2, 15),
we tested if SLM2 could also be a multicopy suppressor for
avo3® alleles. The results showed that SLM2 overexpression
did not rescue the growth of avo3-1' cells at the nonpermissive
temperature but partially suppressed the temperature sensitiv-
ity of avo3-2* cells (Fig. 3G), indicating that SLM2 is also an
avo3-2"-specific suppressor, albeit a slightly weaker one than
SLMI. Despite its suppression of temperature sensitivity,
SLM?2 overexpression failed to restore the interaction of Tor2p

A WT  avo3-1s  avo3-2
27 37 27 37 27 37 BC
ColP: Tor1 I'—'--‘——'-'q I

IP: Lsts-Myc | s |

Wl = Teat = e i 1

with Avolp, Avo2p, or Avo3p (Fig. 3H to J). Altogether, while
AVO3 rescued the affected interactions of TORC2 compo-
nents in avo3" mutants, none of the suppressors tested could
do so (Fig. 3K), suggesting that Avo3p plays a pivotal role in
maintaining TORC?2 integrity and that the multicopy suppres-
sors of avo3-1' and avo3-2* alleles may exert their suppression
effects by acting on downstream signaling.

Interactions between Tor2p and the downstream effectors
Slm1p and Slm2p are differentially affected in avo3* mutants.
Slm1p and Slm2p have been found to physically interact with
Avo2p and to serve as downstream effectors of TORC2 (2, 15).

B WT avo3-1s  avo3-2ts
27 37 27 37 27 37 BC

ColP: Tor1 I -QM I
IP: Kog1-Myc | firel bt foed o ool fod |

Tor1|""—‘ -——"‘_"-‘_I

FIG. 2. Interactions between TORCI1 components are not affected in avo3"™ mutants. Strains expressing a Myc-tagged TORC1 component were
subjected to the same procedures as those for Fig. 1. Immunoprecipitates were examined by Western blot analysis using anti-Torlp antibodies.
Expression of Torlp in the lysates is shown at the bottom of each panel. WT, wild type; BC, bead control; IP, immunoprecipitation; ColP,
coimmunoprecipitation. (A) Torlp-Lst8p interaction detected in YMY118 (WT), YMY216 (avo3-1*), and YMY316 (avo3-2"). (B) Torlp-Koglp
interaction detected in YMY119 (WT), YMY217 (avo3-1%), and YMY317 (avo3-2").
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FIG. 3. Overexpression of AVO3 but not allele-specific multicopy suppressors restores interactions between Tor2p and other TORC2 com-
ponents in avo3" mutants. Plasmids expressing AVO3 (pTSS1), AVOI (pHS2), AVO2 (pHS5), SLM1 (pHS6), or SLM2 (pHS12) and the control
vector (pRS424) (Vec) were individually transformed into doubly tagged strains expressing HA-Tor2p and another, Myc-tagged TORC2
component. Lysates were prepared from transformants, and coimmunoprecipitation (CoIP) was performed as in the experiments for which results
are shown in Fig. 1, by using anti-HA antibodies to immunoprecipitate (IP) HA-Tor2p and anti-Myc antibodies to detect the coprecipitated partner
protein. Expression of the Myc-tagged TORC2 component in lysates is shown at the bottom of each panel. Overexp., overexpression; WT, wild
type. (A) Tor2p-Avolp interaction detected in transformants of YMY120 (WT) and YMY218 (avo3-1%). (B) Tor2p-Avo2p interaction detected
in transformants of YMY121 (WT) and YMY219 (avo3-I1%). (C) Tor2p-Avo3p interaction detected in transformants of YMY123 (WT) and
YMY221 (avo3-1%). (D and H) Tor2p-Avolp interaction detected in transformants of YMY120 (WT) and YMY318 (avo3-2%). (E and I)
Tor2p-Avo2p interaction detected in transformants of YMY121 (WT) and YMY319 (avo3-2%). (F and J) Tor2p-Avo3p interaction detected in
transformants of YMY123 (WT) and YMY321 (avo3-2%). (G) SLM2 serves as an avo3-2"-specific multicopy suppressor like SLM1. Transformants
of YMY99 (avo3-1*) and YMY100 (avo3-2*) were subjected to a spot assay for temperature sensitivity. (K) Summary of the effects of individual
avo3" mutant-specific suppressors on interactions between Tor2p and other TORC2 components. —, unable to rescue; +, able to rescue; ND, not
determined.
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FIG. 4. Different avo3" mutations affect TORC2 interaction with Slm proteins differently. (A) Yeast strains were respectively transformed with
plasmids to express GST (pGAL1-GST-URA3), GST-SIm1p (pHS10), or GST-SIm2p (pHS13) under the control of the GALI promoter. On the
left, doubly tagged strains expressing 3HA-Tor2p and Avo2p-13Myc, including YMY121 (wild type [WT]), YMY219 (avo3-1*), and YMY319
(avo3-2*), were used. On the right, strains expressing 3HA-Tor2p, including YMY116 (WT), YMY215 (avo3-1*), and YMY315 (avo3-2"), were
used. Transformants were induced to express SLM1 or SLM?2 for 2 h and were further grown at 27°C or shifted to 37°C for another 2 h. Total lysates
were prepared and subjected to GST pull-down procedures. The pulled down proteins were separated by SDS-PAGE; stained with Coomassie blue
to visualize the pulled down GST, GST-SIlmlp, or GST-SIm2p; and blotted with anti-HA or anti-Myc antibodies to detect the copurified
3HA-Tor2p or Avo2p-13Myc. Expression levels of 3HA-Tor2p and Avo2p-13Myc in lysates were also examined by Western blot analysis. (B) WT
(YMY116) and avo2A (YMY124) strains expressing 3HA-Tor2p were respectively transformed with pGAL1-GST-URA3 or pHS10 and subjected
to the same procedures as those for panel A. (C) YMY315 (avo3-2") cells were respectively transformed with the control vector pRS424 (Vec),
pHSS5 (AV02), or pTSS1 (AV03), together with pHS10 or pHS13. The interaction of Tor2p with Slm1p or Slm2p was examined as described above

and compared to that in YMY116 (WT) transformants.

Given that SLMI or SLM?2 suppresses the avo3-2" but not the
avo3-1* allele (25) (Fig. 3G), we investigated whether these
avo3* alleles differently affected the physical interaction of Slm
proteins with TORC2. The interaction between Slmlp and
TORC?2 appeared rather weak; we were not able to observe
their interaction at endogenous protein expression levels by
coimmunoprecipitation (data not shown). We therefore exam-
ined the interaction by a GST pull-down assay in strains ex-
pressing GST-SIm1p and a tagged TORC2 component(s). In
the wild-type background, Tor2p and Avo2p could be pulled
down together with GST-SIm1p at 27°C or 37°C, demonstrat-
ing the interactions between Slm1p and these TORC2 compo-
nents (Fig. 4A). Compared to those in wild-type cells, the
amounts of Tor2p and Avo2p pulled down with GST-SIm1p

were very slightly decreased, if at all, in avo3-1** cells but
markedly reduced in avo3-2* cells at the nonpermissive tem-
perature. When similar experiments were done using GST-
SIm2p in place of GST-SIm1p, we also observed noticeably less
pulled down Tor2p in avo3-2* cells than in wild-type or avo3-
1" cells. These data suggest a weakened interaction of TORC2
with the two downstream effector proteins in avo3-2* but not
avo3-1° cells, consistent with our finding that SLM1 and SLM2
serve as specific suppressors for the avo3-2' but not the avo3-
1% allele.

No Tor2p-Avo2p interaction was detectable in avo3-2* cells
(Fig. 1B), yet some amount of Tor2p was still pulled down with
GST-SImlp (Fig. 4A), suggesting that Avo2p may not be re-
quired for the interaction between Tor2p and Slmlp. To ad-
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dress this question more directly, we examined Tor2p-Slml1p
interaction when AVO2 was deleted. We found that similar
amounts of Tor2p were pulled down together with GST-SIm1p
in wild-type and avo2A cells (Fig. 4B), showing that Avo2p is
not essential in order for Slmlp to interact physically with
Tor2p. Besides Avo2p, Slmlp interacts with two other
TORC2-interacting proteins, Bit61p and the YBR270C prod-
uct (15). However, Bit6lp and the YBR270C product also
appeared dispensable for Tor2p-Slm1p interaction, since sim-
ilar amounts of Tor2p were pulled down by GST-SImlp in
wild-type, bit61A, and ybr270cA cells (data not shown). Taken
together, our data suggest that the decreased amount of Tor2p
pulled down with GST-SIm1p in avo3-2* cells reflects the per-
turbing effect of specific avo3" mutations on TORC2-SIm1p
interaction.

We tested the effect of overexpressing the allele-specific
suppressor AVO2 on the recruitment of the two Slm proteins
to TORC2 in avo3-2* cells. While overexpression of 4103 in
avo3-2* cells increased the amounts of Tor2p pulled down with
GST-SImlp or GST-SIm2p to a wild-type-like level, overex-
pression of AV0O2 did not (Fig. 4C); these observations high-
light the essential role of Avo3p in modulating Tor2p-Slm1p
(or Tor2p-Slm2p) interaction. Altogether, our data demon-
strated the differential effects of mutations in avo3-I* and
avo3-2* cells on the physical interaction of Tor2p and its down-
stream effector proteins, raising the possibility that Avo3p may
modulate the coupling of TORC2 to specific downstream sig-
naling pathways.

AVO3 displays genetic interactions with RhoGAPs. We in-
vestigated next whether different avo3 mutations exert differ-
ential effects on TORC2 downstream signaling. Although the
exact molecular linkage remains unclear, the Rholp pathway
represents one of the TORC2 downstream signaling pathways,
since for2 mutants can be rescued by overexpressing compo-
nents of the Rholp signaling pathway (23, 58). Considering
that the major defects of avo3" mutants are in cell wall integ-
rity and actin organization, and that most members of the Rho
GTPase family regulate actin organization or cell wall model-
ing (41, 49), we decided to explore the possible involvement of
different Rho family proteins in Avo3p signaling. Our strategy
was to delete individual negative regulators of Rho family
GTPases, i.e., RhoGAPs, in avo3" mutants, thus activating the
downstream pathway, and to look for modification of avo3*
phenotypes. Searching through the Saccharomyces cerevisiae
genome database (http://www.yeastgenome.org/), we identified
nine genes encoding RhoGAPs as targets for deletion. We also
chose to delete two RasGAP genes, IRA2 and BUD2, as con-
trols to check if the genetic interaction is specific to RhoGAPs.
Individual deletions of these GAP genes were generated in
wild-type, avo3-1*, and avo3-2" backgrounds. Assays for four
phenotypes of avo3" mutants, temperature sensitivity, caffeine
sensitivity, actin organization, and cell wall defects, were per-
formed to check for genetic interaction between each deletion
and the avo3" alleles.

We checked temperature sensitivity by comparing the
growth of strains with or without a specific GAP gene deletion
in different mutant backgrounds at 37°C. Among the 11 GAP
deletions we examined, only SAC7 deletion was able to par-
tially rescue the temperature sensitivity of avo3-1* and avo3-2'
mutants (Fig. 5A).
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FIG. 5. The phenotypes of avo3" mutants can be partially rescued
by deletion of specific RhoGAP-encoding genes. (A) Deletion of SAC7
partially rescues the temperature sensitivity of avo3" mutants. Tenfold
serial dilutions of different yeast cultures were spotted onto YPD
plates and incubated at different temperatures until colonies appeared.
(B) The cell wall integrity of yeast strains carrying different GAP gene
deletions was assessed by the trypan blue assay as described in Mate-
rials and Methods. The percentage of trypan blue-stained cells repre-
sents the extent of the cell wall defect of each strain. Shown are
means *+ standard deviations of results from three independent exper-
iments. Statistical data were derived from Student’s ¢ test; each dele-
tion strain was compared to its corresponding strain without any GAP
gene deletion (No del). *#x, P < 0.001; **, P < 0.005; *, P < 0.05.
(C) Actin distribution in yeast strains carrying different GAP gene
deletions was examined by TRITC-phalloidin staining and fluores-
cence microscopy. Small budded cells with four or more actin patches
in the mother cell were counted as cells with abnormal actin distribution.
Shown are means = standard deviations of results from three indepen-
dent experiments. Statistical data were obtained as for panel B.

We next assessed the effect of each RhoGAP gene deletion
on the cell wall integrity of avo3" mutants. Although the mo-
lecular targets for caffeine in signaling pathways serving to
maintain cell integrity are still elusive, increased caffeine sen-
sitivity correlates with defects in the cell integrity pathway (36,
43). We compared the cell growth of strains with or without
deletions in medium containing 6 mM caffeine. In the wild-
type background, none of the GAP gene deletions affected
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TABLE 1. Effects of RhoGAP deletions on the caffeine sensitivities
of avo3"™ mutants

GAP Cellular target(s) of Growth® of yeast cells

deletion deleted GAP

Wild type avo3-1% avo3-2"
None R Rt 4+
sac7A Rhol, Rho2  ++++++ +++++  +++++
bag7A Rhol R T4+
bem2A Rhol, Cdc42 +++++ — —
Irgl A Rhol FHtttt bttt bbbt
rgdIA Rho3, Rho4 ++++++ ++ +
bem3A  Cdc42, Rhol — ++++++ +++++  +++++
rgalA Cdc42 tH+ttt +++
rga2A Cdc42 e Rt T4+
rgd2A Cdc42, Rho5  ++++++ ++++ +++
ira2A Rasl, Ras2 +H+++++ 4+ -
bud2A  Rsrl tH+ttt +++

“ At 27°C in 6 mM caffeine. The more plus signs, the greater the extent of
growth. —, no growth.

growth in the absence of caffeine (data not shown), and only
BEM? deletion rendered cells slightly more caffeine sensitive
(Table 1). However, analyses done in the mutant backgrounds
revealed two different groups of deletions interacting with
avo3* alleles, one ameliorating and the other aggravating caf-
feine sensitivity; in both avo3" backgrounds, disruption of
SAC7, LRG1, or BEM3 improved the growth of avo3" cells in
caffeine, while deletion of BEM2 or RGDI worsened such
growth. Unexpectedly, deletion of the RasGAP gene IRA2 also
increased caffeine sensitivity in avo3" mutants, suggesting an
interaction between Avo3p signaling and the Ras pathway. The
cross talk may be mediated by the Rom2p-Rholp-Pkclp path-
way, since a previous report describes evidence for the negative
regulation of the Ras-cAMP pathway by Rom2p (46). It is
conceivable that the downregulation of the Rholp pathway
activity caused by avo3" mutations and the hyperactivation of
the Ras-cAMP pathway due to IRA2 deletion together lead to
increased sensitivity to caffeine stress. A second test, the trypan
blue staining assay, was used to check if any RhoGAP deletions
could rescue the cell wall defect of avo3" mutants. Because
BEM? deletion caused swollen cell bodies with large vacuoles
and very little cytoplasm in all the yeast backgrounds we used
(data not shown), making it difficult to differentiate normal and
abnormal cell walls or actin organization, bem2A strains were
excluded from this assay (and the actin assay). In agreement
with the results of the caffeine plate assay, deletion of SAC7 or
LRG1 in both avo3" mutants significantly lowered the percent-
ages of trypan blue staining, indicating improved cell wall in-
tegrity, while RGD1 deletion slightly increased the numbers of
trypan blue-stained avo3* cells, demonstrating the worsening
of the cell integrity defect (Fig. 5B). Perhaps due to different
sensitivities of the tests, trypan blue staining did not reveal an
effect of BEM3 deletion on the cell integrity defect of avo3"
cells as the caffeine sensitivity assay did. Intriguingly, disrup-
tion of the RasGAP gene BUD?2 had opposite effects on the
trypan blue staining of avo3-1* and avo3-2' mutants, rescuing
the avo3-1' cells while aggravating the cell integrity defect in
avo3-2* cells. The molecular basis for this observation awaits
further investigation.

To evaluate the effects of RhoGAP deletions on the actin
phenotype of avo3" mutants, yeast cells were stained by flu-
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orophore-conjugated phalloidin to visualize the distribution of
polymerized actin. Deletion of either SAC7 or BAG7 caused
decreases in the percentages of cells with abnormal actin dis-
tribution in both avo3" mutants (Fig. 5C), indicating a partial
rescue of the actin phenotype. Deletion of RGDI, however,
rescued the actin phenotype only in avo3-1* cells, not in the
avo3-2" background (Fig. 5C).

Altogether, our genetic tests identified six RhoGAPs, in-
cluding SAC7, BAG7, BEM2, LRG1, RGDI, and BEM3, whose
deletion could modify the phenotypes of avo3"™ mutants.
Among these AVO3-interacting RhoGAPs, Sac7p, Bag7p,
Bem?2p, and Lrglp regulate Rholp, Rgd1p specifically inhibits
Rho3p/Rho4p, and Bem3p acts on Cdc42p and Rholp (Table
1) (14, 54, 60, 61). With the exception of BEM2, deletion of
genes encoding GAPs for Rholp significantly rescued the phe-
notypes of avo3" mutants, implying that Rholp acts as a main
effector in Avo3p downstream signaling.

Deletion of SAC7 rescues avo3* mutants by removing GAP
activity. The Rholp-GAP Bem?2p has been reported to serve
GAP-independent functions (42). It is not clear whether other
Rholp-GAPs, including Sac7p, Bag7p, and Lrglp, also have
such GAP-independent functions; thus, it remains possible
that the rescue of avo3" mutants was caused by the removal of
GAP-independent functions of the deleted RhoGAP. To un-
derstand the mechanism underlying avo3* suppression by
RhoGAP deletions, we further analyzed Sac7p, since its dele-
tion rescued most avo3" phenotypes.

In order to investigate the effect of Sac7p GAP activity on
avo3" cells, we sought to generate a GAP-dead mutant allele,
sac7-GD, expressing a mutant form of Sac7p that lacks GAP
activity but retains other functions, by mutating the GAP do-
main. We aligned the GAP domains of different RhoGAPs
in yeast by using T-Coffee analysis (http:/www.ebi.ac.uk
/t-coffee/) (45) to find conserved residues, which may more
likely be essential for the GAP activity. An arginine at position
173 (R173) of Sac7p was one of the most conserved residues
we found among GAP domains from different RhoGAPs (Fig.
6A); mutation at the corresponding Arg residue of Bem2p
abolishes its GAP activity toward Cdc42p without disturbing
the overall folding of the GAP domain (42). We therefore
changed R173 of Sac7p into an alanine by site-directed PCR
mutagenesis and tested if sac7(R173A4) acts as a sac7-GD allele
. In a GST pull-down experiment, the R173A mutant form of
Sac7p was able to interact with Rholp as well as wild-type
Sac7p did (Fig. 6B), suggesting that the substitution did not
affect the global protein structure or the Rholp-interacting
activity of Sac7p. We then tested Sac7p(R173A) for its GAP
activity toward Rholp in an assay where [a-**P]GTP-loaded
GST-Rholp was incubated with immunoprecipitated wild-type
or mutant HA-tagged Sac7p. While wild-type HA-Sac7p was
able to convert the Rholp-bound GTP into GDP, no Rholp
-bound GDP could be detected when the reaction contained
HA-Sac7p(R173A) (Fig. 6C), suggesting that the R173A
substitution eliminated the GAP activity of Sac7p and indeed
produced a GAP-dead mutant protein.

We next examined the effects of expressing wild-type or
GAP-dead versions of Sac7p in yeast cells. Plasmids expressing
SAC7 or sac7(R173A4) from its endogenous promoter were
transformed into wild-type and avo3" strains with or without
SAC?7 deletion. Expressing SAC7 or sac7(R173A4) in the wild-
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FIG. 6. Removal of the Sac7p GAP activity contributes to the rescue of avo3* mutants. (A) Comparison of GAP domains from different
yeast RhoGAPs. The multiple sequence alignment was generated by T-Coffee analysis. The arrowhead indicates a conserved Arg residue at
position 173 of Sac7p. (B) Mutation of Argl73 in Sac7p does not affect its Rholp-binding activity. The interaction between Rholp and Sac7p
was examined using a GST pull-down assay. Glutathione Sepharose bead-bound GST or GST-Rholp was incubated with yeast lysates
containing HA-Sac7p or HA-Sac7p(R173A). Pulled down proteins were examined by Western blot analysis (WB) using anti-HA antibodies
(upper panels) or Coomassie blue staining (lower panels). (C) Mutation of Argl73 in Sac7p affects its GAP activity. HA-Sac7p or
HA-Sac7p(R173A) was incubated with [a-**P]GTP-loaded GST-Rholp to assay for GAP activity in vitro. Bound guanine nucleotides were
extracted and analyzed by thin-layer chromatography. An autoradiograph of the thin-layer chromatographic plate is shown. (D) Spot assay
for temperature sensitivity. Tenfold serial dilutions of the indicated yeast cell suspensions were spotted onto plates and incubated at different
temperatures until colonies formed. Western blot analysis using anti-HA antibodies confirmed the expression of HA-Sac7p or HA-

Sac7p(R173A) in strains.
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FIG. 7. Mutations of AVO3 cause decreases in active Rholp (Act-
Rhol) levels in cells. Lysates were prepared from transformants of
YMY97 (wild type [WT]), YMY99 (avo3-1%), and YMY100 (avo3-2")
induced to express Rholp-HA at 37°C for 2 h. The GTP-bound form
of Rholp-HA in lysates was pulled down using either GST-RBD
(A) or GST-Pkcl-RBD (B). Pulled down samples were separated by
SDS-PAGE; GST fusion proteins were detected by Coomassie blue
staining, and active Rholp-HA was detected by Western blot analysis
using anti-HA antibodies. Total Rholp-HA levels in lysates were also
examined by Western blot analysis. Overexp., overexpression; Vec,
vector.

Total |

type background did not influence cell growth at permissive or
nonpermissive temperatures (data not shown). Compared to
avo3* cells without SAC7 deletion, sac7A avo3* cells displayed
better viability at nonpermissive temperatures; reexpression of
SAC7 in sac7A avo3* cells eliminated the suppression effect of
SAC?7 deletion on temperature sensitivity (Fig. 6D). In con-
trast, although Sac7p(R173A) protein was expressed in sac7A
avo3" cells, it had little effect on growth at nonpermissive
temperatures. These results indicate that expression of
Sac7p(R173A) could not cover the function(s) served by the
wild-type version of Sac7p in reversing the suppression effect
of SAC7 deletion on avo3" phenotypes. Together, these data
suggest that removal of the GAP activity of Sac7p was the
major reason why SAC7 deletion could rescue avo3" mutants.

Both avo3-1'° and avo3-2"° mutants are defective in Rholp
activation. Since our results described above point out Rholp
as a major Avo3p downstream effector and show that removal
of Sac7p GAP activity toward Rholp was sufficient to rescue
avo3" mutants, Rholp activation may very likely be defective
in avo3" mutants. To address this question, we employed two
recombinant proteins, GST-RBD and GST-Pkclp-RBD, both
of which bind specifically to the GTP-bound active form of
Rholp (35, 64, 71). Lysates prepared from wild-type or avo3*
cells expressing Rholp-HA were mixed with glutathione-
Sepharose bead-bound GST-RBD or GST-Pkclp-RBD and
subjected to pull-down procedures. We detected lower levels
of active Rholp in lysates from both avo3" mutants cultured at
nonpermissive temperatures than in lysates from wild-type
cells by using either GST-RBD (Fig. 7A) or GST-Pkclp-RBD
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(Fig. 7B), suggesting that Avo3p functions in modulating
Rholp activation.

Avo2p and Slml1p signal to the Rholp pathway through one
of the Rholp-GEFs, Tuslp. To investigate whether avo3-1'-
and avo3-2“-specific suppressors rescued avo3" mutants by
boosting Rholp activation, we next tested if positive regula-
tors, i.e., Rholp-GEFs, are required for the dosage suppres-
sion. We deleted each of the known Rholp-GEFs, ROM1I,
ROM?2 and TUSI, in avo3" backgrounds and examined the
effect of each GEF deletion on avo3" suppression by allele-
specific suppressors. Our results revealed that in the avo3-1'
background, the allele-specific suppressor AVO1 still sup-
pressed temperature sensitivity, even when ROM1, ROM2, or
TUS! was deleted (Fig. 8A). In the avo3-2" background, de-
letion of either ROM1 or ROM?2 had no effect, while TUSI
deletion considerably reduced the AVO2- and SLM1-rescued
growth of mutant cells at nonpermissive temperatures (Fig.
8B). These results suggest that avo3-2"-specific suppression by
AVO2 or SLM1 is linked to Tuslp-mediated Rholp activation.
We then examined the effect of AVO2 or SLM1 overexpression
in avo3-2* cells on their levels of active Rholp and found that
overexpression of AVO2 or SLMI indeed increased the
amount of active Rholp to a level similar to that in AVO3-
complemented mutant cells (Fig. 9A) and that this increase
was at least partially dependent on Tuslp, since TUSI deletion
reduced the effect. Since Avo2p exists in TORC2 and Slm1p is
considered a TORC2 downstream effector, we tested if Slm1p
interacts with Tuslp to link to the Rholp pathway. Using
lysates from wild-type yeast cells coexpressing GST-SIm1p and
Tuslp-HA to perform a GST pull-down assay, we discovered
that Tuslp-HA could copurify with GST-Slmlp (Fig. 9B),
demonstrating a physical interaction between Tuslp and
Slm1p. These observations together suggest that there exists an
Avo2p-specific TORC2 downstream signaling pathway acting
through Slm1p and Tuslp to activate Rholp.

DISCUSSION

Considering the diverse cellular events influenced by TOR
and the existence of TOR-containing multiprotein complexes
within cells, it is plausible that TOR-binding partners partici-
pate in specifying target effectors and regulating TOR down-
stream signaling. Using the two classes of avo3" mutants de-
fective in different downstream signaling functions that were
isolated previously (25), we explored the role of Avo3p as a
scaffold protein in TORC2 structure and signaling in this study.

Supporting the notion that Avo3p provides a structural scaf-
fold in TORC2, our results underscore the importance of
Avo3p function in maintaining TORC2 integrity. First, differ-
ent avo3" mutations could affect TORC2 integrity differently.
Second, expressing wild-type AVO3, but not any suppressor
genes, in avo3" cells could restore TORC2 integrity. A previ-
ous study in which GALI-driven expression of individual
TORC2 components was shut down (68) suggested that Avolp
and Avo3p bind cooperatively to Tor2p and are required for
TORC?2 integrity. Our data are compatible with a cooperative
association of Avolp and Avo3p with TORC2; in avo3" mu-
tants, we found Avolp and Avo3p either both present or both
absent in TORC2. However, in view of the fact that AVOI
overexpression in avo3" cells could not correct defective pro-
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FIG. 8. Tuslp participates in Avo2p- and Slmlp-mediated, but not Avolp-mediated, suppression of avo3®™ phenotypes. Three known
Rholp GEF genes, ROMI, ROM2, and TUSI, were individually deleted in avo3" mutants. The resulting strains were transformed by
allele-specific multicopy suppressors. Transformants were subjected to spot assays for growth to test the effects of GEF deletion on
suppression. (A) Rholp-GEF deletions have no effect on AVOI-mediated suppression of the avo3-1' phenotype. Plasmid pRS424 (Vector),
pTSS1 (AV03), or pHS2 (AVOI) was transformed into YMY99 (avo3-1%), YMY212 (avo3-1" romIA), YMY213 (avo3-1** rom2A), or
YMY214 (avo3-1' tusIA). The resulting transformants were tested for growth at different temperatures. (B) Deletion of TUSI, but not
ROM1 or ROM2, reduces AVO2- and SLMI-mediated suppression of the avo3-2" phenotype. Plasmid pRS424 (Vector), pTSS1 (4V03),
pHS5 (AV02), or pHS6 (SLM1) was transformed into YMY100 (avo3-2%), YMY312 (avo3-2" romi1A), YMY313 (avo3-2" rom2A), or
YMY314 (avo3-2" tusIA). Transformants were tested for growth at different temperatures.
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FIG. 9. Tuslp links Avo2p and Slm1p signaling to Rholp activation. (A) Overexpression (Overexp.) of AVO2 or SLM1 restores levels of active
Rholp in avo3-2* cells. Plasmids expressing AVO3 (pTSS1), AVO2 (pHSS5), or SLM1 (pHS6) from their endogenous promoters and the control
vector (pRS424) were individually transformed into YMY100 (avo3-2*) or YMY314 (avo3-2" tusIA). After induction of Rholp-HA expression at

37°C for 2 h, lysates were prepared and subjected to the pull-down assay

for active Rholp-HA (Act-Rhol) by using GST-Pkc1-RBD. Coomassie

blue staining was used to detect GST-Pkclp-RBD, while Western blot analysis with anti-HA antibodies was used to detect active and total
Rholp-HA. (B) Slm1p physically interacts with Tuslp. YMY97 (wild type [WT]) cells were cotransformed with plasmids expressing Tuslp-HA
(pHS11) and GST (pGAL1-GST-URA3) or GST-SIm1p (pHS10) from the GALI promoter. Lysates were prepared from transformants induced
by galactose and grown at 27°C or shifted to 37°C for 2 h; then the lysates were subjected to GST pull-down procedures. Pulled down proteins were
separated by SDS-PAGE, stained by Coomassie blue to visualize the GST or GST-SIm1p, and examined by Western blot analysis with anti-HA
antibodies for copurified Tus1p-HA. Expression levels of Tuslp-HA in lysates were also examined by Western blot analysis.

tein interactions in TORC2 (Fig. 3; H.-L. Ho and M.-Y. Chen,
unpublished data), our data seem to suggest that Avo3p plays
a more important role than Avolp in organizing TORC2 struc-
ture. Intriguingly, the mammalian counterpart of Avo3p, Ric-
tor, also appears to play a role in modulating mTORC?2 integ-
rity. The mammalian ortholog of Avolp, mSINI, cannot
interact with mTOR when Rictor is knocked down (16). In
agreement with a previous finding that Lst8p binds apart from
Avolp or Avo3p to the C-terminal portion of Tor2p (68), we
found the Tor2p-Lst8p association unchanged in avo3" mu-
tants, even under conditions where Avolp and Avo3p no
longer remained in TORC2.

In agreement with the hypothesis that Avo3p may serve to
channel TORC?2 signaling to various downstream effector
pathways, our observations support the idea that different
avo3" mutations differentially affect TORC2 downstream sig-
naling mechanisms. First, since avo3" suppressors failed to
restore TORC?2 integrity in mutants and their suppression was
allele specific, they could very likely exert their suppression
effect by acting on differentially affected downstream signaling
in different avo3" mutants. Second, physical interactions be-
tween TORC2 and the two downstream effector proteins
Slmlp and Slm2p were hardly affected in avo3-1' cells but
significantly inhibited in avo3-2* cells; the fact that this inhi-
bition could be eliminated by expressing wild-type AVO3 but
not the suppressor gene AVO2 argues for a primary role of
Avo3p in modulating the coupling of TORC2 to these down-
stream effectors. Third, TUSI deletion specifically weakened
the effect of avo3-2"-specific but not avo3-1'*-specific suppres-
sors in rescuing mutants, suggesting that Tus1p may participate

only in specific TORC2 downstream functions, not in all those
activated by suppressor expression.

The results of this study support and extend our previous
understanding based on genetic data that TORC2 downstream
signaling branches into an Avolp-mediated pathway and an
Avo2p/Simlp-mediated pathway (25). In avo3-1* cells, we
found weakened but not missing binary interactions within
TORC2, which we suspect was not the major cause for tem-
perature sensitivity and actin defects. It is more likely that the
mutated Avo3p in avo3-1* cells influences the coupling of
TORC?2 to certain downstream signaling functions. Based on
specific suppression by AVOI overexpression and the unaf-
fected recruitment of Slm proteins to TORC2, the defective
function in avo3-1* cells is mostly likely an Avolp-mediated,
Slm1p-independent function. The molecular components me-
diating this TORC2 downstream function await discovery. On
the other hand, in avo3-2* cells, Avo2p was missing in TORC2,
a finding that correlates well with allele-specific suppression by
AVO2, considering the still-detectable Tor2p-Avo2p interac-
tion in avo3-1" cells. Taking together the allele-specific sup-
pression by SLM1 or SLM?2 overexpression and the decreased
physical interactions between TORC2 and the two Slm pro-
teins, we suggest that the avo3-2" mutant is defective in
Avo2p- and SIm1p/SIm2p-dependent TORC2 downstream sig-
naling. Whether Avo2p and Slm1p define a single downstream
pathway or couple to separate pathways is still unclear; one
line of evidence supporting a single Avo2p-SIm1p linked path-
way is that Slmlp physically interacts with Avo2p (15). In
addition, in view of the facts that expression of AVO2 or the
two SLM genes could not restore TORC2 composition and
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that AVO2 expression failed to facilitate the recruitment of
Slm proteins to the complex in avo3-2" cells, these suppressors
probably rescue the mutant by acting at a level downstream of
Avo2p and Slm proteins. We discovered that overexpression of
AVO?2 or SLM1 could bring the reduced levels of active Rholp
in avo3-2* cells back to wild-type-like levels, suggesting that
Avo2p and Slm proteins act upstream of Rholp activation.

Besides the differentially affected functions discussed above,
our analyses also revealed a common defect, i.e., reduced ac-
tivation of the Rholp pathway, in both classes of avo3" mu-
tants. The reasons for this conclusion include the following: (i)
lower levels of active Rholp were detected in mutants; (ii)
deletion of GAPs, including Sac7p, Bag7p, and Lrglp, which
are known to negatively regulate Rholp (54, 60), resulted in
the rescue of avo3" phenotypes; and (iii) removal of the GAP
activity of Sac7p, which should result in Rholp activation, was
sufficient to confer the rescuing effect on avo3" phenotypes.
Interestingly, other avo3* allele-interacting Rho-GAPs that we
found, including Bem2p and Rgdlp, deletion of which aggra-
vated avo3" phenotypes, have been reported to have negative
effects on the cell integrity pathway when they are mutated.
Bem?2p is a GAP for Rholp (47); a specific bem?2 allele causes
weakness of the cell wall and renders mutant cells more sen-
sitive to the cell wall-degrading enzyme Zymolyase (10).
Rgdlp is a Rho3p- and Rho4p-specific GAP (14); it has been
shown that deletion of RGDI causes attenuation of PKC path-
way activity (12). Taken together, since avo3" mutants are
defective in Rholp activation, it can be expected that any
molecular defects diminishing the signaling functions linking to
Rholp may aggravate the phenotypes of avo3" mutants.

Rholp regulates a variety of cellular functions, including cell
wall biogenesis, actin organization, bud growth, and polarized
secretion (36). Consistent with reduced Rholp activation in
avo3" mutants, they exhibit cell wall and actin defects, and
suppressors capable of restoring wild-type-like levels of active
Rholp in avo3* cells (Fig. 9) can also rescue their cell wall and
actin phenotypes (25). Distinct functions of Rholp are thought
to be regulated via modulation of different Rholp downstream
pathways by different GAPs (36, 40, 54, 60, 62). Genetic data
suggest that BEM2 and SAC7 mediate the activation of the
Pkelp-Mpklp cell wall integrity pathway and that SAC7 and
BAG7 regulate an uncharacterized effector pathway to control
actin organization (60). LRG1 encodes a specialized RhoGAP
regulating 1,3-B-glucan synthesis (65). Our results are in good
agreement with these previous findings. Deletion of SAC7 or
LRGI partially rescued the cell wall integrity defects of avo3*
cells, while deletion of SAC7 or BAG?7 partially corrected actin
organization defects in mutants. Since Sac7p participates in
more Rholp functions, including actin and cell wall regulation,
than the other the avo3" allele-interacting RhoGAPs, only
deletion of SAC7 could rescue all the avo3" phenotypes exam-
ined.

Considering the putatively distinct signaling branches down-
stream of TORC2, one plausible explanation for the shared
Rholp activation defect in avo3* mutants is that the Avolp-
mediated and Avo2p/Slml1p/Slm2p-mediated pathways con-
verge on Rholp. Following this line of reasoning, Rholp reg-
ulators, including Rholp-GAPs and Rholp-GEFs, make good
candidate targets for Avo3p action in modulating TORC2 cou-
pling to different downstream signaling mechanisms. Our anal-
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yses did not reveal allele-specific modification of avo3" phe-
notypes by deletion of any individual Rholp-GAPs, suggesting
that the branching of TORC2 downstream signaling is not
mediated by different GAPs. On the other hand, overexpres-
sion of genes encoding Rholp-GEFs such as Rom2p or Tuslp
failed to rescue the temperature sensitivity of avo3' mutants
(Ho and Chen, unpublished). Since at least five effectors, in-
cluding Fks1/2p, Pkclp, Bnilp, Sec3p, and Skn7p, are known
to act downstream of Rholp (1, 19, 23, 34, 50), one possible
explanation for our data is that the temperature sensitivity of
avo3" mutants may be a result of multiple defects in Rholp
downstream signaling, and thus overexpression of a single
Rholp-GEF may not be sufficient to restore all defective sig-
naling functions. Alternatively, perhaps the molecular mecha-
nism involved in activating Rom2p or Tuslp is defective in
avo3® cells, and therefore overexpression of these GEFs still
could not lead to their activation. Finally, our investigation into
the roles of Rholp-GEFs in the suppression effect of avo3"
multicopy suppressors uncovered another molecular mecha-
nism differentially affected in the two classes of avo3" mutants.
In avo3-1* cells, individual deletion of ROM1, ROM2, or TUS1
did not influence AVOI suppression; either the three GEFs
function redundantly in Avolp-mediated TORC2 downstream
signaling or some unidentified components other than the
three GEFs may be involved. Interestingly, deletion of the
Rholp-GEF gene TUSI, but not that of ROM2 or ROMI,
diminished the effects of avo3-2"-specific suppressors. To-
gether with a demonstrated physical interaction between
Tuslp and Slmlp, our results define a novel Avo2p- and
SIm1p/Slm2p-dependent signaling mechanism acting through
Tuslp to activate the Rholp pathway.
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