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Background:Molecular mechanisms underlying target of rapamycin complex 2 (TORC2) signaling are poorly understood.
Results: The TORC2 component Avo1 directly interacts with a downstream substrate Ypk2.
Conclusion: Avo1-Ypk2 interaction is essential for TORC2-Ypk2 coupling and activation of the downstream effector path-
way(s) regulating cell integrity and actin organization.
Significance: Physical associations between TORC2 components and specific downstream effectors provide the molecular
basis for selective downstream signaling.

The conserved Ser/Thr kinase target of rapamycin (TOR)
serves as a central regulator in controlling cell growth-related
functions. There exist two distinct TOR complexes, TORC1 and
TORC2, each coupling to specific downstreameffectors and sig-
naling pathways. In Saccharomyces cerevisiae, TORC2 is
involved in regulating actin organization and maintaining cell
wall integrity. Ypk2 (yeast protein kinase 2), a member of the
cAMP-dependent, cGMP-dependent, and PKC (AGC) kinase
family, is a TORC2 substrate known to participate in actin and
cell wall regulation. Employing avo3ts mutants with defects in
TORC2 functions that are suppressible by activeYpk2,we inves-
tigated the molecular interactions involved in mediating
TORC2 signaling to Ypk2. GST pulldown assays in yeast lysates
demonstrated physical interactions between Ypk2 and compo-
nents of TORC2. In vitro binding assays revealed that Avo1
directly binds to Ypk2. In avo3ts mutants, the TORC2-Ypk2
interaction was reduced and could be restored byAVO1 overex-
pression, highlighting the important role of Avo1 in coupling
TORC2 to Ypk2. The interaction was mapped to an internal
region (amino acids 600–840) of Avo1 and a C-terminal region
of Ypk2. Ypk2334–677, a truncated form of Ypk2 containing the
Avo1-interacting region, was able to interfere with Avo1-Ypk2
interaction in vitro. Overexpressing Ypk2334–677 in yeast cells
resulted in a perturbation of TORC2 functions, causing defec-
tive cell wall integrity, aberrant actin organization, and dimin-
ished TORC2-dependent Ypk2 phosphorylation evidenced by
the loss of an electrophoretic mobility shift. Together, our data
support the conclusion that the direct Avo1-Ypk2 interaction is
crucial for TORC2 signaling to the downstream Ypk2 pathway.

The target of rapamycin (TOR)2 protein, a conserved Ser/
Thr protein kinase in diverse species, serves as a pivotal regu-
lator of cell growth in response to nutrients, growth factors, the
energy status of the cell, and environmental stress (1, 2). Dys-
function of the TOR signaling pathway can result in human
diseases, including obesity, diabetes, and cancer (2, 3). TOR
exerts its functions mainly from two distinct multi-protein
complexes, i.e.TOR complex 1 (TORC1) and TORC2, of which
the components and functions are also well conserved (4–10).
In Saccharomyces cerevisiae, there exist two TOR proteins
(Tor1 and Tor2) (11), and either one can complex with Kog1
and Lst8 to form the rapamycin-sensitive TORC1, serving to
modulate diverse growth/proliferation-related cellular pro-
cesses such as ribosome biogenesis and translation, transcrip-
tion, cell cycle regulation, and autophagy (12–15). Tor2 but not
Tor1 forms TORC2 together with the TORC-common compo-
nent Lst8, the two essential proteins Avo1 and Avo3, and the
two nonessential proteins Avo2 and Bit61 (5, 16). The function
of TORC2 in the budding yeast is rapamycin-insensitive and
has been linked to the regulation of actin organization, cell wall
integrity, and sphingolipid metabolism (5, 17, 18). The highly
conserved components of TORCs are reported to participate in
regulating TOR functions. For example, Lst8 is important for
the kinase activity of TORCs, whereas the TORC2-specific pro-
teins Avo1 and Avo3 maintain the complex integrity (19, 20).
However, the roles of specific TORC components in regulating
the downstream signaling remain largely unknown.
The distinctive functions of TORCs may be attributed to the

fact that each complex has its own specific substrates and
downstream signaling effectors. Well characterized mamma-
lian TORC1 substrates include eIF4E-binding protein 1 (4E-
BP1) and S6 kinase (S6K); S6K is amember of the AGC (cAMP-
dependent, cGMP-dependent, and PKC) protein kinase family
(21). Sch9, a S6K homolog in yeast, is also directly phosphory-
lated and activated by TORC1 (22). To date, most of the known

* This work was supported by Grants NSC94-2311-B-010-010 and NSC95-
2311-B-010-013 from the National Science Council, Taiwan, and “Aim for
the Top University Plan” grant 100AC-T506 from the Ministry of Education,
Taiwan.

□S This article contains supplemental Tables S1 and S2.
1 To whom correspondence should be addressed: Institute of Biochemistry

and Molecular Biology, National Yang-Ming University, 155, Sec. 2, Li-Nong
St., Taipei 11221, Taiwan. Tel.: 886-2-28267269; Fax: 886-2-28264843;
E-mail: meychen@ym.edu.tw.

2 The abbreviations used are: TOR, target of rapamycin; TORC, target of rapa-
mycin complex; MBP, maltose-binding protein; aa, amino acids.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 287, NO. 9, pp. 6089 –6099, February 24, 2012
© 2012 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

FEBRUARY 24, 2012 • VOLUME 287 • NUMBER 9 JOURNAL OF BIOLOGICAL CHEMISTRY 6089

http://www.jbc.org/cgi/content/full/M111.303701/DC1


TORC2 substrates are AGC kinases, including the mammalian
Akt, SGK, PKC, and their counterparts in other organisms (23–
26). Although the substrate specificity of TORCs is presumably
determined by the subunit composition of each complex, the
underlying molecular interactions await further elucidation.
In S. cerevisiae, one of the identified TORC2 substrates is

Ypk2 (yeast protein kinase 2), an AGC kinase highly homolo-
gous to mammalian SGK and Akt (27, 28). TORC2 phosphory-
lates Ypk2 at Ser641 in the turn motif and Thr659 in the hydro-
phobic motif; both sites are located in a region C-terminal to
the kinase domain of Ypk2 (27). It is believed that the TORC2-
mediated phosphorylation of the C-terminal tail relieves Ypk2
from the autoinhibition by its own N-terminal regulatory
region, allowing phosphorylation of the activation loop by
PDK1-like kinases Pkh1 and Pkh2 and the full activation of
Ypk2 (29). Other TORC2 substrates found in yeast are Slm1
and Slm2; these two very similar proteins can bind to phos-
phatidylinositol 4,5-bisphosphate and are known to be involved
in the regulation of actin organization (30). However, Ypk2
appears tomediatemost of theTORC2 functions, including the
regulation of actin rearrangement and ceramide biosynthesis
(17, 27). The evidence for Ypk2 being the major TORC2 down-
stream effector is the observation that constitutively active
Ypk2 mutants suppress phenotypes of tor2mutants (27).

In this study, to further understand the functions of individ-
ual TORC2 components in mediating downstream signaling,
we investigated the molecular interactions involved in the
TORC2-mediated Ypk2 regulation. We found Avo3 essential
for the TORC2-Ypk2 interaction in yeast cells, likely because it
serves to maintain the integrity of TORC2 (20). We identified
Avo1 as a direct binding partner of Ypk2. The interaction
regions were mapped to an internal region (aa 600–840) of
Avo1 and the N-terminal 99 aa, as well as a C-terminal region
(aa 467–677) of Ypk2. In the wild-type background, overex-
pression of Ypk2334–677, a truncated mutant able to interfere
with the interaction between wild-type Ypk2 and Avo1,
resulted in phenotypes reminiscent of TORC2 mutants. Taken
together, our data suggest that the direct interaction between
Avo1 and Ypk2 mediates the coupling of TORC2 to the down-
stream Ypk2 signaling pathway.

EXPERIMENTAL PROCEDURES

Media and Culture Conditions—Yeast cells were cultured at
27 °C in YPD (1% yeast extract, 2% peptone, and 2% glucose) or
synthetic completemedium (0.17% yeast nitrogen base without
amino acids, 0.5% ammonium sulfate, 2% glucose, and appro-
priate amino acids drop-outmix) for plasmidmaintenance. For
galactose induction, overnight yeast cultures in a medium con-
taining 2% raffinose were diluted 1:100 into fresh medium and
further grown for 4 h before the addition of galactose to a final
concentration of 3%; the cells were harvested after 3 h of
induction.
Strains and Plasmids—Yeast strains and plasmids used in

this study are listed in supplemental Tables S1 and S2, respec-
tively. A chromosome allele expressing Ypk2-Myc was engi-
neered by PCR-based gene tagging (31). Primers Ypk2-TAG-F2
(5�-ACAGTTGGGTGATTCTCCTTCGCAGGGGAGAAG-
CATTAGTCGGATCCCCGGGTTAATTAA-3�) and Ypk2-

TAG-R1 (5�-AAATTCCGTCCGGCTCGGCTCGGCTTG-
CTTCGGCTTGCTTGAATTCGAGCTCGTTTAAAC-3�)
were used to amplify a cassette containing multiple copies of
the Myc epitope and the HIS3 selection marker from pFA6a-
13Myc-His3MX5 (31). For expressing a constitutively active
form of Ypk2, primers Ypk2-S1 (5�-AAAGAGCTCGGAACG-
ATGGAGCAACCAGTG-3�) and Ypk2-A1 (5�-AAAGAGCT-
CGGTATAAGCGTCCGTCCTTC-3�) were used to amplify
the cDNA fragment encoding for aa 224–677 of Ypk2, and the
PCRproduct was subcloned into pRS424 (32). To expressGST-
tagged full-length and fragments of Ypk2 in yeast cells, plas-
mids pHC2–9were constructed by inserting variousYPK2 frag-
ments into pGAL1-GST-URA3. For expressing a kinase-dead
version of the Ypk2224–677 fragment, primers Ypk2-K373A-S1
(5�-GATTTACGCGTTGGCGGCTCTGAGAAAAG-3�) and
Ypk2-K373A-A1 (5�-CTTTTCTCAGAGCCGCCAACGCGT-
AAATC-3�) were used in the PCR-based site-directed mutag-
enesis on pHC7. To express GST-Ypk2 and MBP-Ypk2 fusion
proteins in Escherichia coli, pHC2 was digested with BamHI,
and the YPK2 fragment was subcloned into pGEX2T
(Amersham Biosciences) and pMAL-C2 (New England Biola-
bs), respectively. For in vitro binding assays, variant forms of
AVO1were amplified from yeast genomic DNA and subcloned
into yTA (Yeastern). Similarly, full-length LST8 was subcloned
into pcDNA3.1 (Invitrogen), and AVO3 was subcloned into
pSG5 (Stratagene). For yeast two-hybrid assays, different YPK2
fragments were obtained from plasmids pHC2–9 by BamHI di-
gestion and subcloned into pGBKT7 (Clontech), whereas a
PCR fragment encoding aa 600–840 of Avo1 was subcloned
into pACT2 (Clontech).
Spot Assay for Yeast Growth—About 107 (0.5A600) cells from

27 °C overnight cultures were used to make 10-fold serial dilu-
tions over a 10000-fold range. Aliquots (5-�l) of each dilution
were spotted onto appropriate plates and incubated at the indi-
cated temperatures until colonies formed.
Trypan Blue Assay—This assay for cell wall integrity was

done as described (18). Briefly, overnight cultures were diluted
to an A600 of 0.15 and incubated at 27 °C for 3 h. Each culture
was then divided into two aliquots; one was shifted to 37 °C,
whereas the other was kept at 27 °C and further incubated for
6 h. The cells were harvested, washed in distilled water, and
stained with 0.05% trypan blue for 1 h. At least 200 cells from
each sample were examined under the microscope.
Actin Staining—Overnight cultures were diluted to an A600

of 0.15, grown at 27 °C for 3 h, and subsequently shifted to 37 °C
for 3 h. Harvested cells were fixed in 4% formaldehyde at room
temperature for 1 h. Fixed cells were washed twice and resus-
pended in PBS; Rhodamine-Phalloidin (Sigma) and Triton
X-100 were added to the suspensions to 0.66 �M and 0.02%,
respectively, and cells were stained at room temperature for
1.5 h. Harvested cells were washed four times in PBS and resus-
pended in the mounting solution. Actin organization and cell
morphology were examined using fluorescence and differential
interference contrast microscopy. At least 200 cells from each
samplewere examined.At least three independent experiments
were done.
GSTPulldownAssay—Toexamine the interaction ofTORC2

components with Ypk2 in yeast cells, GST- and GST-Ypk2-
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expressing plasmids were transformed into yeast strains carry-
ing different HA- orMyc-epitope-tagged TORC2 components,
respectively. Cultures of transformantswere subjected to galac-
tose induction for 4 h. Harvested cells were lysed by vortexing
together with glass beads in a lysis buffer containing 1� PBS,
10% glycerol, 0.5% Tween 20, 10 mMNaF, 10 mMNaN3, 10 mM

sodiumpyrophosphate, 10mM �-nitrophenylphosphate, 10mM

�-glycerophosphate, 1mMPMSF, and a protease inhibitormix-
ture (Millipore). Crude extracts were centrifuged at 4 °C to
remove cell debris. Twenty microliters of glutathione-Sephar-
ose 4B beads (GE Healthcare) were added into each 10-mg
lysate sample and incubated at 4 °C for 1 h. The beads were
collected, washed five times in the wash buffer (50 mM Tris-
HCl, pH 7.5, 150mMNaCl, 1mM EDTA, and 1%Triton X-100),
and resuspended in 50 �l of sample buffer. The pulled-down
proteins were subjected to SDS-PAGE and Western analysis
using anti-HA (Covance) or anti-Myc (LTK) antibodies.
In Vitro Binding Assays—GST and GST-Ypk2 proteins were

expressed in E. coli (BL21) and purified using glutathione-Sep-
harose 4B beads. Different TORC2 components were tran-
scribed and translated in vitro using the TNT T7 quick system
(Promega). Equal amounts of individual 35S-labeled TORC2
component translated in vitrowere incubatedwith bead-bound
GST or GST-Ypk2 for 2 h at 4 °C. After centrifugation, bead-
bound proteins were washed five times in the washing buffer,
resuspended in 1� sample buffer, and subjected to SDS-PAGE
and autoradiography. The amounts of each 35S-labeled protein
in GST and GST-YPK2 pulldown samples were compared. To
test the Ypk2334–667 fragment for competition with the full-
length Ypk2 in Avo1 binding, MBP and MBP-Ypk2 were
expressed in E. coli and pulled down using amylose resin. 35S-
Labeled Avo1 was prepared by in vitro transcription/transla-
tion as above-mentioned. GST and GST-Ypk2334–667

expressed in E. coli were purified following the GST pulldown
and glutathione elution procedures. Equal amounts of 35S-la-
beled Avo1 were mixed with amylose resin-bound MBP and
MBP-Ypk2 for in vitro binding at 4 °C for 2 h in the presence of
recombinant GST or GST-Ypk2334–667 as the competitor. Res-
in-boundproteinswere collected by centrifugation,washed five
times in the binding buffer, and analyzed by SDS-PAGE and
autoradiography. The amounts of 35S-labeled Avo1 pulled
down with MBP-Ypk2 in the presence of different doses of
competitor were compared.
Ypk2 Band Shift Assay and Alkaline Phosphatase Treatment—

Cultures of Ypk2-Myc-expressing yeast strains were grown to
an A600 of 0.8 and shifted to 37 °C for 3 h. The lysates were
prepared as in the GST pulldown assay and subjected toWest-
ern analysis with anti-Myc antibodies. For alkaline phosphatase
treatment, samples of lysates containing 3 mg of proteins were
immunoprecipitated by incubating with anti-Myc antibodies
and protein G-agarose beads (Millipore) at 4 °C for 2 h. After
centrifugation, the beads were washed three times in the lysis
buffer. Each sample wasmixed with FastAPTM thermosensitive
alkaline phosphatase (Upstates) and incubated for 1 h at 37 °C.
The reaction was stopped by resuspending the beads in the
sample buffer. The samples were boiled at 100 °C for 5 min and
subjected to SDS-PAGE and Western analysis.

RESULTS

Constitutively Active Ypk2 Rescues Multiple Phenotypes of
avo3ts Mutants—We have previously obtained two tempera-
ture-sensitive mutants of the TORC2-specific component
Avo3; the growth of these avo3ts mutants is sensitive to high
temperatures, and they display defects in cell wall integrity and
actin organization if grown at their nonpermissive tempera-
tures such as 37 °C (18). It has been shown that phenotypes of
tor2ts mutants can be suppressed by expressing a constitutively
active allele ofYPK2 (YPK2�N), which encodes a truncated form
ofYpk2missing theN-terminal 224 aa (27).We tested the effect
of expressing the same Ypk2 variant on the temperature-sensi-
tive growth of our avo3ts mutants. The results demonstrated
that overexpressing YPK2�N could rescue the growth of both
avo3ts mutants at 37 °C (Fig. 1A). The Saccharomyces genome
encodes a Ypk2-related Ser/Thr protein kinase, Ypk1 (33).
However, overexpressing the YPK1�N allele, which can also
suppress the tor2ts phenotypes (27), did not have the same
effect as YPK2�N in our strain background (data not shown).

Because studies have implicated Ypk2 in the maintenance of
cell wall integrity and actin organization (27, 29), we investi-
gated the effects of active Ypk2 on the cell wall and actin phe-
notypes of avo3ts mutants. Many mutants, including the avo3ts

mutants, which are defective in the cell wall integrity, display
caffeine sensitivity (18, 34). When we tested the cell growth in
caffeine-containing media, the results showed that Ypk2�N

overexpression markedly improved the growth of avo3ts

mutants in the presence of 8 mM caffeine (Fig. 1B). In agree-
ment with the caffeine sensitivity experiment, another cell wall
assay, i.e. the trypan blue assay, also demonstrated that the cell
wall defect of both avo3ts mutants at 37 °C could be suppressed
when Ypk2�N was overexpressed (Fig. 1C). We also evaluated
the effect of Ypk2�N on the actin phenotype of avo3ts mutants
by staining cellular F-actin with TRITC-phalloidin and observ-
ing the cells using fluorescence microscopy. Overexpression of
Ypk2�N caused a decrease in the percentages of cells with
abnormal actin distribution in avo3tsmutants at 37 °C (Fig. 1D).
Together, our data demonstrated that the constitutively active
form of Ypk2 could rescue multiple phenotypes resulting from
defective TORC2 functions in the avo3ts mutants, confirming
Ypk2 as the major TORC2 effector.
Ypk2 Physically Associates with TORC2 andDirectly Binds to

Avo1—To investigate the mechanism of TORC2 signaling to
Ypk2, we examined whether Ypk2 physically associates with
TORC2. We expressed GST-Ypk2 in wild-type yeast strains
with individual epitope-tagged TORC2 components (supple-
mental Table S1) and performedGST pulldown assays to assess
the TORC2-Ypk2 interaction. The results demonstrated that
GST-Ypk2, but not GST, was able to pull down major TORC2
components (Fig. 2), indicating that Ypk2 physically interacts
with TORC2 in yeast cells.
We next investigated which TORC2 component is required

for the interaction of Ypk2 with TORC2. Two of the TORC2
components, i.e. Avo2 and Bit61, are not essential for yeast cell
growth; therefore we were able to compare the TORC2-Ypk2
interaction in the presence or absence of these two compo-
nents. The results showed that similar amounts of Tor2 were
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pulled down with GST-Ypk2 in wild-type and avo2�bit61�
yeast cells (Fig. 3A), suggesting that neither Avo2 nor Bit61 was
required for the TORC2-Ypk2 interaction. Because other
TORC2 components, including Avo1, Avo3, and Lst8, are
essential for yeast cell growth and deletion strains could not be
generated, we prepared 35S-labeled proteins by in vitro tran-
scription and translation and employed in vitro binding assays
to test for direct interaction of these TORC2 components with
recombinant GST-Ypk2 from E. coli.We found that, compared
with the GST control, GST-Ypk2 specifically pulled down 35S-
labeled Avo1, but not Avo3 or Lst8 (Fig. 3B), demonstrating
that Ypk2 directly binds to Avo1 in vitro. Taken together, our
data suggest that Ypk2 is coupled to TORC2 through a direct
physical interaction with Avo1.
Avo1 and Avo3 Are Important for TORC2-Ypk2 Interaction

in Cells—We further investigated whether Avo1 is required for
TORC2-Ypk2 coupling in yeast cells. Because AVO1 is an

essential gene and conditional avo1mutants were not available,
we took advantage of the avo3ts mutants we previously gener-
ated to address this issue. Avo1 and Avo3 bind cooperatively to
Tor2 and serve a scaffold-like function (19). In the avo3ts

mutants, the composition of TORC2 is greatly altered, and the
Tor2-Avo1 interaction is markedly decreased at both permis-
sive and nonpermissive temperatures (20). We figured that if
Ypk2 associates with TORC2 through Avo1, then the interac-
tion between Ypk2 and Tor2 would be affected in avo3ts cells.
Hence, we examined the interaction byGST pulldown assays in
yeast strains expressing GST or GST-Ypk2 and HA-Tor2. It
should be noted that the addition of tri-HA tag at the N termi-
nus of Tor2 neither affects the TORC2 complex integrity nor
interferes with its kinase activity (19, 27, 35). The GST pull-
down results indeed showed a decrease in the Tor2-Ypk2 inter-
action in both avo3ts strains in comparison with the wild type
(Fig. 4A). Expressing AVO3 could restore the Tor2-Ypk2 inter-
action in avo3ts mutants to wild-type-like levels (Fig. 4B), sug-
gesting that the intact function of Avo3 is required for the opti-
mal TORC2-Ypk2 interaction. Notably, there was no
significant change in the Avo1-Ypk2 interaction in avo3ts cells
when compared with wild-type cells (Fig. 4C). These data are
consistent with a scenario in which Ypk2 directly binds to Avo1
and thereby associates with TORC2, whereas Avo3 plays a scaf-
folding function and stabilizes the TORC2-Ypk2 interaction by
maintaining Avo1 in TORC2.
AVO1 and AVO2 are multicopy suppressors of avo3ts

mutants (18); we examined the effect of expressing these sup-
pressors on the Tor2-Ypk2 interaction. HA-Tor2-expressing
avo3ts strains were transformed with a plasmid overexpressing
Avo1, Avo2, or Avo3, and the interaction of Tor2 with Ypk2
was analyzed at a nonpermissive temperature byGSTpulldown
assays. The results showed that overexpression of AVO3 or
AVO1, but notAVO2, could restore the Tor2-Ypk2 interaction

FIGURE 1. Constitutively active Ypk2 rescues phenotypes of avo3ts mutants. Two avo3ts mutants carrying the control vector (pRS424), or a plasmid
expressing AVO3 (pTSS1) or YPK2�N (pHC1) were examined in different assays. A, temperature sensitivity assay. 10-fold serial dilutions of cell suspensions were
spotted on SC-Trp plates and incubated at the indicated temperatures until colonies formed. B, caffeine sensitivity assay. Cell suspensions were spotted on YPD
plates or YPD plates containing 8 mM caffeine and incubated at 27 °C until colonies formed. C, trypan blue assy. Different cultures were diluted to A600 � 0.15
and shifted to indicated temperatures for 6 h. The cells were stained with trypan blue and observed under the microscope. Shown are results from three
independent experiments. **, p � 0.01; *, p � 0.05 (Student’s t test). D, actin distribution assay. Log phase cultures were shifted to 37 °C for 3 h, fixed, and stained
for F-actin using TRITC-phalloidin. Individual cells were examined by fluorescence and differential interference contrast microscopy. Small-budded cells
showing four or more actin patches in the mother cells were scored as cells with aberrant actin distribution. Shown are the data from three independent
experiments. **, p � 0.01; *, p � 0.05 (Student’s t test). caff., caffeine; Vec, vector; aberr, aberrant.

FIGURE 2. Ypk2 physically associates with TORC2. The interaction between
Ypk2 and each TORC2 component was determined by the GST pulldown
experiment. Lysates were prepared from cells expressing GST or GST-Ypk2
along with one specific epitope-tagged TORC2 component and incubated
with glutathione-Sepharose beads. Proteins bound on the beads were sepa-
rated and detected by Western analysis using anti-HA or anti-Myc antibodies
to detect the tagged TORC2 component. GST and GST-Ypk2 in the pulldown
samples were visualized by Coomassie Blue staining. The expression levels of
the HA- or Myc-tagged TORC2 components in the lysates are shown in the
bottom panels.
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in both avo3ts mutants at 37 °C (Fig. 4D). These observations
further support that both Avo1 and Avo3 are important for the
TORC2-Ypk2 interaction in yeast cells.
Avo1 and Avo3 Play Important Roles in the TORC2-depen-

dent Post-translational Modification of Ypk2—The contribu-
tion ofAvo1 orAvo3 orTORC2-Ypk2 signalingwas next exam-
ined. It has been shown that Ypk2 can be phosphorylated by
TORC2 in vitro (27). The phosphorylation status of Ypk2 can
be monitored by its electrophoretic mobility (17). In theWest-
ern analysis on lysates prepared from Myc-tagged Ypk2-ex-
pressing wild-type yeast cells cultured at 37 °C and treated with
Zymolyase, we detected a band shift by anti-Myc antibodies;
the signal of this up-shifted band of Ypk2-Myc was greatly
reduced in lysates of avo3ts cells (Fig. 5A). The band shift dis-
appeared if we treated the wild-type lysates with alkaline phos-
phatase prior to the Western analysis (Fig. 5B), suggesting that
the electrophoretic mobility shift was associated with phos-
phorylation. These observations together suggest that the up-
shifted band is a result of Avo3-dependent phosphorylation of
Ypk2.
We examined the effect of overexpressingAVO1 orAVO2 on

the phosphorylation of Ypk2 in avo3tsmutants. Consistentwith
its lack of effects on the Tor2-Ypk2 interaction (Fig. 4D), the
expression of AVO2 in neither avo3ts strain restored the band
shift of Ypk2-Myc (Fig. 5C). Intriguingly, although not as
robustly as AVO3 overexpression did, overexpression of AVO1
recovered the Ypk2-Myc band shift in avo3-1ts, but not in avo3-
2ts cells (Fig. 5C). The results are in agreement with the finding
that AVO1 is an avo3-1ts-specific multicopy suppressor (18).
Considering that AVO1 overexpression could rescue the
TORC2-Ypk2 interaction in both avo3ts mutants (Fig. 4D), the
above observations seem to suggest that, in addition to Avo1,
the Avo3 function is also required for the optimal TORC2-de-
pendent post-translational modification of Ypk2.

FIGURE 4. Interaction between Ypk2 and TORC2 is affected in avo3ts

mutants. Tor2-Ypk2 or Avo1-Ypk2 interaction was determined by GST pull-
down assays. A and C, WT and avo3ts cells expressing HA-Tor2 or Avo1-Myc
were transformed with a plasmid expressing GST or GST-Ypk2. Exponentially
growing cultures were incubated at indicated temperatures for 3 h and sub-
jected to pulldown procedures. Pulled down proteins were analyzed by West-
ern analysis using anti-HA or anti-Myc antibodies to detect HA-Tor2 or Avo1-
Myc, whereas GST and GST-Ypk2 were visualized by Coomassie Blue staining.
Expression levels of HA-Tor2 or Avo1-Myc in lysates are shown in the bottom
panels. B and D, cells containing the empty vector (V), or an AVO1-, AVO2-, or
AVO3-expressing plasmid as indicated were grown at 37 °C, and their lysates
were subjected to the GST pulldown assay as in A and C. PD, pulldown.

FIGURE 3. Ypk2 directly binds to Avo1. A, Tor2-Ypk2 interaction in the WT or avo2�bit61� background. Lysates from HA-Tor2-expressing yeast cells trans-
formed with a plasmid expressing GST or GST-Ypk2 were subjected to GST pulldown procedures. Pulled down proteins were separated and detected by
Western analysis using anti-HA antibodies for HA-Tor2 and by Coomassie Blue staining for GST and GST-Ypk2. Expression levels of HA-Tor2 are shown in the
bottom panel. B, in vitro binding assay. 35S-Labeled Avo1, Avo3, and Lst8 were prepared using an in vitro transcription/translation kit and incubated with
glutathione-Sepharose bead-bound recombinant GST or GST-Ypk2 produced in E. coli. After washes, the bound 35S-labeled proteins were analyzed by
SDS-PAGE and autoradiography; GST fusion proteins were stained with Coomassie Blue. Shown in the bottom panels are input 35S-labeled proteins (one-
twentieth of the amount used in pulldown) analyzed by SDS-PAGE and autoradiography. prot., protein.
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Mapping of the Interaction Regions between Ypk2 and Avo1—
To identify the regions in the Avo1 protein that mediate the
interaction with Ypk2, lysates prepared from yeast strains
expressing different deletion variants of Avo1 (Fig. 6A) were
mixed with recombinant GST-Ypk2 from E. coli and subjected
to in vitro pulldown assays. Among the C-terminally truncated
Avo1 variants tested, Avo11–840 still displayed interaction with
Ypk2 in the pulldown assay (Fig. 6A), indicating that the Raf-
like Ras-binding and pleckstrin homology domains of Avo1 are
dispensable for the interaction with Ypk2. On the other hand,
analysis of Avo1 variants with N-terminal truncations showed
that Avo1600–1176 could still be pulled down by GST-Ypk2.
Together, the results suggest that the region spanning aa 600–
840 of Avo1 may serve to interact with Ypk2. We next tested
this Avo1 region for Ypk2 interaction using the yeast two-hy-
brid analysis. A partial AVO1 cDNA fragment encoding this aa
600–840 region and a full-length YPK2 cDNA fragment were
subcloned into the prey plasmid pACT2 and the bait plasmid
pGBKT7, respectively, and transformed into the AH109 yeast
strain to test for reporter gene expression. We found that
Avo1600–840 interacted with Ypk2 in the two-hybrid assay (Fig.
6B).We then tested a series ofN-terminal andC-terminal trun-
cation mutants of Ypk2 for interaction with Avo1600–840 (Fig.
6C). Among the N-terminally truncated Ypk2 baits, we found
that Ypk2100–677, compared with the full-length Ypk21–677,
resulted in less growth on the reporter plate, suggesting that a
region within the first 99 aa of Ypk2 may contribute to the
Ypk2-Avo1 interaction. The C-terminal truncation mutants
Ypk21–466 and Ypk21–333 showed no detectable growth on the
reporter plate, indicating that the regionC-terminal to aa 466 of
Ypk2 is essential for interacting with Avo1. The AGC-kinase
C-terminal domain, which contains the TORC2 substrate sites
Ser641 and Thr659 (27), may also contribute to the interaction
with Avo1, as a bait (Ypk21–618) carrying deletion of this
domain showed reduced reporter expression compared with
the full-length Ypk2.
Overexpression of a C-terminal Fragment (aa 334–677) of

Ypk2 Perturbs TORC2-Ypk2 Signaling—We next sought to
investigate whether the direct interaction between Avo1 and
Ypk2 is essential for TORC2 signaling to Ypk2. Toward this

end, we tested whether overexpression of any of the Avo1-in-
teracting Ypk2 fragments could interfere with the endogenous
Avo1-Ypk2 interaction and result in a perturbation of TORC2
to Ypk2 signaling. We transformed plasmids for GAL promot-
er-driven overexpression of different Avo1-interacting Ypk2
fragments into the wild-type strain and checked for dominant-
negative effects under galactose induction. Two fragments,
Ypk2224–677 and Ypk2334–677, were found to affect the growth
of wild-type cells in the spot assays (Fig. 7A). Ypk2224–677 over-
expression in the wild-type cells inhibited growth at 27 °C but
not at 37 °C; other TORC2-regulated functions such as cell wall
integrity and actin organization were not affected (Fig. 7,D and
E). Given these results, we figured it unlikely that Ypk2224–677
caused a perturbation of TORC2 downstream coupling.
Because Ypk2224–677 has been shown to be a constitutively active
form (27), we suspected that its hyperactivity at 27 °C causes a
toxic effect and thus inhibits growth. We prepared a kinase-dead
version of the Ypk2224–677 fragment (Ypk2224–677KD) by engi-
neering a K373A point mutation (27). When checked in the
avo3-2ts background, Ypk2224–677KD overexpression did not
rescue the cell growth at 37 °C as Ypk2224–677 did (Fig. 7B),
confirming its loss of function. When overexpressed in the
wild-type cells, Ypk2224–677KD exerted no detrimental effects
on cell growth at 27 °C (Fig. 7C), suggesting that the toxicity of
Ypk2224–677 at 27 °C resulted from the hyperactivity of Ypk2
downstream signaling. Taking these data together, we did not
consider Ypk2224–677 a dominant-negative fragment we were
looking for. On the other hand, overexpression of Ypk2334–677
in the wild-type background affected cell growth at both 27 and
37 °C (Fig. 7A), caused a cell wall integrity defect and dramati-
cally increased the number of stained cells in the trypan blue
assay (Fig. 7D), and perturbed the actin organization (Fig. 7E).
In the avo3-2ts background, overexpression of Ypk2334–677
failed to rescue the cell growth at 37 °C (Fig. 7B), suggesting that
it may be an inactive form. Among the fragments examined,
Ypk2334–677 appeared to interact best with Avo1 (Fig. 6C). It is
possible that Ypk2334–677 overexpression in the wild-type cells
may have caused a competition with endogenous Ypk2 for
Avo1 binding, resulting in decreased TORC2-Ypk2 coupling
and the above-mentioned dominant-negative effects. To test

FIGURE 5. TORC2-dependent post-translational modification of Ypk2 is affected in avo3ts mutants. A, the control vector (V) or AVO3-expressing
plasmid was transformed into WT or avo3ts cells expressing Ypk2-Myc. Log phase cultures were shifted to 37 °C for 3 h and treated with Zymolyase for
1 h before lysis. The lysates were subjected to SDS-PAGE and Western analysis for Ypk2-Myc using anti-Myc antibodies. Pgk1 serves as a loading control.
B, lysates from wild-type or avo3ts cells were subjected to immunoprecipitation (IP) with anti-Myc antibodies. Immunoprecipitates were incubated with
or without alkaline phosphatase for 1 h and analyzed by Western blotting using anti-Myc antibodies. Ypk2-Myc levels in the lysates detected by Western
blotting are also shown. C, two avo3ts mutants carrying the control vector (V) or a plasmid expressing AVO1, AVO2, or AVO3 were subjected to the same
assay as in A.
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this, we first examined whether Ypk2334–677 could influence
the Avo1-Ypk2 interaction in an in vitro binding assay. In the
assay, 35S-labeled Avo1 prepared by in vitro transcription and
translation could be pulled down by recombinant MBP-Ypk2,
but not MBP, purified from E. coli (Fig. 7F). When increasing
amounts of recombinant GST-Ypk2334–667 were added as the
competitor into the binding reactions, decreasing amounts of
35S-labeledAvo1were pulled downbyMBP-Ypk2, demonstrat-
ing that Ypk2334–667 could interfere with the interaction
between wild-type Ypk2 and Avo1 in vitro. We further checked
whether Ypk2334–677 could compete with the endogenous
Ypk2 protein for Avo1 interaction and perturb the coupling of
TORC2 to Ypk2 in yeast cells. The GST-fusion form of full-
length Ypk21–677 or the Ypk2334–677 fragment was overex-
pressed in a wild-type strain with a chromosomal tag to express
Ypk2-Myc endogenously, and the TORC2-dependent electro-
phoretic mobility shift of Ypk2-Myc was used as a read-out for
the TORC2-Ypk2 interaction. Consistent with a competition
effect on the endogenous TORC2-Ypk2 interaction, the results
showed that overexpression of GST-Ypk2334–677 reduced the
band shift of Ypk2-Myc as efficiently as the full-length GST-
Ypk21–677 did (Fig. 7G). We excluded the possibility that
Ypk2334–677 overexpression may somehow affect the complex
integrity of TORC2, because the amount of Tor2 co-immuno-
precipitatedwithAvo1 in cells overexpressing Ypk2334–677 was
similar to that observed in cells not overexpressingYpk2334–677
(Fig. 7H). Taken together, our data are consistent with the con-
clusion that the Avo1-Ypk2 interaction plays an important role
in mediating TORC2 signaling to the downstream Ypk2
pathway.

DISCUSSION

TOR responds to diverse environmental cues and regulates a
myriad of cellular functions. Although significant progress has
been made over the years in understanding the very complex
cellular TOR signaling network, we still know little about how
different signal inputs are integrated by TOR and how a cell
engages specific downstream pathways to differentially
respond to various signals. Because TOR is the catalytic core of
at least two functionally distinct multi-protein complexes, the
subunit composition of each complex must somehow assist in
specifying target effectors and regulating downstream signal-
ing. Consistent with this notion, it has been reported that the
mammalian TORC1 component Raptor directly binds to the
TOR signaling motifs on the mTORC1 substrates S6K and
4EBP1, thus linking them to mTOR and facilitating their phos-
phorylation (24, 36, 37). Likewise,Mip1, a TORC1-specific pro-
tein in Schizosaccharomyces pombe, binds to the RNA-binding
protein Mei2p and exerts a TORC1-mediated function (38).
The molecular functions of TORC2 components in mediating
downstream signaling are only beginning to be discovered. In
this study, we provide evidence supporting that TORC2 cou-
ples to the downstream signaling pathway through a direct
physical interaction between its component Avo1 and its
downstream substrate Ypk2. Remarkably, this Avo1-mediated
recruitment of TORC2 downstream effectors appears to be a
conservedmechanism. Two very recent reports published dur-
ing the preparation of this manuscript also indicate that

FIGURE 6. Mapping of the Avo1-Ypk2 interaction regions. A, GST pulldown
assay for the Avo1-Ypk2 interaction. A schematic representation of the tested
Avo1 deletion mutants is shown. RBD, Raf-like Ras-binding domain; PH, pleck-
strin homology domain. 35S-Labeled Avo1 variants were prepared using an in
vitro transcription/translation kit. Equal amounts of each 35S-labeled Avo1
fragment were incubated with glutathione-Sepharose bead-bound GST or
GST-Ypk2. Pulled down proteins were analyzed by SDS-PAGE and autora-
diography; GST and GST-Ypk2 were visualized by Coomassie Blue staining.
One-twentieth amount of the input 35S-labeled proteins used in the pull-
down (PD) procedures were analyzed by SDS-PAGE and autoradiography and
shown in the bottom panels. B, yeast two-hybrid assay for the interaction
between Avo1600 – 840 and Ypk2. 10-fold serial dilutions of yeast suspensions
were spotted on plates and incubated at 27 °C until colonies formed. Yeast
cells containing both pACT2- and pGBK-T7-derived plasmids can grow on the
Leu- and Trp-dropout SC medium (SC-LT). Growth on a reporter medium lack-
ing His and Ade (SC-LTHA) indicates interaction between the two test pro-
teins. C, yeast two-hybrid assay for the interaction between Avo1600 – 840 and
different regions of Ypk2. A schematic representation of the tested Ypk2 dele-
tion mutants is shown. KCD, AGC-kinase C-terminal domain. The spot assay
was performed as in B. The SC-LTHA reporter plate at the bottom was incu-
bated longer than the upper one to better demonstrate cell growth resulting
from the interaction between Avo1600 – 840 and Ypk21– 618.
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mSIN1, the mammalian ortholog of Avo1, directly interacts
with mTORC2 substrates SGK1 and PKC� (39, 40). The
mSIN1-SGK1 interaction is essential for the phosphorylation
of SGK1 hydrophobicmotif and the SGK1-regulated activation
of epithelial sodium channel (39). Direct interaction with
mSIN1 is also important for PKC to be phosphorylated by
mTORC2 (40). Interestingly, Avo1 appears to use different
regions for binding SGK1 and PKC; the SGK1-interacting
region is mapped to an N-terminal fragment (aa 1–166),
whereas the region important for PKC interaction is a highly
conserved central region termed the CRIM domain. Whether

SGK1 and PKC can simultaneously bind to mSIN1 remains to
be determined.Although the yeast Ypk2protein ismost homol-
ogous to SGK (28), the aa 600–840 region thatwe havemapped
inAvo1 for Ypk2 interactionmore resembles the PKC-interact-
ing CRIM domain in mSIN1. The mSIN1mutant with deletion
of a 14-aa highly conserved peptide (EDDGEVDTDFPPLD)
within the CRIM domain is able to exert a dominant-negative
effect on PKC phosphorylation (40). It is of interest to see
whether deletion of the corresponding peptide (DEDGEPFED-
NFGKLD) in yeast Avo1 can also disrupt the TORC2-mediated
Ypk2 phosphorylation.
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There are multiple members of the AGC kinase family
known to be substrates of mTORC2 (24), and how individual
mTORC2 components facilitates selective coupling to these
substrates is not completely elucidated. The study by Lu et al.
(39) suggests that, at least in kidney epithelial cells, mSIN1
selectively recruits SGK1 but not Akt to mTORC2 for phosphor-
ylation. The mSIN1/Q68H mutant, which can assemble into
mTORC2 yet cannot interact with SGK1, exerts a dominant-
negative effect on SGK1 phosphorylation and sodium transport
via the epithelial sodium channel. However, the Akt binding to
mTORC2, Akt phosphorylation, and Akt-dependent glucose
uptake are not affected by mSIN1/Q68H. The mTORC2
component responsible for the direct physical interaction
with Akt is still not identified. In S. cerevisiae, TORC2 phos-
phorylates two phospholipid-binding proteins Slm1 and
Slm2 in addition to Ypk2 (30). This study has identified Avo1
as the direct Ypk2-binding partner in TORC2; Avo2 and
Bit61 are dispensable for the recruitment of Ypk2 to TORC2
(Fig. 3A), and no direct physical interaction of Ypk2 with
Avo3 or Lst8 can be detected (Fig. 3B). On the other hand,
Slm proteins have not been reported to bind to Avo1,
whereas in vitro binding assays have demonstrated the direct
interaction between Avo2 and Slm proteins (30). Our previ-
ous results have suggested the existence of two separate
TORC2 downstream signaling mechanisms, one being
Avo1-dependent and the other mediated by Avo2 and Slm
proteins (18, 20). Taken together, the existing data are con-
sistent with the hypothesis that the Avo1-mediated recruit-
ment to TORC2 is specific for Ypk2, whereas the coupling of
TORC2 to the downstream Slm1/Slm2-mediated pathway
might rely on the physical interaction between Avo2 and Slm
proteins. Further experimental evidence is warranted to sup-
port this notion.
Our co-immunoprecipitation (Fig. 2) and in vitro binding

(Fig. 3B) results indicate that although Avo3 in TORC2 does
bind Ypk2, the two proteins do not interact directly. However,
the reduced Tor2-Ypk2 interaction (Fig. 4A) and the loss of
phosphorylation-associated electrophoretic mobility shift of
Ypk2 (Fig. 5A) in both avo3ts mutants suggest an essential role
of Avo3 for coupling TORC2 to Ypk2 in cells. These observa-

tions could be explained by the defective TORC2 integrity in
avo3ts cells (20). In this scenario, even though the binding of
Ypk2 to Avo1 was not affected in the avo3ts mutants (Fig. 4C),
yet the lower amount of Avo1 present in TORC2 (20) would
result in less Tor2 being pulled downwithYpk2 and diminished
TORC2-mediated Ypk2 phosphorylation. Because expression
of AVO3 can restore the TORC2 integrity in avo3ts cells (20),
the Tor2-Ypk2 interaction and Ypk2 phosphorylation could be
recovered (Figs. 4B and 5A). It is not surprising that overex-
pressing AVO2 did not recover the physical interaction or sig-
naling between Tor2 and Ypk2 in avo3ts cells (Figs. 4D and 5C),
because previous studies have shown that AVO2 overexpres-
sion cannot rescue the TORC2 integrity in avo3ts mutants, and
Avo2 likely acts as an adaptor for Slm proteins to mediate the
Avo1-independent branch of TORC2 downstream signaling
(20, 41). Interestingly, although AVO1 overexpression cannot
restore the integrity of TORC2 (20), it could enhance the Tor2-
Ypk2 interaction in both avo3ts cells (Fig. 4D). It has been sug-
gested that Avo1, likeAvo3, can serve a scaffold-like function to
maintain the TORC2 structure (19); this function may have
helped in bringing Ypk2 and Tor2 together in both avo3ts
mutants when AVO1 was overexpressed. However, the
TORC2-mediated Ypk2 phosphorylation was only rescued by
AVO1 overexpression in avo3-1ts but not avo3-2ts cells (Fig.
5C), which is consistent with AVO1 being an avo3-1ts-specific
suppressor (20). The failure ofAVO1 to rescue Ypk2 phosphor-
ylation in avo3-2ts cells suggests that the Avo1-Ypk2 interac-
tion is necessary but not sufficient for the TORC2-mediated
Ypk2 phosphorylation. The result is in line with the conclusion
from previous studies that avo3-2ts cells are defective in a
TORC2 function that cannot be restored byAVO1 overexpres-
sion (18).
BecauseAVO1 is an essential gene in yeast and its conditional

mutants are not available, we could not test the functional
importance of Avo1-Ypk2 interaction in Avo1-deficient cells.
We therefore investigated the significance of Avo1-Ypk2 inter-
action in TORC2 signaling by overexpressing truncation
mutants of both proteins in the wild-type background and test-
ing for a dominant-negative effect. Of the Avo1 truncation
mutants examined, none was able to cause any perturbation of

FIGURE 7. Expression of Ypk2334 – 677 affects TORC2-Ypk2 signaling and downstream functions. A, effects of overexpressing Avo1-interacting Ypk2
fragments on the growth of wild-type cells. Plasmids expressing different Ypk2 variants under the control of the GAL1 promoter were transformed into
a wild-type strain (MCY142). 10-fold serial dilutions of cell suspensions were spotted onto plates containing glucose (Glc) or galactose (Gal) and
incubated at the indicated temperatures until colonies formed. B, effects of overexpressing Ypk2 fragments on the lethality of avo3-2ts cells at the
nonpermissive temperature. Plasmids expressing different Ypk2 fragments under the control of the GAL1 promoter were transformed into avo3-2ts cells.
Transformants were subjected to spot assays as in A under the indicated conditions. C, the kinase-dependent toxic effect of GST-Ypk2224 – 667 overex-
pression on cell growth at 27 °C. Wild-type cells transformed with plasmids expressing the indicated Ypk2 variants were tested in spot assays for growth
as in A. GST-Ypk2224 – 667KD is a kinase-dead version of GST-Ypk2224 – 667 carrying the K373A point mutation. D and E, trypan blue and actin distribution
assays. Wild-type cells overexpressing different Ypk2 fragments were subjected to the trypan blue assay for cell wall integrity (D) and TRITC-phalloidin
cell staining for F-actin distribution (E) as in Fig. 1 (C and D, respectively). Shown are data from three independent experiments for each assay. **, p � 0.01
(Student’s t test), comparing full-length Ypk21–667 and the Ypk2 fragment. F, in vitro binding competition assay. MBP and MBP-Ypk2 expressed in E. coli were pulled
down using amylose resin. 35S-Labeled Avo1 was prepared by in vitro transcription/translation. Recombinant GST and GST-Ypk2334–667 were obtained from E. coli
following the GST pulldown (PD) and glutathione elution procedures. In the assay, equal amounts of 35S-labeled Avo1 were mixed with resin-bound MBP and
MBP-Ypk2, and different doses of recombinant GST proteins were added into the reactions for competition of binding. After centrifugation and washing,
resin-bound proteins were analyzed by SDS-PAGE and autoradiography. The amounts of 35S-labeled Avo1 bound to MBP-Ypk2 in different samples were
compared to assess the competition effect of GST-Ypk2334 – 667. G, Ypk2 band shift assay. Log phase yeast cultures were shifted to a galactose-containing
medium and incubated at 37 °C for 3 h for the induction of the GAL promoter-driven overexpression of GST fusion proteins and Ypk2 activation. Lysates
prepared after the induction were subjected to SDS-PAGE and Western analysis using anti-Myc antibodies to detect Ypk2-Myc. Actin serves as a loading
control. H, co-immunoprecipitation assay for the Tor2-Avo1 interaction. A wild-type strain engineered to express both HA-Tor2 and Avo1-Myc was transformed
with a GST or GST-Ypk2334 – 667-expressing plasmid. Lysates prepared after 6 h of galactose induction were incubated with protein G beads in the absence or
presence of anti-Myc antibodies for immunoprecipitation. Proteins in the starting lysates and the immunoprecipitates (IP) were analyzed by SDS-PAGE and
Western analysis.
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TORC2 functionswhen overexpressed in thewild-type cells.3 It
is possible that these Avo1 mutants could not compete well
with the endogenous Avo1 for Ypk2 interaction because of
their relatively weak Ypk2-binding activity (Fig. 6A). On the
other hand, among the Ypk2 truncation mutants tested using
yeast two-hybrid assays, Ypk2334–677 was found to interact sig-
nificantly better than the full-length Ypk2 did with the frag-
ment of Avo1mapped important for Ypk2 interaction (Fig. 6C).
When overexpressed in the wild-type cells, Ypk2334–677 did
cause phenotypes similar tomutants with TORC2 dysfunction,
including defects in growth, cell wall integrity, and actin orga-
nization (Fig. 7,A,D, and E). This perturbation of TORC2 func-
tion by Ypk2334–677 overexpression is probably not due to an
effect on the integrity of TORC2, because the association of Avo1
and Tor2 was similar when either GST or GST-Ypk2334–677 was
expressed (Fig. 7H). Given that GST-Ypk2334–677 was able to
compete with MBP-Ypk2full-length and inhibit its interaction
with Avo1 in the in vitro binding assay (Fig. 7F), it is most likely
that the dominant-negative effect of Ypk2334–677 was a result
of the interference with the endogenous Avo1-Ypk2 interac-
tion and hence the hindrance of TORC2 coupling to the
Ypk2 pathway. The loss of TORC2-mediated phosphorylation
of the Myc-tagged endogenous Ypk2 (Fig. 7G) also suggests a
defective TORC2-Ypk2 coupling when GST-Ypk2334–677 was
overexpressed.
The N-terminal region of Ypk2 has been suggested to be a

cis-inhibitory region able to interact with the C-terminal
domain containing the turn and hydrophobic motifs and affect
Ypk2 phosphorylation (27). The observation that Ypk2224–677
and Ypk2334–677 could interact better than wild-type Ypk2 did
withAvo1 (Fig. 6C)may suggest that theN-terminal region also
negatively regulates the Avo1-binding of Ypk2. Ypk2334–677
still carries the whole kinase domain as well as the TORC2 and
Pkh phosphorylation sites required for the full activation of the
wild-type Ypk2; therefore it might not be a kinase-dead form.
However, its inability to rescue avo3-2ts cell growth at 37 °C and
its dominant-negative effect on TORC2-Ypk2 signaling and
downstream functions suggest that Ypk2334–677 is a loss-of-
function form of Ypk2. Ypk2334–677 can still interact with Avo1
and thus is presumably able to couple to TORC2 (Fig. 6C). It
remains a formal possibility that Ypk2334–677 may not assume
an appropriate conformation to serve as a substrate for TORC2
and/or Pkh kinases and consequently cannot be activated in the
yeast cells. Another speculated scenario for the loss of function
is that maybe Ypk2334–677 is defective in interacting with Ypk2
downstream targets. To date, Ypk2 substrates or downstream
effectors involved in regulating actin organization and/or cell
wall integrity have remained elusive. One interesting candidate
is a yeast type I myosin protein Myo5, which can be phosphor-
ylated by Ypk2 in vitro (42) and has been implicated in regulat-
ing the actin assembly (43). Further investigation is required to
see whether Ypk2334–677 can phosphorylate Myo5 or to
uncover other Ypk2 downstream effectors and examine their
interactions with Ypk2334–677.

To sum up, our results suggest specific roles for individual
TORC2 components in downstream signaling. Avo1 facilitates

specific effector recruitment. Direct binding betweenAvo1 and
Ypk2 is pivotal for TORC2-mediated phosphorylation of Ypk2
and activation of the downstream function(s) in regulating cell
integrity and actin organization. Avo3 likely functions as a scaf-
fold to maintain the TORC2 integrity, thereby stabilizing the
interaction between Ypk2 and TORC2. Identification of the
direct binding partners in TORC2 for other TORC2 substrates/
effectors will provide further insights into the mechanisms
underlying TORC2 signaling and regulation.
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