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The target of rapamycin (TOR) protein kinases, Torl and Tor2, form two distinct complexes (TOR complex
1 and 2) in the yeast Saccharomyces cerevisiae. TOR complex 2 (TORC2) contains Tor2 but not Torl and
controls polarity of the actin cytoskeleton via the Rhol/Pkcl/MAPK cell integrity cascade. Substrates of
TORC2 and how TORC?2 regulates the cell integrity pathway are not well understood. Screening for multicopy
suppressors of tor2, we obtained a plasmid expressing an N-terminally truncated Ypk2 protein kinase. This
truncation appears to partially disrupt an autoinhibitory domain in Ypk2, and a point mutation in this region
(Ypk2P?**4) conferred upon full-length Ypk2 the ability to rescue growth of cells compromised in TORC2, but
not TORCI, function. YPK2">*** also suppressed the lethality of for2A cells, suggesting that Ypks play an
essential role in TORC2 signaling. Ypk2 is phosphorylated directly by Tor2 in vitro, and Ypk2 activity is largely
reduced in tor2A cells. In contrast, Ypk2”**** has increased and TOR2-independent activity in vivo. Thus, we
propose that Ypk protein kinases are direct and essential targets of TORC2, coupling TORC2 to the cell

integrity cascade.

Cell growth and proliferation are tightly linked with the
cell’s perception of its nutritional environment. Tor (target of
rapamycin) proteins belong to a family of phosphatidylinositol
kinase-like protein kinases and play a central role in control-
ling cell growth (12, 17). Specifically, TOR signaling couples
nutrient signals to various growth-related processes, including
protein synthesis, gene expression, uptake of amino acids, actin
organization, endocytosis, and autophagy.

The budding yeast Saccharomyces cerevisiae has two homol-
ogous TOR genes, TORI and TOR2, the protein products of
which regulate at least two essential signaling branches (17). In
one branch, Torl and Tor2 act redundantly to control tempo-
ral aspects of cell growth; i.e., when adequate nutrients are
available Tor promotes the accumulation of mass by increasing
translation (2, 5, 25) and ribosome biogenesis (30) and by
repressing autophagy (20). TOR signaling in this branch is
sensitive to rapamycin. Tor2 but not Torl also functions in a
second essential signaling branch. In this branch Tor2 controls
spatial aspects of cell growth by regulating the cell cycle-de-
pendent polarization of the actin cytoskeleton. Polarization of
the actin cytoskeleton is thought to orient the secretory appa-
ratus such that newly synthesized macromolecules are effi-
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ciently delivered to the major site of growth—the bud. A distinct
TOR complex operates in each of these signaling branches
(26). TOR complex 1 (TORC1) contains Kogl, Tco89, LstS,
and either Torl or Tor2. TORCI regulates the temporal as-
pects of cell growth, and Tor in TORCI is bound and inhibited
by rapamycin. TORC2 contains Avol, Avo2, Avo3, Bit61, Lst8,
and Tor2 but not Torl. TORC2 regulates the spatial aspects of
cell growth, and Tor2 in TORC2 is not bound by rapamycin;
therefore, TORC2 function is insensitive to this drug.

In wild-type yeast, actin patches are concentrated in small-
and medium-sized buds and are simultaneously absent from
the mother cell. Disruption of TOR2 or TORC2 results in a
loss of this actin patch polarization (34, 35). Recently, receptor
internalization was also observed to be impaired in tor2 mu-
tants (7). TORC2 acts upstream of the Rhol GTPase, presum-
ably by regulating the activity of the Rhol GTP/GDP exchange
factor Rom2 (26, 34). Rhol has several known effectors. One
Rhol effector is the yeast protein kinase C homologue Pkcl.
Pkcl acts upstream of the “cell integrity” mitogen-activated
protein kinase (MAPK) pathway (21), and this pathway is
required for TORC2/Rhol to regulate actin polarization (13).
A second Rhol effector is the glucan synthase Fksl. Fksl
appears to act downstream of TORC2/Rhol to regulate recep-
tor internalization (7). However, the mechanisms by which
TORC2 regulates Rom2 are unknown.

Substrates of mammalian TOR (mTOR) have been re-
ported, the best characterized being the translation regulators
4E-BP1 and S6K1 (12). S6K1 belongs to a family of related
kinases known as AGC kinases. Recently, Matsuo et al. re-
ported that overexpression of the AGC kinase gadS rescues the
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TABLE 1. Yeast strains used in this study

MoL. CELL. BIOL.

Strain Genotype Source or reference
YMW1 MATao ade2-1 ade3-A22 his3-11,15 leu2-3,112 trpl-1 ura3-1 canl-100 Laboratory stock
YYK241 YMW1 tor2 pA14GAL1[Tor2 ADE3] This study
W303 MATalo ade2 his3 leu2 trpl ura3 canl Y. Mukai
W303-1A MATa ade? his3 leu2 trpl ura3 canl Y. Mukai
W303-1B MATa ade2 his3 leu2 trpl ura3 canl Y. Mukai
DL201 MATa his4 leu2 ura3 ypkIA::TRPI D.E. Levin
YYK346 W303-1B ypklA::TRP1 This study
YYK373 W303-1B ypk1A::TRPI ypk2A::KanMX p415GALI1[Ypk2-244] This study
YYK339 W303 torl A::/KanMX/Torl tor2A::HIS3/Tor2 This study
YYK354 W303-1B tor2A::HIS3 pRS316[Tor2] This study
YYK357 W303-1B torl A::KanMX tor2A::HIS3 pRS316[Tor2] This study
JK9-3da MATa his4 leu2-3, 112 ura3-52 trpl rmel GAL™ 13
SH100 JKO9-3da tor2A::ADE2-3 YCplacl11[Tor2] 13
SH121 JK9-3da tor2A::ADE2-3 YCplacl11[tor2-21%] 13
SH221 JK9-3da torl1 A::HIS3-3 tor2 A::ADE2-3 YCplacl11[tor2-21"] 13
INA28-1B MATa adel his2 leu2 trpl ura3 pkh2A:LEU2 15
INA106-3B INA21-1B pkh1-D398G" 15
TB50a MATa his3 leu2-3,112 trpl ura3 rmel Laboratory stock
RL23-1c TB50a [KanMX4]-GAL1p-AVO1 26
RL93a TB50a [KanMX4]-GAL1p-KOG1 26

mating deficiency elicited by a forl mutation in fission yeast
(27). It is important to note that fission yeast strains harboring
mutations in TORI, or in genes encoding proteins homologous
to budding yeast TORC2 components, all share very similar
phenotypes. For example, ste20 (= Sc AVO3), sinl (= Sc
AVOI), and forl strains all have very similar mating defects
and all are hypersensitive to various stresses (14, 22, 37, 38).
These observations suggest that fission yeast torl more closely
resembles budding yeast Tor2 and may therefore function pri-
marily in a TORC2-like complex.

Budding yeast encodes a pair of GADS orthologues, YPKI
and YPK2, that perform a redundant, essential function (4).
The protein kinase activities of the Ypks are dependent upon
the PKHI1 and PKH2 genes (31), and Ypkl is directly phos-
phorylated and activated by Pkhl (3). PKH genes encode
PDKI-like protein kinases (15). While mammal PDKI1 re-
quires 3-phosphoinositide as an activating cofactor, Pkhs are
activated by the presence of sphingolipids (8). Overexpression
of YPK1 confers resistance to ISP-1, an analog of sphingosine
that inhibits the serine-palmityl transferase LCB1 and thus
blocks sphingolipid production, confirming that Ypks function
downstream of Pkhs (36). Recently, several reports have dem-
onstrated that Ypks and TORC2 share similar downstream
readouts. For example, receptor internalization and fluid-
phase endocytosis are impaired in ypk mutants (6) and loss of
Ypk function results in loss of actin polarization (31, 33).
Furthermore, overexpression of Rhol exchange factor (TUSI)
suppresses the lethality of both ypk mutants and TORC2 mu-
tants, suggesting that Ypks act in parallel or downstream of
TORC?2 signaling (33).

In a screen for multicopy suppressors of the lethality of a
tor2 mutant, we obtained a 5'-truncated allele of YPK2. A point
mutation near the truncated region (e.g., D239A mutation)
conferred upon full-length YPK2 the ability to act as a for2
suppressor. We further demonstrated that immunopurified
Tor2 directly phosphorylates Ypk?2 in vitro. In vivo, phosphor-
ylation of Ypk2 by Tor2 is required for both Ypk2 kinase
activity and function. In contrast, Ypk2P?*** has increased and

TOR2-independent activity, and YPK2P%** can suppress the
lethality resulting from loss of TORC2 function but not loss of
TORCI function. Together, these results indicate that Ypk?2 is
a substrate of TORC2 and is required for TORC2 to regulate
spatial aspects of cell growth.

MATERIALS AND METHODS

Yeast strains, media, and genetic methods. Standard techniques were used for
yeast manipulation (19). Yeast strains used in this study are listed in Table 1.
YYK241 was created by chemical mutagenesis of YMW1. Mutation in the TOR2
locus was confirmed by integration mapping (data not shown). Deletion con-
structs to disrupt YPK2 and TORI with KanMX were amplified by PCR from
BY4741-based deletion mutants (10). YYK346 was constructed by crossing
DL201 and W303-1A three times into the W303 genetic background. Deletion
TOR?2 with HIS3 was constructed as follows. A 2.6-kb fragment containing 2.4 kb
of the 3’ region of TOR2 open reading frame was amplified by PCR and cloned
into BamHI and Xhol sites of pBluescriptIl KS+. The HIS3 gene (1.3 kb) was
then used to replace a 0.9-kb SalI-BglII fragment, yielding a tor2A::HIS3 cassette.
The resultant deletion cassette was transformed into a W303 diploid strain.
Similarly, a TORI deletion cassette (forl A::KanMX) was transformed into W303
to make YYK339. YYK339 was transformed with pRS316[TOR2], and its seg-
regants generated YYK354 and YYK357. Site-directed mutagenesis was done
using a QuikChange site-directed mutagenesis kit (Stratagene).

Multicopy suppressor screening. The YYK241 strain was transformed with a
yeast genomic DNA library constructed in the YEp24 multicopy plasmid, and the
transformants were grown on selective medium (SC)-galactose-Ura plates. We
screened approximately 24,000 colonies, and we picked 27 white sectoring col-
onies as the first candidates. We further examined their growth at 37°C (non-
permissive temperature of YYK241 cells) on YEPD as a second screening. We
were left with six candidates as multicopy suppressors of YYK241 cell. Genomic
library-derived plasmids were rescued, and the genes contained in these plasmids
were identified by sequencing both ends of the inserts. Deletion and subcloning
analyses revealed that the 5'-truncated YPK2 gene was a suppressor.

Protein kinase assay of Tor2 protein. SH121cell harboring pRS314[HATOR2)
plasmid (18) grown in yeast extract-peptone-dextrose (YEPD) medium were
collected, washed once with distilled water, and suspended in ice-cold TOR lysis
buffer (16 pl/optical density at 600 nm cell) (1X phosphate-buffered saline [PBS]
[pH 7.4], 10% glycerol, 4 mM Na;VO,, 50 mM KF, 15 mM Na-PPi [pH 7.5], 15
mM p-nitrophenylphosphate [pNPP], 20 wg/ml leupeptin, 20 pg/ml benzamidine,
10 pg/ml pepstatin A, 40 wg/ml aprotinin, 1 mM phenylmethylsulfonyl fluoride
[PMSF]). An equal volume of glass beads (425 to 600 wm) was added to this
suspension, and cells were broken by vigorous vortexing for 10 min at 4°C. A half
volume of lysis buffer containing 2% Tween 20 was added, and the mixture was
further incubated for 10 min with mild rotation. The beads and cell debris were



VoL. 25, 2005

A

Vector

YPK2WTL | YPK1WT

YPK2-224 || YPK1-228

bgs)ab-PRLMT. VFTIEFDNTVATIEAR {PEBCFNKISTFDVIRKLPY,
MIViRRIVKNE I LWL NTASLENP CWDY(Q - - NNz A=y S K -

o ok e ok o e

FIG. 1. N-truncated Ypk2 suppresses for2 mutants. A. YYK241
(ade2 ade3 tor2 p414GAL1[TOR2 ADE3]) was transformed with
YEp352 (vector), YEp352[full-length YPK2] (YPK2'"), YEp352[N-
truncated YPK2] (YPK2-224), and YEp352[N-truncated ypk2-K373A
(kinase dead)] (YPK2-224XP)  as indicated. The transformants were
grown on YEPD plates for 4 days at 30°C. Sectoring colonies showed
independence of TOR2 plasmid, i.e., suppression of for2 mutation. B.
Alignment of the amino acid sequences around the M224 of Ypk2.
Ypkl, Ypk2 (S. cerevisiae), and Gad8 (S. pombe) are shown. The
arrowhead highlights M224 of Ypk2, and asterisks denote the con-
served region shared among these protein kinases. C. YPK2 genes
(cloned into YEp352) harboring a point mutation in the conserved
region as indicated (right panel) were transformed into YYK241, and
the resultant transformants were grown on YEPD plates for 2 days at
30°C (left) or 37°C (right). Note that these YPK2 genes expressed
full-length of Ypk2 protein under the control of their own promoters.

removed by centrifugation for 10 min at 10,000 X g at 4°C, and the supernatant
was further clarified by an additional 10-min centrifugation. Glycerol was added
to the resulting lysate to a final concentration of 30% before storage at —20°C.
Protein concentration was estimated using a BCA kit (Pierce). For immunopre-
cipitation of HATor2 protein, 1 mg of cell lysate was brought up to 1 ml with
immunoprecipitation buffer (TOR lysis buffer containing 0.5% Tween 20 and
0.25% gelatin) and incubated with 1 pl of antihemagglutinin (anti-HA) ascites
(16B12; BabCO) for 2 h at 4°C with gentle rotation. To the extract/antibody
mixture was added 20 pl of 50% suspension of protein G-Sepharose 4FF (Am-
ersham), followed by a further rotation for 1 h at 4°C. Immunocomplexes were
transferred into fresh microcentrifuge tubes and washed four times with 1 ml of
immunoprecipitation buffer (without gelatin) with gentle rotation and twice with
1 ml of 25 mM HEPES-KOH (pH 7.5). The resultant immunocomplexes were
resuspended in 36 wl of TOR kinase assay buffer (25 mM HEPES-KOH [pH 7.5],
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50 mM NaCl, 10 mM MnCl,, 15 mM pNPP) containing 4 ug of substrates
(4E-BP1 [Santa Cruz] or recombinant Ypk2). This mixture was preincubated for
3 min at 30°C before the reaction was initiated by adding 4 pl of 0.5 mM
[y-**P]ATP (Amersham) (20 p.Ci/sample). After incubation for 60 min at 30°C,
the reaction was terminated by addition of 40 wl of 2X sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer and incubation
for 5 min at 65°C. Samples were subjected to 7.5 to 12.5% SDS-PAGE gels. After
electrophoresis, gels were immersed in 12.5% trichloroacetic acid for 30 min,
followed by several washes in distilled water. Proteins were detected by Coo-
massie staining (GelCode Blue; Pierce). Phosphorylated proteins were detected
by autoradiography.

Protein kinase assay of Ypk2 protein. C-terminal hemagglutinin (HA) tagging
of Ypk2 (Ypk2H4) was conducted as follows. The EcoRI-EcoRI fragment (2.4
kb) of YEp352[YPK2] plasmid (4) was cloned into pUCI18. A Notl site was
created immediately 5’ to the translational terminator by use of a QuikChange
kit (Stratagene). Next, a NotI cassette of 3X HA was subcloned into the newly
created NotI site of YPK2. For immunoprecipitation experiments, cells harboring
YEp352[YPK2HA] plasmid grown in YEPD were collected, washed once with
distilled water, and suspended in ice-cold YPK lysis buffer (1xX PBS [pH 7.4], 1
mM EDTA, 1 mM EGTA, 4 mM Na,VO,, 50 mM KF, 15 mM Na-PPi [pH 7.5],
15 mM pNPP, 20 ug/ml leupeptin, 20 pg/ml benzamidine, 10 pg/ml pepstatin A,
40 pg/ml aprotinin, 1 mM PMSF). Cells were broken by vortexing with glass
beads as described above. The beads and cell debris were removed by centrifu-
gation for 10 min at 10,000 X g at 4°C, and the supernatant was further clarified
by an additional 10-min centrifugation. Glycerol was added to the resulting lysate
to a final concentration of 30% before storage at —20°C. Ypk2H4 protein was
immunoprecipitated as described above with several modifications. The immu-
noprecipitation buffer used was YPK lysis buffer containing 0.5% Tween 20 (and
it did not contain gelatin), immunoprecipitation was conducted with 100 to 1,000
pg protein in a 500-ul volume, and incubation time with HA antibody was 5 h.
Immunoprecipitated Ypk2H4 protein was suspended with 18 pl of YPK kinase
assay buffer (50 mM MOPS-KOH [pH 7.5], 10 mM MgCl,, 1 mM Na;VO,)
containing 4 pg 2X crosstide (GRPRTSSFAEGGRPRTSSFAEG). This mixture
was preincubated for 3 min at 30°C, and the reaction was initiated by adding 2 pl
of 1 mM [y-**P]ATP (Amersham) (10 pCi/sample). After incubation for 30 min
at 30°C, the reaction was terminated by addition of 30 pl of 2X SDS-PAGE
sample buffer and incubation for 5 min at 65°C. Samples were subjected to 15%
SDS-PAGE gel. After electrophoresis, gels were immersed in 12.5% trichloro-
acetic acid for 30 min, followed by several washes in distilled water. Proteins were
detected by Coomassie staining (GelCode Blue; Pierce). Phosphorylated pro-
teins were detected by autoradiography or BAS2000 (Fuji Film), the amount of
immunoprecipitated Ypk2H4 was monitored by immunoblotting (LAS1000; Fuji
Film), and the specific activity of Ypk2 was estimated from these values.

Actin staining. YEPD-grown cells were shifted from 30°C to 37°C for 2 h. Cells
were then fixed for 30 min by the direct addition of 37% formaldehyde stock to
a final concentration of 5%. Fixed cells were collected, washed with 1X PBS
three times, and then 0.1 U/ul of rhodamine-phalloidin (Sigma) was added for
2 h at room temperature to stain actin as described previously (19). Cells were
observed, and the images were acquired as described previously (28) using a
rhodamine filter.

Preparation of recombinant Ypk2 protein. We used modified pGEX-6p-1
(Amersham) for expression of recombinant protein. An annealed oligonucleo-
tide (5'-TCGACTCCACCATCATCATCATCATTAATGC-3") was inserted
into the Sall-NotI sites of pGEX-6p-1, and we designated the created plasmid
pGEX-His. A YPK2 open reading frame was amplified with primers 5'-GGGG
ATCCATGCATTCCTGGCGAATATC-3" and 5'-ACGCGTCGACCACTAAT
GCTTCTCCCCTGC-3', with YEp352[YPK2] as a template. The PCR product
was cloned into BamHI-Sall sites of pGEX-His (designated pGEX[YPK2-His)).
To create pGEX[YPK256414 T639A_Hjs]) a QuikChange kit (Stratagene) was
used. The plasmids of YPK2 with an amino-terminal glutathione S-transferase-
tagged and a carboxyl-terminal hexahistidine-tagged construct were transformed
into Escherichia coli BL21(DE3). The cells were disrupted by sonication at 4°C
in PBS (pH 7.4)-1 mM EDTA-5 mM dithiothreitol-0.1 mM PMSF. The protein
was applied on a glutathione-Sepharose 4B column (Amersham) equilibrated
with PBS (pH 7.4). The bound protein was eluted with 50 mM Tris-HCI (pH 8.0)
and 5 mM reduced glutathione. The amino-terminal glutathione S-transferase
tags in proteins were then removed by incubation with PreScission protease
(Amersham) for 6 h at 4°C, and the digested proteins with a carboxyl-terminal
His tag were applied on an Ni-nitrilotriacetic acid (NTA) column (QIAGEN)
equilibrated with 20 mM Tris-HCI (pH 8.0), 500 mM NaCl, and 10 mM imida-
zole. The bound protein was eluted with 20 mM Tris-HCI (pH 8.0), 100 mM
NaCl, and 200 mM imidazole. Fractions containing proteins were purified on a
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FIG. 2. YPK2P?** restores Mpkl activation and suppresses actin cytoskeleton organization defects in for2 mutant cells. A. Wild-type cells
(YMW1) and tor2 mutant cells (YYK241) harboring indicated YPK2 plasmids were transformed with pRS424[HA-tagged MPK1 (MPK1%4)] to
express Mpk1"4 protein. Cells were grown at 37°C, and phosphorylation of Mpk1™# was determined by immunoblotting with anti-diphospho-
p44/p42 MAPK (Cell Signaling Technology) (top panel). Total Mpk1 was determined by immunoblotting with anti-HA antibody (bottom panel).
B. Wild-type (SH100) and tor2-21 mutant (SH121) cells harboring YEp352[YPK2P?***] grown in YEPD at 30°C were shifted to 37°C for 6 h. The
actin cytoskeleton was stained with rhodamine-phalloidin as described in Materials and Methods. The percentage of cells exhibiting a polarized

actin patch is also shown (bottom).

Superdex 200 gel filtration column (Amersham) and eluted with 20 mM Tris-HCl
(pH 8.0), 2 mM dithiothreitol, and 150 mM NaCl.

RESULTS

To identify a novel factor(s) involved in TOR signaling, we
screened for multicopy suppressors of the lethality of a for2
mutant. The yeast strain YYK241 (see Table 1) has mutations
in the ADE2, ADE3, and TOR2 loci and harbors plasmid
p414GALI1[TOR2 ADE3]. This strain requires maintenance of
the plasmid for growth and thus forms nonsectoring red colo-
nies (Fig. 1A; ade2 cells accumulate a red pigment, ade2 ade3
cells do not). In galactose-containing medium 7OR2 is over-
expressed, and YYK241 cells grow like wild-type cells. In glu-
cose-containing medium YYK241 cells have a temperature-
sensitive cell lysis phenotype (at 37°C; data not shown). We
transformed YYK241 with a yeast genomic library, and from
24,000 transformants we obtained seven colonies that could
form white sectors. By DNA sequencing and subcloning, we
determined that a 5’ truncated YPK2 gene suppressed the for2
mutant phenotype (Fig. 1A). The 5’-most methionine codon in
the open reading frame of the truncated YPK2 is M224, so we
assume that the polypeptide produced starts at position 224.
Hereafter we refer to this suppressor as YPK2-224. The re-

maining candidates contained the TOR2 gene (data not
shown).

We expected that overexpression of full-length YPK2 would
also suppress the tor2 phenotypes. However, to our surprise,
full-length YPK2 did not act as a multicopy suppressor
(YPK2F™; Fig. 1A). Similarly, a kinase-dead (ATP-binding site)
mutant, YPK2-224-K373A (YPK2-224%P), was also unable to
suppress for2 phenotypes, indicating that kinase activity of
Ypk2-224 is required for the suppression. We further tried to
examine kinase activity of Ypk2-224, but the expression level
of the protein was too low for biochemical analyses (data not
shown). Ypk2 functions redundantly with Ypkl. We therefore
examined whether a 5’-truncated YPKI could also act as a tor2
multicopy suppressor. Full-length and 5'-truncated YPKs were
expressed using the GALIL promoter in YYK241. Expression
of 5'-truncated YPKI permitted sectoring, but overexpression
of full-length YPKI did not (data not shown). As the truncated
versions of YPKI and YPK2 behave similarly, we focused on
only the YPK2 gene in subsequent experiments.

We hypothesized that a cis-inhibitory motif is compromised
in the YPK2-224 allele, which results in a polypeptide with
increased kinase activity. We aligned the Ypkl, Ypk2, and
Gad8 sequences to see whether there are any regions around
Ypk2 aa224 that may be highly conserved. Indeed, there is a
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FIG. 3. Tor2 directly phosphorylates Ypk2 in vitro. A. Detection of immunoprecipitated HA-tagged Tor2 ("ATOR2). HATor2%d e (WT;
lanes 1 and 2) or " Tor2P*?*E (kinase dead mutant [KD]; lanes 3 and 4) were immunoprecipitated in the presence (lanes 1 and 3) or absence
(lanes 2 and 4) of anti-HA antibody. Immunocomplexes were subjected to 7% SDS-PAGE gels, and "*Tor2 protein was detected by immuno-
blotting with anti-HA antibody. B. In vitro Tor2 kinase assay. Immunoprecipitated "*Tor2 (wild type [WT] or kinase dead [KD]) was incubated
with [y-*P]ATP and 4E-BP (lanes 1 to 4 and lanes 9 to 12) or recombinant Ypk2 (lanes 5 to 8 and lanes 13 to 16) at 30°C for 60 min and stopped
with sample buffer, and proteins were separated by SDS-PAGE. The results of Coomassie staining (left) and autoradiography (kinase assay) (right)
are shown. * and #*, migration of heavy and light chains of the immunoprecipitation antibody. C. Tor2 phosphorylates Ypk2 at the turn motif and
the hydrophobic motifs. In vitro kinase assays were carried out using the wild type (WT; lanes 1, 2, and 4) and the turn- and hydrophobic-motif
mutants (S641A T659A, S641A, and T659A; lanes 3, 5, and 6, respectively) of Ypk2.

six-amino-acid residue sequence (**’TFDVT?*R in Ypk2)
nearly completely conserved between these three sequences
(Fig. 1B). To examine the function of this sequence we indi-
vidually mutated each amino acid in this sequence to an ala-
nine in the context of otherwise full-length, wild-type Ypk2.
We then expressed these constructs in a multicopy vector un-
der the control of the YPK2 promoter and asked whether or
not these alleles could suppress for2 phenotypes (Fig. 1C). The
ability to suppress a for2 mutation (YYK241) was conferred
upon full-length Ypk2 by substitution of F238 or D239 (or
240V, albeit weakly) to alanine. We provide further evidence
(below) that this region does indeed inhibit the kinase activity
of Ypk2. There is a similar sequence around F213
(F>">DNSI?") in Ypk2 (Fig. 1B); however, when we replaced
F213 with an alanine, we did not observe suppression (data not
shown).

The TORC?2 signaling pathway plays an important role in
regulating polarization of the actin cytoskeleton via the Rhol/
Pkc1/MAPK (cell integrity) cascade. We therefore wished to
examine the effect of expression of the YPK2P?** allele has on
the cell integrity cascade. Compared to TOR2 cell results,
phosphorylation of Mpkl, the MAPK in this cascade, was
diminished in for2 mutants (YYK241), confirming that the
Rho1/Pkcl/Mpkl cell integrity pathway is compromised in tor2

cells (Fig. 2A). Overexpression of YPK2P#*°4 fully rescued
Mpkl phosphorylation, while the wild-type allele rescued
poorly. YYK241 cells also showed a cell lysis phenotype, pre-
sumably because of inactivation of the Pkcl/Mpkl cascade
resulting in fragility of the cell wall. Expression of YPK2P#%4
suppressed this phenotype (data not shown). We further asked
whether our multicopy YPK?2 alleles were able to suppress the
actin polarization defect of ror2 cells. At 37°C 90% of TOR2
cells displayed normal actin localization. In contrast, in tor2-21
cells, actin patches were most often not restricted to the small
bud but were observed in both the mother cell and the bud
(only 31% of cells displayed normal action organization; Fig.
2B). Overexpression of YPK2P*°* and YPK?2 in tor2-21 cells
restored proper actin organization in 82% and 56% of cells,
respectively (Fig. 2B and data not shown).

Given that overexpression of alleles of YPK2 can suppress
tor2 phenotypes and that the phosphorylation of two other
AGC kinases is regulated by TOR (Gad8 by Torl in Schizo-
saccharomyces pombe and S6K1 by mTOR in mammals), we
hypothesized that Ypk2 may be directly phosphorylated by
Tor2. Gad8 and S6K1 are phosphorylated in a TOR-depen-
dent manner on serine and threonine residues residing in a
so-called hydrophobic motif and the turn motif (T659 and S641
in Ypk2, respectively). TOR-dependent phosphorylation of
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FIG. 4. YPK2P*°A overcomes mutation in cis, Tor2-dependent
phosphorylation sites. A. Mutation sites of Ypk2. D239 is in a “TOS-
like” conserved region, and S641 and T659 are in the turn motif and
the hydrophobic motif (sites phosphorylated by Tor2), respectively. B.
(Top) YPK2 genes (cloned into YEp352) harboring mutation at D239
or/and Tor2-phosphorylation sites as indicated (right) were trans-
formed into YYK373 (ypksA p415GALI[YPK2-224]). The transfor-
mants were grown on YEP galactose (Ypk2-224 expressed; left) or
YEPD (Ypk2-224 not expressed; center) plates for 2 days at 30°C.
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FIG. 5. YPK2P%°A suppresses growth defects associated with
TORC2 disruption but not TORCI1 disruption. GAL1 promoter-
KOG1 (a component of TORC1; RL93a)- and GAL1 promoter-4VO1
(a component of TORC2; RL23-1c)-containing cells harboring YPK2
plasmids as indicated (right) were grown in SCgalactose glycerol-Ura
(left) or SCglucose-Ura (center).

these residues is indispensable for the kinase function of Gad8
and S6K1 (16, 27). Therefore, we examined whether Tor2
directly phosphorylates these C-terminal residues in Ypk2.
Specifically, we assayed whether immunoprecipitated N-termi-
nally hemagglutinin (HA)-tagged Tor2 protein (F*Tor2) (Fig.
3A) could phosphorylate recombinant Ypk2 in vitro (Fig. 3B).
HATor2 indeed phosphorylated Ypk2 (lane 13) as well as
4E-BP (a substrate of mTOR and positive control in this ex-
periment) (lane 9), suggesting that Tor2 directly phosphory-
lates Ypk2. Immunoprecipitated ®*Tor2P?*®F (kinase dead
mutant) displayed no detectable kinase activity toward 4E-BP
or Ypk2 (lanes 11 and 15), excluding the possibility that a
co-immunoprecipitated protein kinase phosphorylates Ypk2.
As shown in Fig. 3C, the turn- and hydrophobic-motif mutant
(Ypk2S64ta T6394y wwag only marginally phosphorylated com-
pared to wild-type Ypk2. We also tested Ypk25°*'* and
Ypk2T0%°A mutants as substrates. Ypk25°*'“ was phosphory-
lated (but significantly more weakly than Ypk2™™) by Tor2,
while phosphorylation of Ypk2™®3°* was largely diminished
(Fig. 3C). These results indicate that Tor2 directly phosphor-
ylates Ypk2 at S641 in the turn motif and T659 in the hydro-
phobic motif.

In contrast to wild-type YPK2, expression of YPK250414 T659A
failed to restore growth to a strain lacking YPKI/ and YPK2
(ypkA), suggesting that phosphorylation of the turn and hydro-
phobic motifs is essential for Ypk function (Fig. 4B, top panel).
The YPK25°*'* and YPK2T5°4 alleles restored slow growth to
ypkA cells (Fig. 4B, bottom panel). In contrast, the YPK2P**%4
mutant allele could fully complement this ypkA strain, and more-
over the YPK2PZ9A S64IA TO39A (combination of suppressor allele

(Bottom) Serial dilutions of the indicated transformants were spotted
on SCgalactose-URA (left) and SCglucose-URA (right) and grown for
2 days at 30°C. C. A temperature-sensitive tor2-21 (SH121 [TORI
tor2-21]) mutant was transformed with YEp352-based YPK2 plasmids
as indicated (right) and grown on YEPD for 2 days at 30°C (left) or
36.5°C (center). Wild-type control cells (SH100 [TORI TOR2]) are
also shown. D. YPK2 mutant genes were transformed into YYK353
(TORI tor2A pRS316[TOR2]) (top panel) and YYK357 (torlA tor2A
pRS316[TOR2]) (bottom panel) as indicated in the right panel, and the
resultant transformants were grown on YEPD (left) and 5-fluoro-
orotic acid (SFOA) plate (center) for 2 days at 30°C. On SFOA plates,
cells must lose the pRS316[TOR2] (harboring URA3 marker) plasmid
to grow (19).
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FIG. 6. YPK2P?¥A acts as a tor2-specific suppressor. A. (Top) YPK2 alleles (cloned into YEp352) harboring mutations at D239 or/and T501
(Pkh phosphorylation site) were transformed into YYK373 (ypksA p415GAL1[YPK2-224]). The transformants were grown on YEPgalactose
(Ypk2-224 expressed; left) or YEPD (Ypk2-224 not expressed; center) plates for 2 days at 30°C. (Bottom) A temperature-sensitive for2-21 mutant
(SH121 [TORI tor2-21]) was transformed with YEp352-based YPK2 plasmids as indicated (right) and grown on YEPD for 2 days at 30°C (left)
or 36.5°C (center). Wild-type control cells (SH100 [TORI TOR?2]) are also shown. B. Temperature-sensitive pkh mutant cells (INA106-3B
[pkh1P3%8G pkh2A)) and wild-type control cells (INA28-1B [PKHI pkh2A]) were transformed with YEp352-based YPK2 plasmids as indicated

(right) and grown on YEPD for 2 days at 30°C (left) or 36.5°C (center).

with phosphorylation mutations) allele could also complement
(Fig. 4B). Overexpression of TOR2 could not suppress the growth
defect of ypkA cells, confirming that Ypks act downstream of
Tor2 (data not shown).

Next, we tested the ability of a YPK254!P T659D mytant to
restore growth to ypkA cells. Mutation of these residues to aspar-
tate was expected to mimic phosphorylation. YPK2564D T659D
restored very slow growth to ypkA cells (Fig. 4B, bottom panel).
However, it did not rescue the temperature-sensitive growth of
tor2-21 cells (Fig. 4C). This suggests that these mutations
cannot fully substitute for phosphoserine/threonine in the ac-
tivation of Ypk2. From studies whose results were consistent
with these, Matsuo et al. (27) reported that gad8-S527D/S546D
(a mutation equivalent to YPK25641P T659D) only partially res-
cued the mating defect of a gadSA mutant, and Casamayor et
al. (3) reported that Ypk1T>%4P T662P displayed no detectable
activity.

Tor2 functions in two distinct complexes; we therefore
wanted to determine which Tor2 complex regulates Ypk. Over-
expression of YPK2P239A or YPK2PZ39A S641A T639A qyppressed
the lethality of a for2 null mutant but not a tor/A tor2A double
mutant, suggesting that Ypk2®*°* could compensate for the
essential function of Tor2 but not of both Tor1 and Tor2 (Fig.
4C). Furthermore, overexpression of YPK2P?3** suppressed
the growth defects of an avol (TORC2) mutant but not a kog!/
(TORC1) mutant (Fig. 5). Together these results suggest that
Ypks function downstream of TORC2 and not downstream of
TORCI.

It is known that Ypks are downstream of Pkh1 and Pkh2, the
yeast orthologues of the PDK1 protein kinase (15). Pkhs act as
effectors of sphingoid-base signaling, playing important roles in
cell integrity, endocytosis, actin organization, and activation of
Pkel and Ypk2 (15). Phosphorylation of T501 in Ypk2 by Pkhs

is indispensable for Ypk2 function, because YPK2T>"'4 or
YPK2PZ9A 5014 did not complement the lethality of ypkA
cells (Fig. 6A, top panel). YPK2P#A T304 did not suppress
tor2* cells, either (Fig. 6A, bottom panel). We also tested
whether the for2-suppressing YPK2P*°4 allele could suppress
pkh phenotypes. Neither YPK2WT nor YPK2P#4 suppressed
the lethality of pkhI" cells at the nonpermissive temperature
(Fig. 6B). At a semipermissive temperature (35°C) both YPK2
alleles weakly suppressed temperature sensitivity (data not
shown). One interpretation of these results is that the Pkhs
have other essential targets in addition to the Ypks (Pkcl, for
example).

Lastly, we assayed the kinase activity of C-terminally HA-
tagged Ypk2 immunopurified from TOR2 or tor2-21 cells by
using a peptide (2X crosstide) as a substrate (3) (Fig. 7A). The
activity of Ypk2W" was significantly reduced when isolated
from tor2-21 cells compared to wild-type cell results (decreased
to 2% of wild type; Fig. 7A, lanes 1 and 6), confirming that Ypk
kinase activity is regulated by TOR2. We also found that
Ypk2P2** was hyperactive (sevenfold activation compared to
Ypk2WT; lane 3), and this activity was independent of TOR2
(lane 8). In contrast Ypk2S04t4T6394 posgessed a greatly re-
duced kinase activity (about 10% of Ypk2™T; lanes 4 and 9),
which was partially restored (up to 65% of Ypk2™™) by intro-
duction of the D239A mutation (lanes 5 and 10). As a control,
we also performed in vitro protein kinase assays with a kinase
dead Ypk2 mutant (Ypk2¥3734). The protein kinase activity of
Ypk2K3734A and Ypk2P2394 K373A wag essentially lost, confirm-
ing that the protein kinase activity detected was an intrinsic
property of Ypk2 (Fig. 7B). These results correspond well with
the above-presented conclusions that Ypk activity and function
are regulated by Tor2 via direct phosphorylation of S641 and
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FIG. 7. Protein kinase activity of Ypk2 is regulated by TOR2. A. Wild-type (SH100) and for2-21 mutant (SH121) cells harboring YEp352-based
HA-tagged YPK? plasmids as indicated were grown in YEPD at 30°C. Ypk2"'* was immunoprecipitated from cell lysates and subjected to in vitro

kinase assays (Kinase assay; top panel). Imnmunoprecipitated Ypk2H#

was monitored by immunoblot (IB; bottom). Radioactivity and intensity of

immunoblot signal were measured by BAS2000 and LAS1000 (Fuji Film), respectively, and specific activity of each sample was calculated (shown
in the figure). B. Ypk2 kinase activity was assessed as described above. A kinase dead Ypk2 mutant (K373A) displayed no detectable protein kinase

activity (lanes 3 and 5).

T659 and that the D239A substitution potentially disrupts an
inhibitory region in Ypk and thereby increases basal activity to
a level which is sufficient to compensate for the loss of activat-
ing signals from Tor2.

DISCUSSION

We have shown that Ypk?2 is a direct substrate of Tor2 and
likely TORC2. This observation is consistent with the recent
report of Matsuo et al. (27) that the fission yeast orthologue of
Ypk1/2, Gads, is also downstream of Tor in this organism.
However, whether Gads is directly phosphorylated by Tor has
not been elucidated. Both Ypk and TORC2 have been shown
to function upstream of Rhol to mediate actin polarization
and endocytosis (6, 7, 34). Thus, Ypk appears to be a missing
link between TORC2 and Rhol activation. Furthermore, given
that YPK2P%3%4 could suppress the temperature sensitivity and
actin defects of for2-21 mutants, even when it is integrated in
the genome (data not shown), and that it suppressed the

growth defect of for2A cells, suggests that the Ypks are the
essential target of TORC2. How Ypk signaling regulates Rhol
activation remains to be determined. Recently, Audhya et al.
reported that the essential homologous protein pair, SIm1 and
Slm?2, are also directly phosphorylated by TORC2 (1). Like
Ypks, the Slms are required for polarization of the actin cy-
toskeleton and seem to operate upstream of the cell integrity
pathway. The functions of the Slms are not known, and the
precise biochemical connection between the Slms and Ypks
remains to be determined. Our results suggest that Ypks that
act downstream of TORC2 but not TORC1-YPK2P#4 could
not suppress the growth defects resulting from the loss of
TORCI1 function. However, Gelperin et al. reported that ypk
mutant cells are rapamycin hypersensitive (9). Also, rapamycin
treatment appears to enhance Mpkl activity (24). These find-
ings are curious, because TORC2, unlike TORC1, is rapamy-
cin insensitive. Cross talk between TORC1 and TORC2 could
provide one explanation for these observations.
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We also found that YPK2P%*# has TOR2-independent ki-
nase activity and function but is still dependent upon PKH
genes, encoding counterparts of mammalian PDK. PDK di-
rectly phosphorylates the activation loop of AGC kinases, such
as S6K (mammal) and Gad8 (fission yeast). Thus, Ypks could
integrate TORC2 and Pkh-mediated sphingolipid signals to
regulate and coordinate actin polarization and endocytosis.

How does D239A relieve TORC2 dependency? We propose
that Ypk has two regions that mediate TOR dependency, the
N-terminal inhibitory region (containing D239) and the C-
terminal phosphorylation domain (the turn and hydrophobic
motifs). Interestingly, mutations in the former region confer
TOR-independent activity, while mutations in the latter result
in a loss of TOR-dependent activation. It is possible that these
regions interact with each other, although this remains to be
determined. Curiously, D239 of Ypk2 resides in a sequence,
2TTFDVT?**R, which resembles the TOS motif in mammalian
TOR (mTOR) target proteins (32). In mammals, mTOR forms
a complex with Raptor (11) (23). Raptor binds to TOS motifs
and thereby recruits substrates, i.e., SOK and 4E-BP, to mTOR
(29). Thus, the TOS motif plays a positive role in mTOR
signaling. In yeast, the Raptor orthologue, Kogl, is a compo-
nent of TORCI1 (26), and it is therefore unlikely that Kogl
recognizes the “TOS-like” regions of Ypks. Moreover, the
“TOS-like” region in Ypks antagonizes TORC2 signaling.
Therefore, although the TOS motifs are apparently conserved
among mammalian and yeast targets of TOR, the function of
this sequence does not seem to be conserved. Rather, it is
reasonable that the “TOS-like” region in Ypks plays an inhib-
itory role in regulating Ypk activity, such as the pseudosub-
strate domain in protein kinase C. Our current model of Ypk
activation is as follows. When inactive, the catalytic domain of
Ypk is sheltered by the “TOS-like” regulatory region. Next,
TORC?2 directly phosphorylates inactive Ypk at the turn and
hydrophobic motifs. The possibility is not fully excluded that
another protein kinase(s) may phosphorylate Ypk at these
sites, but we demonstrated here that its phosphorylation by
Tor2 but not by any other kinase is indeed required for acti-
vation of Ypk. Phosphorylation at the turn and hydrophobic
motifs by TORC2 releases the “TOS-like” regulatory region,
exposing the Ypk kinase domain to phosphorylation by Pkhs.
Phosphorylation in the activation loop by Pkhs results in fully
active Ypk (3).
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