MOLECULAR AND CELLULAR BIOLOGY, Apr. 2007, p. 3154-3164
0270-7306/07/$08.00+0  doi:10.1128/MCB.01039-06

Vol. 27, No. 8

Copyright © 2007, American Society for Microbiology. All Rights Reserved.

Loss of the TOR Kinase Tor2 Mimics Nitrogen Starvation and Activates
the Sexual Development Pathway in Fission Yeast'f

Tomohiko Matsuo,'t§ Yoko Otsubo,"'s Jun Urano,? Fuyuhiko Tamanoi,” and Masayuki Yamamoto'*

Department of Biophysics and Biochemistry, Graduate School of Science, University of Tokyo, Tokyo 113-0033, Japan,' and

Department of Microbiology, Immunology and Molecular Genetics, Jonsson Comprehensive Cancer Center,
Molecular Biology Institute, University of California, Los Angeles, California 90095-1489*

Received 12 June 2006/Returned for modification 24 July 2006/Accepted 16 January 2007

Fission yeast has two TOR (target of rapamycin) kinases, namely Torl and Tor2. Torl is required for
survival under stressed conditions, proper G, arrest, and sexual development. In contrast, Tor2 is essential for
growth. To analyze the functions of Tor2, we constructed two temperature-sensitive for2 mutants. Interestingly,
at the restrictive temperature, these mutants mimicked nitrogen starvation by arresting the cell cycle in G,
phase and initiating sexual development. Microarray analysis indicated that expression of nitrogen starvation-
responsive genes was induced extensively when Tor2 function was suppressed, suggesting that Tor2 normally
mediates a signal from the nitrogen source. As with mammalian and budding yeast TOR, we find that fission
yeast TOR also forms multiprotein complexes analogous to TORC1 and TORC2. The raptor homologue, Mip1,
likely forms a complex predominantly with Tor2, producing TORC1. The rictor/Avo3 homologue, Ste20, and
the Avol homologue, Sinl, appear to form TORC2 mainly with Torl but may also bind Tor2. The Lst8
homologue, Watl, binds to both Tor1 and Tor2. Our analysis shows, with respect to promotion of G, arrest and
sexual development, that the loss of Torl (TORC2) and the loss of Tor2 (TORC1) exhibit opposite effects. This
highlights an intriguing functional relationship among TOR kinase complexes in the fission yeast Schizosac-

charomyces pombe.

TOR (target of rapamycin) is a serine/threonine kinase of
the phosphatidylinositol kinase-related kinase family, which is
structurally and functionally conserved from yeast to mam-
mals. Members of this family include ATM, ATR, and DNA-
dependent protein kinase. They share conserved structural
motifs such as an extended region of HEAT repeats as well as
FAT and FATC domains (1). In mammalian cells, nTOR is a
critical player in the tuberous sclerosis complex (TSC)/Rheb/
mTOR signaling pathway that regulates protein synthesis in
response to growth factors and nutrient and energy conditions.
The regulation of protein synthesis is mediated by the phos-
phorylation of S6K, a kinase responsible for the phosphoryla-
tion of the ribosomal protein S6. In addition, mTOR phos-
phorylates 4EBP1, an inhibitor of protein synthesis (reviewed
in references 39 and 54). TOR is activated by Rheb, a unique
family of the Ras superfamily GTPase (2, 20, 41). Rheb is
negatively regulated by the TSC1/TSC2 complex that acts as a
GTPase activating protein for Rheb. Mutations in the 7SCI or
TSC2 gene cause tuberous sclerosis, a genetic disorder associ-
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ated with the appearance of benign tumors in various organs
(reviewed in reference 22).

Fission yeast Schizosaccharomyces pombe has recently
emerged as an ideal system to investigate the function of TOR.
Homologues of TSC, Rheb, and TOR have been identified in
fission yeast. Like the mammalian system, fission yeast TSC
proteins (Tscl and Tsc2) form a complex that acts to down-
regulate Rheb (Rhbl) (24, 45). This contrasts with budding
yeast that does not have TSC genes. Fission yeast has two TOR
genes, namely forl and tor2 (15, 48). Fission yeast torl is not
essential; however, torl A cells are unable to properly arrest in
G, in response to nutrient starvation, to initiate sexual differ-
entiation, and to survive under stressed conditions (15, 50).
These functions are mediated, at least in part, by Gad8, an
AGC family protein kinase that functions downstream of Torl
(25). Unlike torl, tor2 is essential for growth. However, it
remains unknown how for2 supports cell growth. We have
recently shown that Rhb1 interacts with Tor2 in a GTP-depen-
dent manner and activates it (44). rhbl encoding Rhbl is also
an essential gene, and its inhibition leads to small, round
G,y/G; phase cells (21, 55). To further dissect the function of
fission yeast Tor2, we constructed temperature-sensitive for2
mutants. These mutants arrested in G, phase and unexpectedly
initiated sexual differentiation when shifted to the restrictive
temperature. Our results on Tor2 suggest that this TOR pro-
tein has functions that are distinct from those of Torl.

Recent studies in mammalian cells and in budding yeast
revealed that TOR proteins exist as multiprotein complexes. In
mammalian cells, TOR has been shown to form two types of
multiprotein complex called TORC1 and TORC2 (19, 34).
TORCI1 contains raptor and is sensitive to rapamycin, an in-
hibitor of TOR kinase. This complex mediates effects on pro-
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tein synthesis and cell growth. On the other hand, TORC2,
which contains rictor, mediates regulation to Akt and also
affects actin cytoskeleton (14, 35). Budding yeast has two TOR
genes encoding Torl and Tor2. Either Torl or Tor2 can form
TORCI1 together with Lst8, Tco89, and the raptor orthologue
Kogl, indicating that the two Saccharomyces cerevisiae TOR
proteins can perform a redundant function. In addition, Tor2,
but not Torl1, constitutes TORC2 with Lst8, Avol, Avo2, Bit61,
and the rictor orthologue Avo3, which regulates a different
range of downstream targets from TORCI. Inhibition of bud-
ding yeast TORCI, either by mutation or by rapamycin, causes
cell cycle arrest at G, phase, whereas TORC2 appears to carry
out an essential function for cellular polarization and cytoskel-
etal reorganization (54).

In this study we also investigated the composition of fission
yeast TOR complexes. We have previously identified the rap-
tor homologue Mip1 (40). In addition, the rictor/Avo3 homo-
logue Ste20 (11), the Lst8 homologue Wat1/Pop3 (16), and the
Avol homologue Sinl (52) have been identified in fission
yeast. We examined association of these proteins with TOR
proteins and found that Torl and Tor2 have distinct binding
partners.

MATERIALS AND METHODS

General methods and strains. Table 1 summarizes S. pombe strains used in
this study. General genetic procedures for S. pombe were described previously (9,
26). Transformation of S. pombe was done by a lithium acetate method (32). To
generate a temperature-sensitive allele of for2, we introduced random mutations
into the tor2 open reading frame carried on a plasmid by a PCR method (56).
Cells of JV530 (h tor2::kan™ harboring pREP42-tor2) were transformed with
linear DNA fragments carrying mutagenized for2 alleles. Integrants of a func-
tional for2 allele at the correct locus were screened at 26.5°C by monitoring their
resistance to fluoroorotic acid (indicating loss of ura4 " -based pREP42-tor2) and
sensitivity to G418 (indicating loss of kan"). Temperature-sensitive mutants were
selected from these integrants by replica plating. To carry out tor2 shutoff ex-
periments, we replaced the authentic for2 promoter with the nmt81 promoter.
When necessary, rapamycin was added to liquid and agar medium to a final
concentration of 0.1 pg/ml (51). An equal volume of a drug vehicle solution (1:1
dimethyl sulfoxide-methanol) was added to the controls.

Microarray analysis. JY450 (wild type [wt]) and JV303 (tor2-ts6) were grown
to mid-log phase in YES (yeast extract with supplements) medium at 25°C. Cells
were collected and resuspended in fresh YES medium prewarmed to 34°C and
grown at 34°C. At the indicated times, approximately 2 X 10® cells were col-
lected, and total RNA was extracted using a high-salt and acid phenol method.
Briefly, cells were resuspended in 400 wl of high-salt RNA buffer (0.3 M NaCl,
20 mM Tris-HCI [pH 7.5], 10 mM EDTA, 1% sodium dodecyl sulfate). A total
of 400 wl of phenol:chloroform (1:1 mix of phenol saturated with 0.1 M citrate
buffer, pH 4.3, and chloroform) was added, vortexed for 5 min, and then incu-
bated at 65°C for 5 min. The aqueous layer was separated using heavy phase-lock
gel (Eppendorf) and extracted once with chloroform. Total RNA was then
ethanol precipitated. Thirty micrograms of total RNA was further purified using
RNeasy (QIAGEN) columns and submitted for microarray analysis by the Uni-
versity of California-Los Angeles DNA Microarray Core. Probes were generated
and hybridized to the GeneChip Yeast Genome 2.0 Array (Affymetrix). The data
were then analyzed using dChip (18).

Immunoprecipitation. JT176 (mipl-HA), JT164 (ste20-HA), JT294 (watl-
myc), and JT295 (sinI-myc) were transformed with either pREP41-His6Flag2-
tor2 or pREP41-His6Flag2-tor1. Cells grown in minimal medium (MM) at 30°C
to the concentration of 4 X 10° cells/ml were harvested and disrupted with glass
beads in buffer B (50 mM Tris-HCI [pH 7.6], 150 mM KCI, 5 mM EDTA, 1 mM
dithiothreitol, 10% glycerol, 0.2% NP-40, 20 mM B-glycerophosphate, 0.1 mM
Na;VO,, 15 mM para-nitrophenyl phosphate, 1 mM phenylmethylsulfonyl fluo-
ride, and protease inhibitor cocktail [Complete Mini EDTA-free; Roche]). Ly-
sates were centrifuged, and 1/10 of each supernatant was saved as “total,” and the
rest was subjected to immunoprecipitation. A mixture of 5 wl of anti-FLAG M2
monoclonal antibody (Sigma) and 25 ul of Dynabeads protein G (Dynal) was
added to each sample, which was then incubated at 4°C for 30 min. After being
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TABLE 1. S. pombe strains used in this study

Strain Description®

h~ ade6-M216 leul ste20-3HA << kan"

h~ ade6-M216 leul mipl-3HA << kan"

h?° ade6-M216 leul ura4-DI8 tor2-ts6

h® ade6-M210 leul ura4-DI18 tor2-ts10

h?° ade6-M216 leul ura4-DI8 ste20::ura4™
h?° ade6-M216 leul watl-13myc << hph*

h?° ade6-M216 leul sinl-13myc << hph*

h?° ade6 leul ura4-DI18 tor2-ts6 torl::ura4™
h?° ade6 leul ura4-DI18 tor2-ts10 torl::ura4™
h?° ade6-M210 leul nmt81-3HA-tor2 << kan*
h?° ade6-M216 leul tor2-ts6 mipl-3HA << kan*
h?° ade6-M210 leul tor2-ts10 mipl-3HA << kan®
h™~ ade6-M216 tsc2::kanMX

h™ ade6-M216 tsc2::kanMX tor2-ts6

h~ ade6-M216

h~ ade6-M216 tor2-ts6

h™ ade6-M216 tsc2::kanMX tor2-ts10

h~ ade6-M216 tor2-ts10

h?° ade6-M210 leul tor2-ts6

h?° ade6-M216 leul tor2-ts6

h™~ ade6-M216 leul tor2-ts6

h®’ ade6-M210 leul tor2-ts10

h™ ade6-M216 leul tor2-ts10

h® ade6 leul ura4-DI8 tor2::kan" with pREP42-tor2
h™ ade6-M216 leul nmt81-3HA-tor2 << kan*
h®’ ade6-M216 leul ura4-D18 gadS::ura4™
h?° ade6-M216 leul ura4-DIS8 torl:ura4™

h?° ade6-M210 leul ura4-D1I8 torl::ura4™

h~ ade6-M216 leul ura4-D18 pkal::ura4™

h~ ade6-M216 leul

h?° ade6-M216 leul

h*’ ade6-M210 leul

h?° ade6-M216 leul ura4-DI18

¢ <, insertion of resistance cassette.

washed three times with buffer B without protease inhibitors, precipitates were
run in sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Mouse anti-
hemagglutinin (anti-HA) antibody 12CA5 (Sigma) or mouse anti-myc antibody
9E10 (Santa Cruz) was used to detect Mipl-HA, Ste20-HA, Watl-myc, and
Sinl-myc.

RESULTS

Isolation of tor2-ts mutants. To investigate the function of
Tor2, we randomly introduced mutations into the open reading
frame of the chromosomal tor2 gene using PCR-based mu-
tagenesis as described in Materials and Methods. We then
screened for strains that could grow at 25°C but not at 37°C.
Altogether, 15 clones that satisfied this criterion were isolated.
Two of them, named for2-ts6 and tor2-ts10, showed elevated
temperature sensitivity, growing poorly even at 30°C (Fig. 1A).
To confirm that the temperature-sensitive growth of these
strains was due to mutations in the tor2 gene, we transformed
them with a plasmid carrying for2. The transformants recov-
ered growth at the restrictive temperature (see Fig. 5C), sug-
gesting that they were indeed defective in for2. Subsequent
cloning analysis confirmed that mutations were indeed intro-
duced into the for2 gene in these temperature-sensitive strains
(see below).

Loss of for2 function results in G, arrest and ectopic sexual
development. Cells of JV302 (h*° tor2-ts6) and JV305 (h*’
tor2-ts10), grown to exponential phase in YE (yeast extract)
medium at 25°C, were shifted to 30°C. They were sampled at
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FIG. 1. Loss of for2 function causes G, arrest. (A) Temperature-
sensitive growth of the for2-ts strains. Cells of JY878 (wt), JT177
(tor2-ts6), and JT178 (tor2-ts10) were streaked on nutrient medium YE
and incubated either at 25°C or 30°C for 3 days. (B) Cells of JY476
(wt), JV302 (tor2-ts6), and JV305 (tor2-ts10) were cultured in liquid
YE medium at 25°C to exponential phase and shifted to 30°C at a
concentration of about 1 X 10° cells/ml. Aliquots were taken at indi-
cated time points, and the cellular DNA content of each sample was
measured by FACS analysis. (C) Cells of JV981, in which for2 is driven
by the nmt81 promoter, were grown in liquid MM medium to expo-
nential phase (2 X 10° cells/ml), and thiamine was added to a half of
the culture to a concentration of 2 uM to shut off the transcription
from the nmt81 promoter. Aliquots were taken at indicated time
points, and the cellular DNA content of each sample with (+) or
without (—) thiamine was measured by FACS analysis.

intervals and subjected to fluorescence-activated cell sorting
(FACS) analysis as shown in Fig. 1B. Whereas control wt cells
(JY476) continued to grow at 30°C, tor2-ts6 and tor2-ts10 cells
gradually arrested in G, phase after the temperature shift,
suggesting that the function of tor2 is necessary to traverse G,
during the cell cycle. With tor2-ts10, the G, peak was detected
at earlier time points than with for2-ts6. In addition, with for2-
ts10, a peak of cells with 4C DNA content was observed at 24 h
after the shift. This may represent cells undergoing meiosis, as
described below.

To confirm that the arrest in G, observed in tor2-ts mutants
was due to loss of the Tor2 activity rather than acquisition of
an abnormal activity, we constructed a system in which pro-
duction of Tor2 could be shut off artificially by the use of the
thiamine-repressible promoter nmtS81. When expression of tor2
from the nmt81 promoter was blocked in heterothallic JV981
cells by the addition of thiamine to the medium, the cells
gradually arrested in G, like for2-ts cells, indicating that loss of
tor2 function causes G, arrest in the cell cycle (Fig. 1C).

To our surprise, microscopic observation of homothallic
tor2-ts cells incubated at the restrictive temperature for 24 h
revealed that they contained zygotes and asci (Fig. 2A). This
was a unique cell cycle mutant phenotype, which to our knowl-
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FIG. 2. Sexual development of for2-ts cells grown at the restrictive
temperature. (A) The three homothallic haploid strains analyzed in
the experiment shown in Fig. 1B were examined microscopically after
24 h of incubation at the restrictive temperature. Bar, 10 wm. (B) Cal-
culated mating efficiency of the three strains shown in panel A.
(C) Cells of heterothallic haploid strains incubated at the restrictive
temperature for 24 h. wt, JY333; tor2-ts6, JV304; and tor2-ts10, JV306.
Bar, 10 pm. (D) Cells of a homothallic strain JT300, in which for2 is
driven by the nmt81 promoter, were grown vegetatively on MM plates
(— thiamine). They have undergone mating and sporulation even
before shutoff of the promoter. Bar, 10 pm. (E) Expression of starva-
tion-responsive genes in for2-ts cells. Expression of three nitrogen star-
vation-responsive genes (stell, isp6, and fnx1), and one glucose star-
vation-responsive gene (fbpl) was measured in wt (JY333), tor2-ts6
(JV304), and tor2-ts10 (JV3006) cells at time zero and 3.5 and 7 h after
the shift to the restrictive temperature. Their expression in pkal-
defective cells (JX384) was also examined. rRNA stained with
ethidium bromide is shown as a loading control.

edge has never been described in fission yeast. Both tempera-
ture-sensitive mutants exhibited increased mating efficiency at
the restrictive temperature of 30°C (Fig. 2B). The tor2-ts10
mutant showed a higher mating frequency than the for2-ts6
mutant. However, the former grew slightly more slowly than
the latter at the permissive temperature 25°C (Fig. 1A), im-
plying that Tor2-ts10 is more labile than Tor2-ts6 and may
already be partially inactive at the permissive temperature (see
below). Sporulation was observed in homothallic (Fig. 2A) but
not in heterothallic (Fig. 2C) tor2-ts cells subjected to the
temperature shift, suggesting that the tor2 deficiency does not
provoke haploid meiosis such as that induced by the patI-ts
mutation (13, 30). However, heterothallic tor2-ts cells became
smaller at the restrictive temperature, suggesting that they
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might have entered a state of quiescence (Fig. 2C). We inte-
grated the for2 shutoff system into a homothallic strain
(JT300). This strain grew very poorly even in the absence of
thiamine, and microscopic observation indicated that about
half of the cells had initiated mating and sporulation in growth
medium (Fig. 2D). This is probably because the nmt8I pro-
moter used to drive for2 in this strain was not strong enough
under the derepressed conditions. When thiamine was added,
the cells stopped growing completely and generated many asci,
confirming that loss of Tor2 function provokes sexual devel-
opment.

Loss of for2 function mimics nitrogen starvation. The above
observations suggested that loss of for2 function might result in
a cellular physiology similar to one induced by nutrient star-
vation. This condition appears to be sufficient to provoke con-
jugation and subsequent sporulation, as zygotes and asci are
observed at nonpermissive temperature. To further examine
this idea, we investigated expression of three typical nitrogen
starvation-responsive genes, namely stel1, isp6, and fnxI, in the
absence of for2 function. The stell gene encodes an HMG
family transcription factor, which regulates a number of genes
necessary for sexual development (42). The isp6 gene encodes
a vacuolar protease homologous to S. cerevisiae PRB1 involved
in autophagy (37). Expression of isp6 is highly enhanced by
nitrogen starvation but is independent of stell (28, 29). The
fnxI gene encodes a protein with sequence similarity to the
proton-driven plasma membrane transporters (8). Expression
of stell and fnxl has been reported to be induced by the
disruption of ribl (21, 43). As shown in Fig. 2E, transcription
of these three genes in the for2-ts mutants was elevated signif-
icantly at the restrictive temperature, suggesting that disrup-
tion of Tor2 function can mimic nitrogen starvation. Induction
of fnxI expression, however, was slower than that of the other
two genes, which may suggest that fnx/ is regulated by for2 but
indirectly. Unlike these nitrogen starvation-responsive genes,
fbp1, which encodes fructose-1,6-bisphosphatase, is known to
respond sharply to the lack of glucose or a decrease of the
cyclic AMP-dependent protein kinase A activity (46, 12) (Fig.
2E). We find that fbpI does not show any significant elevation
in transcription in response to the loss of tor2 (Fig. 2E). There-
fore, loss of tor2 function appears to mimic starvation for a
nitrogen source but not for a carbon source.

Nitrogen starvation-responsive genes are largely controlled
by tor2. To determine alterations in global gene expression
profile due to the inhibition of Tor2, we performed microarray
analysis of the for2-ts6 mutant after shifting the cultures to
34°Cfor 0, 1, 3, and 8 h. A similar time course was performed
with a wt strain to control for gene expression changes that
may occur due to the temperature shift. RNA preparation was
converted to cDNA and was used to hybridize against an oli-
gonucleotide array of S. pombe genome. The data were ana-
lyzed using dChip. Genes showing a variation (standard devi-
ation/mean) of greater than 0.5 were filtered and clustered.

Figure 3 shows hierarchical clustering analysis of the filtered
genes to identify gene clusters. We looked for a set of genes
whose expression is specifically altered in response to loss of
tor2 function. A total of 194 genes are identified to be induced
specifically (Fig. 3, cluster induced by loss of for2). It is inter-
esting that almost all the genes with altered expression show
increased expression by the loss of tor2 function. This may
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FIG. 3. Microarray analysis of loss of for2 activity. Global expres-
sion profiles from tor2"* (JY450) or tor2-ts6 (JV303) incubated for the
indicated times at 34°C were assessed using the GeneChip Yeast Ge-
nome 2.0 Array. The raw data were normalized and modeled using
dChip. Genes showing a variation (standard deviation/mean) of >0.5
were clustered. The cluster of genes that are induced by loss of ror2 is
indicated. Red indicates induction, and green indicates suppression
relative to expression of the gene in tor2™ cells at 0 h.

Cluster induced by loss of tor2

suggest that fission yeast Tor2 generally functions to repress
expression of genes.

Table S1 in the supplemental material lists all 194 genes that
are found in the cluster induced due to the loss of tor2 function.
Among these, we find a number of genes that are induced
during mating and sporulation, according to the Sanger Centre
Database (Table 2). They include the major regulators of mei-
osis, stell and mei2. Other sterile genes, ste4, ste6, and ste7, as
well as another mei gene, mei4, are also found in the cluster.
We find genes involved in pheromone response such as gpal,
rgsl, ste6, mfml, mfm2, mfm3, mapl, map2, map3, maml,
mam?2, and matl-Mc. It is interesting to find genes involved in
G protein function, ste6 (GDP/GTP exchange factor for the
small G protein, Ras1) and gpal (a-subunit of a heterotrimeric
G protein), to be transcriptionally induced in response to loss
of tor2 function. In addition, we find fus! and ste4, which are
involved in conjugation. meul3 is required for meiotic recom-
bination. This analysis also identified crs1, a gene whose tran-
script is meiotically spliced and encodes a putative cyclin (3).
The isp genes including isp6 are induced during sporulation
(37). The wtf genes are a family of Tf element-containing
sequences which are transcribed during meiosis (5, 53).

Many of the above genes are known to be induced by nitro-
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TABLE 2. Mating and meiosis genes induced by loss of tor2

Relative expression in“:

Gene identifier Gene name Description JV303 JY450
0h 8h 0h 8h
SPCC1795.06 map2 P-factor 1.26 2.34 1.00 0.46
SPAC13G7.13¢ msal Involved in sporulation (predicted) 1.11 2.81 1.00 0.87
SPBC29B5.02¢ isp4 Involved in sexual differentiation 1.04 9.90 1.00 0.91
SPAC1039.09 isp5 Involved in sexual differentiation 10.04 131.73 1.00 4.59
SPAC513.03 mfm?2 M-factor precursor 0.80 3.60 1.00 0.41
SPAC222.15 meul3 Meiosis specific transcript 0.68 24.27 1.00 10.51
SPAC25B8.13c isp7 2 OG-Fe(II) oxygenase superfamily 1.36 9.11 1.00 1.20
SPBC1711.02 matmc Mating-type m-specific polypeptide mc 1.14 5.35 1.00 1.50
SPACI11E3.06 mapl Transcription factor 0.54 8.66 1.00 1.87
SPAC4AS8.04 ispb Serine protease 1.03 4.76 1.00 0.89
SPAC1565.04c ste4 Involved in conjugation 0.75 3.82 1.00 0.98
SPBC32C12.02 stell Transcription factor 0.80 4.10 1.00 0.97
SPBPJ4664.03 mfm3 M-factor precursor 1.71 11.25 1.00 1.44
SPAC11H11.04 mam?2 Pheromone p-factor receptor 1.18 6.23 1.00 0.97
SPAPBSES.05 mfml M-factor precursor 1.29 105.95 1.00 225
SPBPJ4664.03 mfm3 M-factor precursor 1.11 9.41 1.00 1.81
SPBC25B2.02¢ maml ABC transporter family 0.96 4.49 1.00 1.30
SPBC24C6.06 gpal GTP binding (alpha-1 subunit) 0.94 5.40 1.00 1.24
SPAC23E2.03c ste7 Involved in conjugation 1.06 5.37 1.00 1.28
SPAC3F10.10c map3 Pheromone M-factor receptor 0.86 2.57 1.00 0.85
SPAC27D7.03c mei2 RNA-binding protein 0.60 8.71 1.00 0.52
SPCC1183.10 wif10 wtf element 0.84 3.39 1.00 1.46
SPBC32HS8.11 mei4 Transcription factor (meiotic) 0.82 2.24 1.00 1.02
SPCC970.11c witf9 wtf element 0.83 2.38 1.00 1.23
SPCC285.07¢c witf18 wtf element 0.99 251 1.00 1.30
SPAC22F3.12¢ rgsl Regulator of G-protein signaling 0.39 4.19 1.00 1.22
SPCC548.03¢ wif4 wtf element 1.00 2.87 1.00 1.25
SPCC794.02 wif5 wtf element 0.90 4.80 1.00 1.46
SPCC1442.01 ste6 Guanyl-nucleotide exchange factor activity 0.82 4.42 1.00 1.49
SPCC1450.08¢ witf16 wtf element 1.14 7.21 1.00 4.26
SPCC1450.08¢ witf16 wtf element 0.87 5.70 1.00 3.09
SPAC20G4.02¢ fusl Formin 0.74 7.86 1.00 3.40
SPCC830.02 witf24 wtf element 0.83 5.93 1.00 3.00
SPBC2G2.09¢ crsl Cyclin (predicted) 0.59 2.78 1.00 1.61
SPCC794.02 witfs wtf element 0.58 7.50 1.00 1.89
SPAC2E12.05 wifl wtf element 0.89 3.53 1.00 1.66
SPCC576.16¢ wif22 wtf element 1.06 11.28 1.00 3.41
SPCC285.06¢ witfl7 wtf element 0.97 9.16 1.00 3.26
SPCC548.02¢ witf3 wtf element 1.45 15.94 1.00 4.68
SPCC1739.15 wif21 wtf element 0.74 8.65 1.00 3.60
SPCC1906.04 witf20 wtf element 1.00 7.27 1.00 2.50
SPCC1906.04 witf20 wtf element 0.71 8.53 1.00 2.68
SPCC1906.04 witf20 wtf element 0.80 7.48 1.00 2.40

“ Relative expression of the indicated genes was measured by microarray assay in strains JV303 (tor2-ts6) and JY450 (wt) cultured at 34°C for 0 or 8 h. Values for
each gene were normalized to its expression in JY450 at 0 h. For original raw data, see Table S1 in the supplemental material.

gen starvation. To examine this point further, we compared
our results with those from microarray analysis of diploid cells
after nitrogen starvation (23). A total of 151 of our 194 genes
induced by the loss of for2 are found in the list of roughly 1,000
genes found to be induced by nitrogen starvation at least four-
fold over vegetative cells (23). These genes are separated into
four classes: class I genes are involved in response to nutri-
tional changes (215 genes), class II (early) genes are involved
in premeiotic S phase and recombination (111 genes), class III
(middle) genes are involved in meiotic divisions (561 genes),
and class IV (late) genes are involved in spore formation (133
genes). Roughly two-thirds (97) of the 151 genes are in the first
class of genes (class I) that are involved in response to nutri-
tional changes. We find 16 early, 22 middle, and 17 late genes.
These results point to an important role that Tor2 plays in

nitrogen starvation and mating response. Furthermore, these
findings are in agreement with the observation that shifting the
tor2-ts6 strain to nonpermissive temperatures induces these
cells to undergo sexual differentiation.

Induction of permease and transporter genes by the loss of
tor2. Another group of genes we found to be induced by the
loss of for2 function can be classified as permeases and trans-
porters (Table 3). We find known as well as predicted per-
meases and transporters for amino acids and other nutrients
such as purine and thiamine. We have previously shown that
Rhb1 regulates uptake of amino acids and that Rhb1 directly
interacts with Tor2 (44). Thus, part of the Rhbl effects may
involve alteration of expression of amino acid permeases. Al-
teration of expression of genes encoding amino acid permeases
has also been observed in #sc mutants (45, 27). In fact, we find
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TABLE 3. Transporters and permeases induced by loss of tor2

Relative expression in“:

Gene identifier Gene name Description JV303 JY450

0h 8h 0h 8h
SPBC1683.12 Membrane transporter 1.42 6.09 1.00 1.58
SPAC869.10c Amino acid transporter (predicted) 1.38 6.38 1.00 1.43
SPBC29B5.02¢ isp4 Involved in sexual differentiation 1.04 9.90 1.00 0.91
SPAC1039.09 isp5 Involved in sexual differentiation 10.04 131.73 1.00 4.59
SPAC1039.01 Amino acid permease family 1.19 6.82 1.00 0.54
SPCC1840.12 Oligopeptide transporter family 0.98 4.40 1.00 2.08
SPAC3H1.06¢ Transporter (predicted) 1.61 11.30 1.00 1.07
SPCPB1C11.02 Amino acid permease family (predicted) 2.19 10.97 1.00 1.89
SPAC11D3.18¢c Membrane transporter 2.07 31.31 1.00 423
SPAC1399.03 furd Uracil permease 1.04 6.56 1.00 1.37
SPBC1271.09 Membrane transporter 1.09 4.26 1.00 0.67
SPBC1683.05 Thiamine transporter (predicted) 1.02 3.75 1.00 0.94
SPCC417.10 Membrane transporter 1.05 12.07 1.00 1.46
SPCC777.04 Amino acid transporter (predicted) 1.33 93.52 1.00 2.10
SPBC25B2.02¢ maml ABC transporter family 0.96 4.49 1.00 1.30
SPAC1399.01c Purine permease (predicted) 1.07 9.73 1.00 1.53
SPAC29B12.14c Purine transporter (predicted) 0.87 5.20 1.00 1.29
SPBPB2B2.01 Amino acid permease family 0.95 6.96 1.00 3.07
SPBC359.01 Amino acid permease family 0.84 3.75 1.00 1.67
SPACI1F8.01 ght3 Hexose transporter 1.37 6.24 1.00 3.62
SPCC965.06 Potassium channel subunit ??? (predicted) 1.26 7.36 1.00 1.68

“ Relative expression of the indicated genes was measured by microarray assay in strains JV303 (tor2-ts6) and JY450 (wt) cultured at 34°C for 0 or 8 h. Values for
each gene were normalized to its expression in JY450 at 0 h. For original raw data, see Table S1 in the supplemental material.

a number of transporters and permeases (isp5, SPAC869.10c,
SPACI11D3.18c, SPACI1039.01, maml, and SPBPB2B2.01) in
our cluster whose expression levels are also altered by the loss
of tsc function.

TOR complexes in fission yeast. Mammalian raptor, like its
budding yeast orthologue Kogl, is a component of TORC1
and is thought to provide a scaffold for the interaction of TOR
kinase and its substrate. The structural homologue of raptor/
Kogl in fission yeast, Mipl, is a protein of 1,313 amino acids,
and its truncated form missing the N-terminal 173 amino acids
(Mip1AN) was originally identified in our study as a suppressor
of ectopic meiosis induced by an activated form of Mei2 (40).
mipl, like tor2, is an essential gene, loss of which results in
small round cells arrested in G;. We thus tested physical in-
teraction of Tor2 with Mipl by immunoprecipitation (IP).
Torl and other homologues to TORC1 and TORC2 members
were also examined in this analysis. Flag-tagged Torl or Tor2
was expressed from the nmt41 promoter in cells expressing
HA-tagged Mipl from its authentic promoter. Either Torl or
Tor2 was precipitated with anti-Flag antibodies, and coprecipi-
tation of Mipl was examined (Fig. 4A). Tor2 coprecipitated
Mipl1 far more efficiently than Torl, suggesting that Tor2 is the
major TOR kinase to form a complex with the raptor/Kogl
homologue Mipl in vivo. In analogous IP analysis, the rictor/
Avo3 homologue Ste20 showed substantial affinity for Torl
and moderate affinity for Tor2 (Fig. 4B), suggesting that it may
form a complex with both Torl and Tor2 in vivo. Sinl, a
homologue of S. cerevisiae Avol, exhibited a similar binding
spectrum to Ste20, whereas Watl, a homologue of S. cerevisiae
Lst8, appeared to bind significantly with both Torl and Tor2
(Fig. 4C and D). From these results, we assign the composition
of putative fission yeast TORC1 and TORC2 as in Fig. 4E. In
addition, we note that the amount of Ste20 and Sinl appears to

be reduced in tor2-overexpressing cells (Fig. 4B and D). It may
be that the abundance of Ste20 and Sin1 is regulated negatively
by Tor2.

Analysis of stel] expression supported the above assignment
of TORC1 and TORC2. Transcription of stell was not in-
duced by nitrogen starvation in forl A and ste20A, which were
all viable at 30°C. In contrast, tor2A, rhbIA, and miplA were
lethal, and artificial shutoff of each gene resulted in ectopic
expression of ste/l (data not shown). Curiously, while Watl
appeared to constitute both TORC1 and TORC2, deletion of
watl has been reported to be viable (16, 31) (see Discussion),
and watIA failed to express ste/] under nitrogen starvation
(data not shown).

Further characterization of the for2-ts mutants. We set out
to identify the mutated amino acid residue responsible for the
temperature sensitivity in the for2-ts6 and for2-ts10 alleles.
DNA sequencing revealed that each allele carries as many as
four substituted residues. Subsequent analysis indicated that
two mutations in the HEAT domain, S550P and K711M, either
of which confers only weak temperature sensitivity, are to-
gether responsible for for2-ts6. In the case of tor2-ts10, the
temperature sensitivity stems from the combination of A1399E
in the FAT domain and F2198L in the kinase domain, neither
of which alone confers temperature sensitivity. The latter ob-
servation appears intriguing, as we have seen that tor2-activat-
ing mutations cluster in either the FAT domain or the kinase
domain (J. Urano et al., unpublished results).

To examine the nature of the defects in Tor2-ts proteins, we
tested their ability to bind to Mipl by coimmunoprecipitation
as before. Compared to wt Tor2, Tor2-ts6 bound Mip1 poorly,
even at the permissive temperature, suggesting that the affinity
for Mipl is affected in this mutant protein (Fig. 5A). The
affinity was further lowered after a 4-h incubation at the re-
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strictive temperature. Tor2-ts10 also appeared to have little
affinity for Mip1, but more striking was its scarcity in the cell,
even at the permissive temperature (Fig. 5B). We suspect that
Tor2-ts10 may be nonfunctional because it is labile and de-
grades readily.

Genetic interaction between TOR kinase and its associated
proteins. In addition to physical interaction, we found genetic
interaction between mipl and for2. The tor2-ts6 mutation was
suppressed partially by overexpression of wt mip! at 32°C (Fig.
5C). The tor2-ts10 mutation was not suppressed by overexpres-
sion of mipl. This is consistent with the idea that Tor2-ts6 is
stable but lowered in its affinity for Mip1, whereas Tor2-ts10 is
unstable and readily destroyed. Interestingly, it seems that
mipl overexpression rather enhances the temperature sensitiv-
ity of tor2-ts10 (Fig. 5C) (see Discussion).

The above observations showing that Tor2 and Mip1 coop-
erate intimately in function reinforce the finding that they
constitute the fission yeast TORCI1. Also, as Torl and Ste20
are both members of the fission yeast TORC?2, it is likely that
they function together. However, this point has not been
shown. Thus, we compared phenotypes of the two mutant
strains. Results are summarized in Fig. 6. Both tor/A and
ste20A cells exhibited an elongated morphology (Fig. 6A), and
their growth was sensitive to high osmotic pressure (Fig. 6B)
and high temperature (data not shown) just like gadSA cells.
Importantly, ste20A could be partially suppressed by an acti-

vated form of gad8 (gad8-S527D/S546D) (Fig. 6C), as was the
case with forIA (25). Thus, it is highly likely that Torl and
Ste20 cooperate in the same biological process.

Because Torl and Tor2 apparently function in opposite di-
rections with regard to the control of sexual development, we
wondered whether for/A and tor2-ts might mutually suppress
each other. If this is the case, we argued that introducing the
torl A mutation into the tor2-ts cells would rescue their growth
defect at 32°C. However, the results were negative: the double
mutants could not grow at 32°C (Fig. 6D).

We also tested whether Rhbl, an activator of Tor2 (44),
could be a suppressor of tor2-ts6 and tor2-ts10. However, an
activated rhbl allele, rhb1-N153T (44), did not suppress tem-
perature sensitivity of the two mutants (data not shown). De-
letion of tsc2, which codes for a negative regulator of Rhbl,
also did not significantly affect the temperature sensitivity of
tor2-ts6 and tor2-ts10 (data not shown). In contrast, we found
that the poor growth of the tsc2A ade6 mutant on medium
containing a low concentration of adenine (24) could be sup-
pressed by either tor2-ts6 or tor2-ts10 (Fig. 6E). Whereas the
tsc2::kanMX ade6-M216 strains grew poorly on minimal Edin-
burgh minimal medium plates containing 0.25 mg/ml adenine,
the tsc2:kanMX ade6-M216 tor2-ts triple mutants showed
healthy growth almost wt levels at 25°C. These results reinforce
the idea that Tsc2 and Rhb1 function upstream of Tor2.

In S. cerevisiae, TORC2, which contains Tor2, is involved in
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FIG. 5. Interaction of the temperature-sensitive Tor2 proteins with
Mipl. (A) Physical interaction of Tor2-ts6 with Mip1, examined by IP
as described in the legend of Fig. 4A. (B) Physical interaction of
Tor2-ts10 with Mip1, examined by IP as described in the legend of Fig.
4A. Only samples prepared from cells grown at the permissive tem-
perature 25°C are shown. (C) Genetic interaction: suppression of tor2-
ts6 by overexpression of mipl. JV304 (tor2-ts6) and JV306 (tor2-ts10)
were transformed with vector pREP41, pREP41-tor2, and pREP41-
mipl. Transformants of JV304 were incubated on MM at 32°C for 9
days, whereas transformants of JV306 were incubated on MM at 28°C
for 8 days.

actin organization (38). To see whether putative fission yeast
TORC1 or TORC2 was to play a similar role, we stained
F-actin with BODIPY FL phallacidin in for!A cells at 30°C and
in tor2-ts6 and tor2-ts10 cells at the permissive (25°C) and
restrictive (30°C) temperatures. Consequently no significant
disorganization of actin was observed, except that actin cables
in torl A cells might be slightly thicker than ones in the wt (data
not shown). We therefore suppose that fission yeast TOR may
not be directly relevant to actin organization.

DISCUSSION

Tor2 function in nitrogen signaling. In this study, we have
presented evidence that Tor2 plays critical roles in the nitrogen
signaling pathway. Inhibition of Tor2 function leads to the
accumulation of Gy/G, phase cells. These accumulated cells
are small and round. In addition, expression of the stel1, isp6,
and fnxI genes is induced upon the loss of Tor2 function.
Microarray analysis further provided strong evidence for the
idea that Tor2 functions in the nitrogen signaling pathway, as
genes induced by the loss of Tor2 function overlap significantly
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FIG. 6. Comparison of phenotypes between forl/A and ste20A.
(A) Comparison of cell morphology. Cells of each homothallic haploid
strain were grown on YE medium at 30°C for 4 days. (B) Osmo-
sensitive growth was examined on YE medium containing 1 M KCIL.
Incubation was done at 30°C for 4 days. wt, JY450; torlA, JW950;
ste20A, JT293; and gad8A, JW944. (C) Suppression of torl A (JW950)
and ste20A (JT293) by gad8-S527D/S546D. The wt and mutant gad$
alleles were expressed from plasmid pR3C (25). Growth on MM con-
taining 0.6 M KCl at 30°C was followed for 4 days. (D) Examination of
mutual suppression between tor! A and tor2-ts. The double mutants and
control strains were tested for growth at 32°C. (E) Suppression of the
growth defect of ade6-M216 tsc2A under low adenine supply by for2-ts
mutations. Indicated strains were grown on Edinburgh minimal
medium plates supplemented with either 1 mg/ml or 0.25 mg/ml of
adenine.
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with the genes induced by nitrogen starvation. It is interesting
to point out that these phenotypes of ror2 loss of function
strongly resemble those that are observed by the loss of rhbl
function. Both genes are essential, and their inhibition leads to
small, round G/G; cells (21, 55). Inhibition of 7hb! also causes
induction of stel1, mei2, and fnxI genes (21, 43). These results
support the idea that Rhbl and Tor2 function in the same
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manner to stimulate cell growth and cell cycle progression.
This is in line with our recent observation that Rhb1 interacts
directly with the Tor2 complex (44). We have shown that
adenine uptake in the #sc2A strain can be rescued by either the
tor2-ts6 or the for2-ts10 mutation; this result further supports
the idea that fission yeast possesses the TSC-Rheb-TOR path-
way similar to mammalian cells.

Our microarray analysis revealed global negative regulation
of the expression of a number of permease and transporter
genes by Tor2. These genes include amino acid permeases,
purine permeases, and thiamine transporter. Transcriptional
regulation of permease genes has also been reported from the
analyses of tsc mutants (27, 45). In these cases, expression of
these genes is suppressed. Regulation of permeases may be a
response to starved conditions. Indeed, a large number of
permeases and transporters are shown to be upregulated upon
nitrogen starvation (23).

We have compared the cluster of genes upregulated in the
tor2-ts6 mutant with genes whose expression is altered in the
tscl and tsc2 mutants (27, 45). Four genes in our cluster
(SPCC1223.09, isp5, isp4, and SPAC869.10c) are found among
14 genes reported to be downregulated in both tsc/A and tsc2A
(45). Six genes (SPACI1039.01, SPACI11D3.03c, mei2, gpal,
SPBC1683.02, and SPBPB2B2.01) are found among 31 genes
whose expression is not induced in response to nitrogen star-
vation in #sc/A and tsc2A (27). Although there are clear over-
laps, they may not be as extensive as one might expect. The
reason for this limited overlapping is uncertain. It may reflect
differences in experimental parameters such as resolution or
setting of the thresholds or indicate that growing fsc/A and
tsc2A cells have undergone certain physiological adaptation.
Alternatively, it may indicate that Tsc2 is not the only regulator
for the Tor2 pathway, as might be presumed from the obser-
vation that tsc2A cells are still able to arrest in G, and mate
(24), even though they show a delay in nitrogen starvation
responses. It is also possible that there are Tor-independent
functions for Tsc2. Further analyses are necessary to fully un-
derstand the regulation of TOR by Tsc2 in fission yeast.

The initiation of sexual development in fission yeast depends
largely on nutrient conditions, as in many other microorgan-
isms. Our results suggest that Tor2 negatively regulates sexual
development, as the inhibition of Tor2 leads to increased mei-
osis. Previous studies have shown that both nitrogen and glu-
cose are important for sexual development; although depletion
of nitrogen is crucial for sexual development, depletion of
glucose is not. However, reduction of glucose facilitates sexual
development, and a high concentration of glucose suppresses
it. Our study has shown clearly that the function of Tor2 is
related to the recognition of a nitrogen source but not a carbon
source and is likely to be independent of the cyclic AMP-
protein kinase A pathway. In S. cerevisiae, it has been shown
that Tor1 and Tor2 are involved in nitrogen catabolite repres-
sion, a regulatory event in which transcription of certain genes
is downregulated by a good nitrogen source such as glutamine
but upregulated by a poor nitrogen source such as proline (4,
6, 7, 10, 17). Therefore, the involvement of TOR in nitrogen
signaling may be a widely conserved phenomenon among var-
ious organisms.

In contrast to for2, torl is not an essential gene. However,
tor]l mutants exhibit phenotypes that are distinct from those of
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the for2 mutants (48, 15). These mutants exhibit deficiency in
properly arresting in G, in response to nitrogen starvation and
in initiating sexual development. This is opposite from our
results on Tor2 that show that the inhibition of fission yeast
Tor2 promotes G, arrest and the initiation of sexual develop-
ment. This sharp contrast between tor! and for2 mutant phe-
notypes suggests that Torl and Tor2 have opposing functions.
However, loss of either function cannot be complemented by
loss of the other, indicating that the two proteins are likely to
be involved in distinct biological processes.

Possible TOR kinase complexes. Our IP analysis showed
that the raptor homologue Mipl is likely to form a complex
predominantly with Tor2. This complex, which may correspond
to budding yeast TORCI, appears to be necessary to repress
nitrogen starvation-responsive genes and to stimulate cell cycle
progression at G;. On the other hand, the rictor/Avo3 homo-
logue Ste20 forms a complex with Torl, and the ste20A strain
is phenotypically quite similar to forl A. This suggests that Tor1
is likely to be the major partner of Ste20, although our analysis
has suggested that Tor2 may also form a complex with Ste20.
It is currently unclear whether this complex is physiologically
significant or simply an artifact due to overproduction of Tor2
in our analysis. So far, our trials to detect interaction of Torl
or Tor2 with their associated proteins under physiological con-
ditions (i.e., with no overexpression) have not given IP bands
clear enough to deliver unambiguous conclusions. We tenta-
tively suppose that Torl and Ste20, together with the Avol
homologue Sinl, constitute a complex that corresponds to bud-
ding yeast TORC2. This putative fission yeast TORC2 is re-
quired for G, arrest and sexual development. Thus, with re-
gard to nitrogen response and sexual development, TORC2
appears to have effects opposite from those of TORCI. In
addition, TORC2 may control stress response, as the forl/A
strain exhibits reduced stress resistance. Our analysis suggests
that neither TORC1 nor TORC2 plays a significant role in
actin organization in fission yeast. However, as disorganization
of actin patches has been reported in the wat/A mutant (16),
we cannot exclude the possibility that TORC1 and TORC2
control actin in a redundant fashion. Alternatively, Watl may
have a TOR-unrelated function in actin organization. It is also
currently unexplained why watIA is not lethal, although Watl
is apparently a component of both TORC1 and TORC2. De-
letion of S. cerevisiae LSTS, the homologue of watl, is lethal
(33). These observations altogether may suggest that, although
fission yeast, like the budding yeast, has two TOR kinases and
two TOR complexes, the functions of each do not necessarily
match those of the budding yeast counterpart.

In mammalian cells and budding yeast, TORC1 is sensitive
to rapamycin, while TORC?2 is relatively insensitive to this drug
(36, 54). In fission yeast, however, rapamycin affects some
Torl-dependent functions but generally does not inhibit TOR-
related growth functions (47, 49, 51). Our results agree with
the idea that Tor2 is insensitive to rapamycin. First, we find
that rapamycin does not significantly block growth of wt cells,
as initially reported by Weisman (49). In addition, our study
revealed that the inhibition of Tor2 leads to induction of sexual
development. This is in contrast to the observation that rapa-
mycin blocks sexual development, due to the inhibition of Fkh1
(50). Finally, we have seen that addition of rapamycin does not
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activate nitrogen starvation-responsive genes (unpublished re-
sults).

A conceivable explanation for the lack of effect by rapamycin
on wt cells may be that both TORC1 and TORC2 are inhib-
ited, and because they have opposite effects on nitrogen re-
sponse and sexual development, inhibition of both may cancel
out each other. However, this is unlikely to be the case, as
torl A is not able to suppress the temperature sensitivity of the
tor2-ts mutants. Taken together, it appears that TORCI in
fission yeast is insensitive to rapamycin.

Two alleles of for2 temperature-sensitive mutants. Our char-
acterization of the for2 temperature-sensitive mutants has in-
dicated that tor2-ts6 and for2-ts10 represent two different mu-
tant alleles, the former of which may be impaired in the
interaction with Mip1, whereas the latter may generate a labile
gene product. Interestingly, they behaved quite differently
when suppression of the temperature-sensitive growth by
mipI AN (Mip1 lacking the N-terminal region) was examined.
MiplAN is defective in function but can act in a dominant
fashion to inhibit meiosis (40). Overexpression of mipl AN
(mipl-15) suppressed temperature sensitivity of for2-ts10 but
not tor2-ts6 (unpublished results). As described above, overex-
pression of wt mipl suppressed temperature sensitivity of tor2-
ts6 but enhanced temperature sensitivity of tor2-ts10. Further
characterization of these two for2 temperature-sensitive alleles
and the mipIAN mutation may provide insight into how
TORCI1 regulates growth and meiosis in fission yeast.
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ADDENDUM

While we were revising this article, two papers containing data that
partially overlap with ours were published (1a, 44a).
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