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I. Abstract

Recent studies of target of rapamycin (TOR) in fission yeast revealed
that in this organism, like in budding yeast and human cells, the TORC1
complex containing TOR together with a raptor-like protein, plays a central
role in regulating growth, while inhibiting starvation responses. Disruption
of TORCT in fission yeast results in a phenotype very similar to that of wild-
type cells starved for nitrogen, suggesting that TORC1 may regulate growth
in response to nitrogen availability. The TORC2 complex in fission yeast
contains TOR together with a rictor-like protein. In fission yeast, this
complex is not essential under normal growth conditions but is required
for survival under stress and for starvation responses. More recent studies
demonstrate that TORC?2 in fission yeast also has a profound role in gene
silencing, telomere length maintenance and DNA damage response. Most
interestingly, rapamycin does not inhibit the essential role of TORC1 or
most of the cellular functions of TORC2. Yet, accumulation of data sug-
gests that rapamycin can inhibit either TORC1- or TORC2-dependent
functions under certain nutritional growth conditions and/or in the presence
of loss-of-function mutations in TORC1 or its regulators. Understanding
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the determinants that render cells sensitive to rapamycin is critical for
understanding the mode of action of rapamycin and may also extend our
understanding of potential interactions between TOR containing
complexes.

Il. Introduction

One of my first observations, which incited me into exploring the target
of rapamycin (TOR) pathway in fission yeast, was that rapamycin did not
inhibit vegetative growth in this organism [1]. This was in sharp contrast to
the growth inhibitory effect of rapamycin on budding yeast [2]. The ques-
tion that immediately comes to mind is: what renders fission yeast resistant
to rapamycin?

Resistance to rapamycin in fission yeast appears less of a surprise con-
sidering the response to the drug of many higher eukaryotic cell types. A
common use of rapamycin is as an immunosuppressive drug following
transplant surgeries. However, rapamycin does not inhibit proliferation of
T lymphocytes that have already entered the cell cycle, but rather blocks
resting T cells from entering the cell cycle [3]. The proliferation of certain
cancerous cells is also highly sensitive to rapamycin, a finding that led to the
use of rapamycin as an anticancer drug (reviewed in Ref. [4]). Which
molecular mechanisms underlie rapamycin resistance/sensitivity in various
cell types? Can we learn from fission yeast about mechanisms that render
cells resistant to the drug?

The budding yeast Saccharomyces cerevisiae and the fission yeast
Schizosaccharomyces pombe are distantly related. Indeed, the evolutionary
distance between these two yeasts is as far apart from each other as from
higher eukaryotes [5]. Thus, processes that are conserved between budding
and fission yeasts are often also conserved in higher eukaryotes. Previous
studies of the two yeasts have taught us that cellular processes that at first
sight appeared substantially different, later proved to share common and
conserved molecular mechanisms. For example, the regulation of the cell
cycle first appeared fundamentally dissimilar in the two yeasts, partly owing
to the fact that under optimal growth conditions, most of the control over
cell cycle progression occurs at the G4/S transition in budding yeast, while
the G,/M transition is the major control point in fission yeast. Further
studies revealed that the same key regulators, in particular the master
regulator CDK (cyclin-dependent kinase) are shared between the two
yeasts and are conserved in higher eukaryotes [6, 7]. Indeed, it was the
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difference between the two yeasts that propelled many cell cycle studies,
leading to a better understanding of the evolutionary conserved mechan-
isms [8]. Would this also be the case for the studies of TOR pathways and
rapamycin response?

Recent progress in understanding TOR signaling suggests that this may
well be the case. At first, the TOR signaling pathway appeared very
different in the two yeasts. One of the reasons for this apparent difference
was that the first TOR homolog characterized in fission yeast was Torl,
which was subsequently identified as part of TORC2. Later, identification
and characterization of Tor2 (which forms TORCT1) revealed that in fission
yeast, like in budding yeast, TOR plays a major role in regulating growth.
Studies of the FRB (FKBP12-rapamycin binding) domains of either Torl
or Tor2 in fission yeast demonstrated that these domains can bind
rapamycin in the presence of FKBP12, indicating that the basic structural
requirements for rapamycin-mediated inhibition exist. We and others
identified several genetic backgrounds, in which rapamycin inhibits the
growth of fission yeast cells. Although currently we understand little
about the determinants that affect rapamycin sensitivity, characterization
of rapamycin-sensitive mutants is likely to help us understand the
rapamycin response.

lll. TORCIlis a Major Regulator of Cellular Growth

A. DisruprTiON OF TORC1 Mivics RESPONSE TO NITROGEN STARVATION

Fission yeast contains two TOR homologs, Torl and Tor2 [9]. These
were identified through sequence comparison analyses of data originating
from the fission yeast genome sequencing project [10]. Tor2 mainly associ-
ates with Mip1 (similar to mammalian raptor and budding yeast Kogl) to
form TOR complex 1 (TORC1). Torl mainly associates with Ste20 (similar
to mammalian rictor and budding yeast Avo3) and with Sinl (similar to
mammalian Sinl and budding yeast Avol) to form TOR complex
2 (TORC2)[11,12]. TORC1 and TORC2 in fission yeast include additional
conserved components. The detailed composition of the TOR complexes is
discussed by M. Yanagida in chapter 14.

tor2™ is an essential gene. Depletion of tor2* using a heterologous
repressible promoter [13] or temperature sensitive alleles (for2-ts) [11, 12,
14, 15] resulted in a phenotype that highly resembled wild-type cells starved
for nitrogen. This was the first indication that TOR in fission yeast plays a
major role in controlling cellular growth in response to nutrient availability.
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Since Tor2 physically associates with a raptor-like protein, Mipl1, the struc-
ture and function of the TORCI1 complex is conserved in fission yeast.

Fission yeast cells grow normally as haploid, rod-shaped cells, which
divide by medial fission, giving rise to two daughter cells of equal size.
Upon either nitrogen, or carbon starvation, cells exit the logarithmic phase
and can opt for two alternative pathways: entrance into quiescence
(stationary phase) or sexual development. Either option results in cells
(or spores) that can better maintain viability for long periods and/or
under harsh conditions, compared with vegetative growing cells. Entrance
into sexual development requires the presence of the two opposite mating-
type cells, At and A, which can mate to form zygotes that subsequently
undergo meiosis and sporulation. The nitrogen and carbon starvation
responses differ in several aspects. Suffice here to say that the nitrogen-
starvation response induces cells to enter mitosis at a reduced cell size,
resulting in small-sized rounded stationary cells that accumulate at the G,
phase of the cell cycle. In contrast, no mitosis advancement occurs when
cells are starved for carbon, and under such conditions cells arrest their
growth at the G, phase of the cell cycle [16]. Whether starved for nitrogen
or carbon, mating occurs between two opposite mating-type cells at the Gy
phase of the cell cycle.

Like nitrogen-starved cells, cells depleted of Tor2 divide a few times,
accumulate at the G, phase of the cell cycle and arrest their growth as small
and round cells [11-15]. Since yeast cells normally grow in nature in the
presence of abundant carbon but under nitrogen-limiting conditions, nitro-
gen availability is likely to be a major cue for growth control. Thus, Tor2
may play a major role under natural growth conditions [17].

Cells depleted of Tor2 showed a reduction in gene expression of
ribosomal proteins and increased expression of nitrogen-starvation spe-
cific genes, such as regulators of sexual development, autophagy, mem-
brane transporters, and amino acid permeases [12-15]. In accordance
with this transcription profile, depletion of Tor2 induced autophagy [15]
and sexual development [12-15]. Overexpression of tor2™ or hyperactive
tor2 alleles inhibited mating and delayed cell-size adaptation in response
to nitrogen starvation [14, 22]. Thus, Tor2 has a dual role as a positive
regulator of growth and as a negative regulator of starvation responses
(Figure 13.1). Overexpression of tor2* also rendered cells resistant to
canavanine, a toxic analog of arginine, and was deleterious when com-
bined with an auxotrophic mutation to leucine [13]. These findings sug-
gest that overexpression of Tor2 inhibits amino acid uptake. The role of
Tor2 in regulating amino acid uptake is particularly relevant for our
discussion of the response to rapamycin, and will be further discussed
in the next section.
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Fic. 13.1. Schematic model for the mode of action of TORC1, TORC2, and rapamycin in
fission yeast. Only TORC1 complexes containing Tor2 and TORC2 complexes containing Torl
are described, however, this may not represent the full repertoire of TOR containing complexes.
It is notable that the cellular functions that are oppositely regulated by the two TOR complexes
are sensitive to rapamycin. (*): Response to nutrient stress refers to the ability of the cells to
properly enter and maintain stationary phase physiology following nutrient depletion.

B. REGULATION OF NITROGEN STARVATION RESPONSES AND AMINO ACID
UprTAKE BY THE TSC-RuB1-TORC1 MODULE

Fission yeast provides a particularly valuable system for studying TOR
pathways, since the regulation of TORC1 by the TSC-Rheb module is
conserved in this organism [18]. Here, I will focus on the features of the
TSC-Rheb module which are relevant for our discussion of the rapamycin
response.

The fission yeast Tscl and Tsc2 proteins form a complex [19, 20], in
which Tsc2 acts as GTPase activating protein (GAP) for the small GTPase
Rhbl (Rheb homolog) [21-23]. Rhbl associates with Tor2 and positively
regulates its activity [15, 22]. Accordingly, depletion of Rhbl displays a
nitrogen-starvation phenotype [24, 25] and activated Tor2 mutant alleles
can compensate for the loss of function of Rhbl [26].

While loss of function of Tor2 or Rhbl mimic nitrogen starvation,
deletion of tscI™ or tsc2* resulted in viable cells that exhibited reduced
amino acid uptake, low concentration of inner amino acid pools, inability to
induce several nitrogen-starvation response genes and partial sterility
[19-21]. The defect in amino acid uptake was demonstrated in zsc mutant
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cells by several methods: direct measurement of uptake of radioactively
labeled leucine or arginine [19, 20], resistance to canavanine, thialysine or
ethionine, which are the toxic analogs of arginine, lysine, and methionine,
respectively [20, 22, 23] or slow growth when combined with auxotrophic
mutations, in particular, auxotrophy for leucine [19, 20].

Several studies indicated that the tsc genes regulated amino acid uptake
via negatively regulating Rhbl, including the finding that partial loss of
function of rhbl* (rhb1953P/S165N) reversed the canavanine-resistant pheno-
type of zsc mutant cells (49), while hyperactive rhbl mutants conferred
resistance to canavanine [22]. Overexpression of tor2* conferred canavanine
and thialysine resistance and inhibited the growth of cells auxotrophic for
leucine [13]. In contrast, downregulation of Tor2, using tor2-ts alleles, res-
cued the adenine uptake defect in Atsc2 mutant cells [12]. Collectively, these
findings are in line with the suggestion that the defect in amino acid uptake in
tsc mutant cells results from overactivation of Tor2 via Rhb1 (Figure 13.1). It
is possible that hyperactivation of Tor2 mimics conditions in which nitrogen
is abundant, leading to the downregulation of amino acid import. However,
the cue that is sensed by TOR or TSC-Rhbl is currently unknown.

The phenotype of inefficient amino acid uptake in zsc mutant cells is
associated with the downregulation of the expression of a group of amino
acid permeases, isp5t, 7G5.06, and ¢869.10 [20]. The transcripts of these
permeases are strongly upregulated by a shift to medium with a poor nitro-
gen source (proline), suggesting that they may act as general amino acid
permeases [27]. isp5* and ¢869.10 were also identified by global transcrip-
tional profiling as genes whose transcripts were upregulated by depletion of
Tor2 [12]. We found that overexpression of Tor2 downregulated the expres-
sion of 7G5.06 and ¢869.10 (M. Schonbrun and R. Weisman, unpublished
data). Thus, the TSC complex and Tor2 oppositely regulate the transcription
of the same amino acid permeases. The TSC-Rheb module also regulates
amino acid uptake posttranscriptionally, as mislocalization of amino acid
permeases was demonstrated in zsc mutant cells [19, 28].

Intriguingly, a recent study demonstrated that a tor2-ts mutation conferred
resistance to canavanine [29], suggesting that downregulation of Tor2, as well
as its upregulation, may lead to reduced uptake of amino acids. It is currently
not clear whether a common underlying mechanism underlies canavanine
resistance in tor2-ts or overexpression of for2+. In this respect, it is interesting
to note that either upregulation of TORC1 by mutations in TSC1/2 or
downregulation of TORC1 by mutations in the Birt-Hogg-Dube protein
(folliculin) may lead to similar development of tumors [30].

Finally, although a clear role for Rhb1 was identified in controlling Tor2,
Rhb1 may also exert Tor2-independent functions. Accordingly, hyperactivated
tor2 alleles, which rescued the lethal phenotype of deletion of rAbI*, did not
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compensate for the sensitivity to osmotic stress, high temperature or thialysine
in the double mutant Arab1 tor2>* cells. Thus, Rhbl may also regulate amino
acid uptake or survival under stress conditions in a Tor2-independent manner
[26]. The possibility that Rhbl may regulate other proteins beside Tor2 has also
been suggested by [29], who isolated the rhbl1Q>RI7F gllele that conferred
canavanine resistance but, unlike other constitutive activated rhbl allele
(rhbIV17%), did not show a defect in response to nitrogen starvation. No
other targets for such Rhbl activity are known at present. An intriguing
possibility is Torl. Tor1 is required for cell survival under osmotic stress and
positively regulates amino acid uptake (see below). However, so far, no clear
link has been identified between TSC-Rhb1 and Torl/TORC2.

C. RaramyciNn REbpuces AMINO AciD UPTAKE IN WILD-TYPE Fission
YEAST CELLS

Rapamycin does not inhibit vegetative growth in fission yeast; therefore,
it is evident that under optimal growth conditions, the drug does not
inhibit the essential role of Tor2. Yet, rapamycin inhibited the growth of
auxotrophic mutant cells that are dependent on amino acid import for their
survival [27]. Like the effect described for tsc mutant cells, leucine
auxotrophs were particularly sensitive to the growth inhibitory effect of
rapamycin. Rapamycin also reduced the efficiency of radioactively labeled
leucine uptake [27] and conferred resistance to canavanine or thialysine
[13]. Thus, surprisingly, introduction of rapamycin leads to an effect
which is similar to activation, rather than inhibition of Tor2 (TORC1).

The slow growth of leucine auxotrophs in the presence of rapamycin
was completely rescued by deletion of fkhl™, the FKBP12 homolog
in fission yeast, indicating that rapamycin inhibits a TOR-dependent func-
tion [27]. Further studies suggested that reduction of amino acid uptake is
the result of inhibition of Torl. First, deletion of torl ™" resulted in reduced
uptake of radioactive-labeled leucine and reduced expression of the isp5™,
7G5.06, and c869.10 amino acid permeases [27]. Second, a rapamycin-
binding defective allele, torIS'834E, conferred rapamycin resistance
to leucine auxotrophs [27]. The sensitivity of auxotroph mutant cells to
rapamycin was rescued by replacement of ammonia, which is normally used
as the nitrogen source in minimal medium, with proline. Since the presence
of proline leads to induction of amino acid uptake [27, 31], the rescue of
the rapamycin-sensitive phenotype by using proline as the nitrogen source
further supports a defect in amino acid uptake.

We also detected a reduction in the expression of the transcripts of isp5T,
7G5.06, and ¢869.10 when cells were grown in the presence of rapamycin in
minimal or proline medium [27]. In contrast to our findings, it was reported
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that 3 hours after a shift into rapamycin-containing medium, the transcription
of isp5™, 7G5.06, and c869.10 was upregulated [32]. This discrepancy may be
reconciled if there is a dynamic change in expression of amino acid per-
meases in response to rapamycin, in which there is first an induction in
expression, followed by downregulation to levels that are lower compared
to untreated cells. A tempting explanation is that rapamycin first inhibits
TORCI, leading to upregulation of expression of amino acid permeases.
Following a long period of exposure to the drug, the TORC2 complex is
also inhibited, resulting in a decrease in expression of amino acid permeases.
In mammalian cells, rapamycin inhibits TORC1 upon short exposure to the
drug, but upon long exposure also causes disassembly and inhibition of
TORC?2 [33]. A similar mechanism may operate in fission yeast.

Combining the deletion of torl* (Atorl) with the Atscl or Atsc2 muta-
tions resulted in a further reduction in amino acid uptake and amino acid
permease gene expression, suggesting that Torl acts in parallel with Tscl/
2 in regulating amino acid uptake [13]. However, forl™ and tsc1/2* show a
complex genetic interaction pattern. Cell size is oppositely regulated by
Torl and Tscl/2. Atorl cells are elongated; in contrast, tscl or tsc2 mutants
are slightly smaller than wild-type cells [13]. The Atorl mutation reversed
the short cell size phenotype of tscl/2 mutants [13]. Also, mutation in zsc
partially suppressed the sensitivity of Atorl to a variety of stresses [15].
Further studies are required to determine functional interactions between
the TSC complex, Rhbl and Torl.

In conclusion, rapamycin appears to inhibit amino acid uptake via inhi-
biting a Tor1-dependent activity. It remains to be determined whether Torl
exerts this function as part of TORC2. It will also be important to find out
whether the apparent opposite roles of Torl and Tor2 in regulating amino
acid uptake reflects an interdependent regulation between these two com-
plexes, which may be disrupted by rapamycin.

IV. TORC2is Required for Responsesto
Starvation, Survival Under Stress Conditions,
Chromatin-Mediated Functions, DNA Damage
Response and Maintenance of Telomere Length

A. Tor1l AND ToR2 OprPOSITELY REGULATE RESPONSES TO NITROGEN
STARVATION

The first TOR homolog to be characterized in fission yeast was Torl.
This TOR homolog was subsequently shown to mainly associate with Ste20,
Sinl, and Watl to form a TORC2-like complex [11, 12]. forl* is not
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essential for cell viability; however, disruption of torl " resulted in pleiotro-
pic defects. Atorl mutant cells show slightly elongated cell morphology,
sensitivity to osmotic, oxidative or temperature stress conditions, inability
to enter sexual development or acquire stationary phase physiology, and
decrease in amino acid uptake [9, 27, 34, 35]. More recently, we found that
Torl is also required for cell survival under DNA-damaging conditions,
gene silencing and regulation of telomere length [36]. The elongated cell
morphology, stress sensitivity, defects in response to starvation and sensi-
tivity to DNA damages are shared between Atorl and deletion of other
components of TORC2, supporting the notion that Tor1 mainly acts as part
of a TORC2 complex [12, 34, 36]. These defects are also shared with mutant
cells lacking the AGC kinase Gad8 [12, 36]. TORC2 activates Gad8 via its
phosphorylation, in line with the suggestion that Gad8 is a major down-
stream target of TORC2 in fission yeast [34, 37]. Whether the cellular roles
of Tor1 in regulating amino acid uptake or gene silencing are also regulated
when Tor1 associates with the subunits of TORC2 and/or via Gads8, is yet to
be established. One notable cellular function which is not attributed to
TORC?2 in fission yeast is the regulation of the actin cytoskeleton [12, 15,
34], a function that is attributed to TORC2 in budding yeast and mamma-
lian cells [38-40].

The wide variety of cellular functions in which Torl is involved is
perplexing. Unlike the “‘classical” role of TOR as a major regulator of
cellular growth, Torl (TORC2) is not required under optimal conditions.
Moreover, in certain aspects, Torl and Tor2 oppositely regulate the same
cellular functions (Figure 13.1). Thus, while deletion of for2* leads to an
“always starved for nitrogen” phenotype, deletion of forl™ results in a
“never starved for nitrogen” phenotype; cells depleted for Tor2 get shorter
and are induced into sexual development on rich medium, while AtorlI cells
do not adapt their cell-size in response to nitrogen starvation conditions and
are highly sterile. Loss-of-function mutants of torl* or tor2* also show
opposite phenotypes at the molecular level. Disruption of Torl leads to
reduced expression of nitrogen-starvation induced genes, while disruption
of Tor2 results in the induction of these genes. These include genes encod-
ing amino acid permeases and genes required for sexual development [12,
27, 36]. The CDK inhibitor, ruml*, which is required for G; arrest in
response to nitrogen starvation, is also oppositely regulated by Tor2 and
Torl [14, 34].

Combining the Atorl and Ator2 or tor2-ts mutations resulted in nonviable
double mutant cells. The double mutant cells arrested their growth at the G,
phase and were sterile, similar to single Aforl mutant cells [13, 15]. Thus,
Torl may act either downstream of Tor2 or independently. The Atorl Ator2
double mutant cells arrested their growth at an intermediate cell-size,
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compared with the respective single mutants, which suggests that Tor2
requires Torl for divisions at a small cell size. The finding that Torl and
Tor2 regulate the same cellular processes argues for a close functional
relationship.

B. TORC2 Arrects CHROMATIN-MEDIATED FUNCTIONS AND DNA
DAMAGE OR STRESS RESPONSES

A genome-wide expression profiling of Arorl cells revealed changes in
the expression of many genes. An extensive overlap with genes that were
upregulated in chromatin-structure mutants was observed [36]. These
included mutations in the histone deacetylases clr3* (Aclr3) or clr6™
(clr6-1) [41] or in the subunit of the chromatin-remodeling RSC complex,
rsc58% (Arsc58) [42]. Genes that are upregulated in Atorl cells included
repeated genes and genes that were clustered at subtelomeric regions,
suggesting that Torl affects gene silencing at heterochromatic regions.
Consistent with this suggestion, cells deleted for forl™ derepressed the
expression of a reporter gene (ade6™) that was inserted into the mating-
type locus, a region that is characterized by a heterochromatic
structure [36].

clr6 is an essential gene, and the c/r6-1 hypomorphic allele has been
extensively analyzed. Single clr6-1 mutants or clr6-1 Aclr3 double mutant
cells show a variety of defects that include elongated telomeres and sensi-
tivity to osmotic stress, DNA damaging condition or drugs that destabilize
microtubules [41, 43]. These defects are also shared by Atorl mutant cells or
deletion of other components of the TORC2, or deletion of gad8* [36].
Telomere length analysis showed that the telomeres of Artorl, Aste20, or
Agad8 mutant cells are elongated by ~150 bp compared to wild type. This
elongation is similar to that observed in c/r6-1 single mutant cells [41].
Mutations in specific components of TORC2 or deletion of gad8*t also
rendered the cells sensitive to thiabendazole, a drug that destabilizes micro-
tubules [36]. Taken together, these findings suggest that TORC2 has a
profound effect on heterochromatic regions: the mating-type locus, the
telomeres, and possibly also the centromeres.

TORC2-Gad8 is also required for cell survival under DNA damaging
conditions. Cells deleted for forl™, sinl™, ste20™, or gad8* showed great
sensitivity to hydroxyurea (HU), which induces replication stress by deplet-
ing ANTP pools, or to methyl-methane sulfonate (MMS), a DNA alkylating
agent [36]. Recently, we also found that mutations in TORC2 rendered cells
highly sensitive to camptothecin (M. Schonbrun and R. Weisman, unpub-
lished data), further supporting a general role for TORC?2 in survival under
DNA damaging conditions. Cells disrupted for TORC2 showed greater
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sensitivity to DNA damaging conditions compared with histone deacetylase
mutants, indicating that the putative defect in chromatin structure alone
cannot explain the strong sensitivity to DNA damaging conditions in
TORC2 mutants.

In response to DNA replication stress or DNA damage, cells inhibit cell
cycle progression, repair the damage and then reenter the cell cycle. This
set of actions is orchestrated by the checkpoint kinase Rad3 (similar to
mammalian ATR). Like TOR, Rad3 is a member of the phosphatydil-
inositol kinase-related kinases. Rad3 is responsible for the activation of
Chk1 in response to DNA damage or Cdsl (similar to mammalian Chk2)
in response to replication stress. Upon activation by Rad3, Chkl or Cdsl
inhibit entrance into mitosis by regulating the activity of the cyclin-depen-
dent kinase Cdc2 (CDK). This is achieved by determining the status of
tyrosine-15 phophorylation on Cdc2 via dual regulation of the phophatase
Cdc25 and the kinase Weel (reviewed in Ref. [44]). The sensitivity of
TORC2 mutant cells to either HU or MMS was comparable to that of
Arad3 mutant cells; however, the mechanism that underlies this sensitivity
is distinct. Cells lacking Rad3 failed to activate Chkl or Cdsl; conse-
quently, cells fail to inhibit entrance into mitosis and rapidly lose their
viability in the presence of the DNA damage [44]. In contrast, cells lacking
Torl activated Chk1l in response to MMS and delayed progression into
mitosis in the presence of DNA replication stress [36]. In response to HU,
Atorl cells accumulated with highly phosphorylated (inactive) Cdc2
kinase, consistent with our suggestion that Tor1 is not required for mitotic
inhibition in the presence of unreplicated chromosomes. In wild-type cells,
Cdc2 is dephosphorylated ~ 100 min after release from HU arrest [36, 45].
In contrast, upon release of Atorl mutant cells from HU, Cdc2 remained
in its phosphorylated (inactive) form and cells failed to reenter the cell
cycle [36]. Our data thus suggest that unlike Rad3, Torl is required for a
later stage in response to DNA damage, either for repair (or the stabiliza-
tion of the stalled replication forks in the presence of HU) or for reenter-
ing the cell cycle upon completion of the repair. In this respect, it is
interesting to note that cells defective in histone deacetylase activity
(clr6-1) also failed to reestablish growth following removal of HU, possi-
bly due to failure to inactivate Cdsl [46]. Whether a similar mechanism
occurs in Atorl mutant cell is currently being investigated in our
laboratory.

Treatment of wild-type cells with rapamycin did not affect survival under
osmotic, oxidative, or temperature stress conditions. Also, rapamycin did
not affect telomere length, gene silencing, or survival in the presence of HU
or MMS. Thus, most of the cellular functions of TORC2-Gad8 are not
inhibited by rapamycin [36].
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C. Torl REGULATES MrToTIiC ENTRY

Cells deleted for torl ™, ste20, sinl ™, or gad8™* are slightly elongated [9, 12,
34, 35]. Recently, it was also reported that overexpression of torl " can lead to
a short cell phenotype [47]. Since the timing of entrance into mitosis in fission
yeast is the main transition point that operates to coordinate cell growth with
cell division under optimal growth conditions, the elongated morphology of
TORC2 mutant cells implies a positive role for TORC2 in regulating entrance
into mitosis [34, 36]. Results obtained from combining the Aforl mutation
with a set of other cell cycle mutants suggest that Torl positively regulates
entrance into mitosis by regulating Tyr-15 phosphorylation of Cdc2, possibly
by controlling both the activity of Weel and Cdc25 [36].

Surprisingly, decrease in the level of Torl, rather than its complete dele-
tion, led to advancement of entry into mitosis and to a reduced cell-size
phenotype [48], rather than the elongated cells observed in Afor! [36]. Further
studies suggested that Tor1 can act as a negative regulator of mitotic entry via
inhibition of the stress activated MAPK Styl (also known as Spcl), which is
required for Plol (Polo-like)-dependent activation of Cdc2 [48]. The role of
Torl as a modulator of Styl/MAPK signaling has been recently reviewed [49]
and will not be detailed here. More recently, it was suggested that Torl
negatively regulates entrance into mitosis in response to a shift to poor
nitrogen source but not in response to complete withdrawal of nitrogen [47].
The negative regulation of mitosis by Torl occurs when Torl is associated
with Mipl, as part of TORCI, but not when it acts as part of TORC2 [47].

Does Tor2 also regulate entrance into mitosis? Depletion of Tor2 mim-
icked a complete withdrawal of the nitrogen source. Under such conditions, a
transient inhibition of entrance into mitosis occurs, followed by two to three
divisions at a reduced cell size. Depletion of Tor2 was also found to induce the
levels of Rum1, which is a negative regulator of CDK [14]. Thus, Tor2 (as part
of the essential TORC1 complex) may negatively regulate entrance into
mitosis, in contrast to the positive role of TORC2 in regulating mitosis [34,
36]. A role for TORCI as a negative regulator of entrance into mitosis in
fission yeast is in line with findings in budding yeast, Drosophila and mamma-
lian cells that demonstrate that TORCI inhibits entrance into mitosis [S0-52].

V. The Response to Rapamycin in Fission Yeast

A. THE EFFeEcTs OF RAPAMYCIN ON SEXUAL DEVELOPMENT

One of our very first observations was that rapamycin reduced the
efficiency of the sexual development process [1]. Rapamycin reduced
the mating between haploid fission yeast cells, one of the early steps in
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the sexual development process, under either no-nitrogen or low glucose
conditions [1]. Thus, rapamycin does not interfere with the sensing of the
particular nutrient which is depleted. If the starvation conditions prevail,
the diploid zygotes that are formed by the mating of two haploid cells
undergo meiosis and sporulation. Introduction of rapamycin to diploid
cells under starvation conditions only slightly reduced the efficiency of
meiosis and sporulation [1], indicating that rapamycin is more effective at
inhibiting early stages of the sexual development pathway. Rapamycin did
not affect entrance into stationary phase, and cells that exit the logarithmic
phase in the presence of rapamycin arrested properly and maintained
viability comparable to untreated cells [1]. In addition, rapamycin did not
interfere with resumption of vegetative growth following nitrogen or car-
bon starvation (S. Pur and R. Weisman, unpublished data).

If rapamycin inhibited a TOR-dependent function, leading to reduced
efficiency of sexual development, then deletion of the fission yeast FKBP12
would be expected to result in a rapamycin-resistance phenotype. However,
deletion of fkhl* resulted in partial sterility and did not affect entrance into
stationary phase, similar to treatment with rapamycin [53]. Thus, rapamycin
most likely directly inhibits the function of Fkh1. The partial sterile phenotype
induced by rapamycin was used to isolate fkhl mutant genes that conferred
resistance to the inhibitory effect of rapamycin. This screen identified five
amino acids that are located in the rapamycin-binding pocket of Fkh1 and are
critical for the effect of rapamycin on sexual development [53].

As described above, Torl and Tor2 are also strongly implicated in regulat-
ing sexual development. Cells disrupted for torI* are highly sterile and thus
show a far more severe phenotype compared with Afkhl cells or rapamycin
treatment. Cells depleted for Tor2 show derepression of sexual development.
Unlike our observation which indicated inhibitory effect of rapamycin on
sexual development, it was reported that addition of rapamycin to wild-type
cells grown in glutamate medium induced sexual development [48], mimick-
ing a shift from “good” to ““poor” nitrogen medium. It is thus possible that
rapamycin also affects TOR-dependent regulation of sexual development;
however, further studies are required to determine the specific conditions that
are required for such an effect and the underlying molecular mechanism.

B. MurtAaTIONS THAT RENDER THE GROWTH OF FISSION YEAST SENSITIVE
TO RAPAMYCIN

The FRB domain of TOR is highly conserved. The FRB of Tor1 [9] or Tor2
(S. Finkelstein and R. Weisman, unpublished data) binds FKBP12 in the
presence of rapamycin, as determined by two hybrid assays. Yet, wild-type
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cells are not sensitive to rapamycin during the growth phase or under stress
conditions. As described above, the growth of auxotrophic mutant cells,
particularly those auxotrophic for leucine, is sensitive to rapamycin. This
sensitivity is associated with reduction in amino acid permeases gene expres-
sion, and is mediated by inhibition of Tor1 [27].

Cells auxotrophic for leucine (e.g., leul-32 strains) were sensitive to
rapamycin only when grown in a minimal (ammonia-based) medium sup-
plemented with leucine (50-75 pug/ml). No growth inhibition by rapamycin
was observed when auxotrophic mutant cells were grown in a rich (YE) or
minimal medium in which the nitrogen source is proline. In contrast,
deletion of torl™ rendered cells sensitive to rapamycin in a rich as well as
minimal medium [35, 54]. This rapamycin sensitivity was dependent on the
presence of Fkh1 (FKBP12) suggesting that Tor2 is inhibited in this genetic
background. Reduction in Tor2 activity by for2-ts mutant alleles [11] also
rendered cells sensitive to rapamycin, in rich as well as in minimal medium.
These findings may suggest that Torl and Tor2 share a common function
which is sensitive to rapamycin. Alternatively, the absence of Torl may
cause a reduction in the level of TORCI1 and consequently render cells
sensitive to rapamycin. Fragmentary data also suggest a reduction in cell-
size following treatment with rapamycin. Either wild-type cells grown in
glutamate medium [48] or tsc mutant cells [13] show reduction in cell size
following rapamycin treatment. This rapamycin-induced reduction in cell
size is somewhat reminiscent of the reduction in cell size in mammalian cells
following rapamycin treatment [55] and may reflect acceleration of
entrance into mitosis and/or inhibition of TORC1 complexes.

Two other mutations that reduce TORC1-dependent activities: deletion
of bhd* (the homolog of the Birt-Hogg-Dube disease gene) or the hypo-
morphic allele of rhbI+ (rhb1G63P/S165N) "also rendered cells sensitive to
rapamycin during vegetative growth. Growth of the double mutant Abhd
rhb1GO3D/SI6N cells was completely inhibited by rapamycin, and expression
of genes encoding amino acid permeases was elevated, compared with each
of the single mutants. These findings suggest that Bhd and Rhb1 regulate
TORCI by separate mechanisms [32] and that in the Abhd rhb]G3P/S165N
the levels of TORCI activity is low, rendering cell sensitive to rapamycin.

Most surprisingly, we noted that rapamycin completely inhibited growth
of prototrophic Atscl or Atsc2 mutant cells, when the nitrogen source in the
medium is proline [13]. The sensitivity of AtscI or Atsc2 cells to rapamycin is
rescued by deletion of fkhlt, indicating that a TOR-dependent function is
inhibited. Atscl or Atsc2 mutant cells did not show rapamycin-sensitivity
when the nitrogen source in the medium was ammonia or glutamate [13].
The finding that cells lacking a negative inhibitor of TORCI are sensitive to
rapamycin is surprising, since in such genetic background the activity of
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TORC is expected to be high. Further studies using forl- and tor2-rapa-
mycin-binding defective alleles are required to ascertain this possibility.

VL. Conclusion and Future Prospective

Fission yeast, like budding yeast has two TOR homologs. In budding
yeast either Tor1 or Tor2 can form TORCI1, whereas TORC2 contains Tor2
only. In fission yeast Torl mainly associates with partner proteins to form
TORC?2, while Tor2 forms TORC1 [11, 12]. However, Torl may also be
part of TORCI [47], while Tor2 may also form complexes with TORC2
subunits [12]. It should be stressed that the major cellular functions of Torl
and Tor2 are not interchangeable.

The cellular function of TORC1 as a central growth regulator is con-
served in fission yeast. Yet, unlike budding yeast and certain mammalian
cell types, the essential role of TORCT is not inhibited by rapamycin under
normal growth conditions. The TORC2 complex is required under various
stress conditions but is not essential for growth under normal conditions.
Our recent results, suggesting that TORC2 affects chromatin structure and
participates in DNA damage response, are most intriguing. A defect in
chromatin structure may explain several defects associated with disruption
of TORC2, including derepression in gene silencing, elongated telomeres
and possibly also defects in regulating the cell cycle progression and growth
under stress conditions. In budding yeast, TORC1 has been suggested to
regulate chromatin structure in a rapamycin-sensitive manner via the his-
tone deacetylase Rpd3 [56]. TORC1 in budding yeast has also been sug-
gested to positively regulate ribosomal gene expression via a chromatin
mediated mechanism [57]. Our studies in fission yeast suggest that TORC2
is required for gene silencing. Thus, yet again, TORC1 and TORC2 appear
to have opposite effects. TORC1 has also been implicated in regulating the
response to DN A damage in budding yeast and higher eukaryotes (e.g., see
Refs. [58, 59]). However, the relevance of these studies to the role of
TORC2 under DNA damage conditions in fission yeast is not clear [60, 62].

Finally TORC1 and TORC2 oppositely regulate response to nitrogen
starvation, regulation of amino acid uptake and possibly also entrance into
mitosis. Interestingly, amino acid uptake and sexual development are two
cellular processes that are inhibited by rapamycin. At least with respect to
amino acid uptake, rapamycin appears to have an immediate inhibitory
effect on TORC1 and a long-term inhibitory effect on TORC2. These
findings together with the observation that sensitivity of zsc mutant cells
are sensitive to rapamycin suggest a close relationship between TORC1 and
TORC?2 that awaits further characterization.
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