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Rapamycin Specifically Interferes with the Developmental
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Rapamycin is a microbial macrolide which belongs to a family of immunosuppressive drugs that suppress
the immune system by blocking stages of signal transduction in T lymphocytes. In Saccharomyces cerevisiae
cells, as in T lymphocytes, rapamycin inhibits growth and cells become arrested at the G, stage of the cell cycle.
Rapamycin is also an effective antifungal agent, affecting the growth of yeast and filamentous fungi. Unex-
pectedly, we observed that rapamycin has no apparent effect on the vegetative growth of Schizosaccharomyces
pombe. Instead, the drug becomes effective only when cells experience starvation. Under such conditions,
homothallic wild-type cells will normally mate and undergo sporulation. In the presence of rapamycin, this
sexual development process is strongly inhibited and cells adopt an alternative physiological option and enter
stationary phase. Rapamycin strongly inhibits sexual development of haploid cells prior to the stage of sexual
conjugation. In contrast, the drug has only a slight inhibitory effect on the sporulation of diploid cells. A genetic
approach was applied to identify the signal transduction pathway that is inhibited by rapamycin. The results
indicate that either rapamycin did not suppress the derepression of sexual development of strains in which
adenylate cyclase was deleted or the cyclic AMP-dependent protein kinase encoded by pkal was mutated. Nor
did rapamycin inhibit the unscheduled meiosis observed in patl-114 mutants. Overexpression of rasI™*, an
essential gene for sexual development, did not rescue the sterility of rapamycin-treated cells. However,
expression of the activated allele, ras1¥*"'7, antagonized the effect of rapamycin and restored the ability of the
cells to respond to mating signals in the presence of the drug. We discuss possible mechanisms for the

inhibitory effect of rapamycin on sexual development in S. pombe.

Rapamycin, cyclosporin A (CsA), and FK506 are microbial
products which exhibit immunosuppressive activity (1, 5, 6, 21,
41, and 70). The importance of the immunosuppressive drugs
as therapeutic agents has catalyzed a search to define their
molecular mechanism of action. Studies of this mechanism
have been carried out mainly with certain types of mammalian
cells and with the budding yeast Saccharomyces cerevisiae.
These studies have suggested that several features of the mode
of action of the drugs are conserved throughout evolution. In
all systems studied, it was found that the three immunosup-
pressants bind with high affinity to cytoplasmic receptors
termed immunophilins (reviewed in references 28 and 69).
CsA binds cyclophilin, whereas FK506 and rapamycin, which
are structurally related, bind a different immunophilin called
FKBP. Both cyclophilins and FKBPs exhibit similar enzymatic
activities of peptidyl-prolyl cis-trans isomerization.

Complexes CsA-cyclophilin and FK506-FKBP inhibit the
T-cell receptor signalling pathway by binding to and inhibiting
the activity of the Ca?*-dependent protein phosphatase, cal-
cineurin. As a consequence, the translocation from the cyto-
plasm to the nucleus of the T-cell transcription factor, NF-AT,
is inhibited (15, 51). In S. cerevisiae, CsA-cyclophilin and
FK506-FKBP complexes block the recovery from G, arrest
induced by the mating pheromone (25) and inhibit vegetative
growth in most strains (40, 74). The physiological target of the
drug-immunophilin complexes is the yeast calcineurin (12, 25).
In fission yeast Schizosaccharomyces pombe CsA causes an
abnormal multiseptated phenotype (76, 80). This abnormal
phenotype is assumed to result from the inhibition of cal-
cineurin activity (80).

The rapamycin-FKBP complex does not affect calcineurin
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activity but binds the S. cerevisiae proteins encoded by the
TORs. The human homologs are known as FRAP, RAFT,
RAPT1, and mTOR (7, 13, 66, 67). The TORs and their
mammalian counterparts are large proteins that contain a
phosphatidylinositol 3-kinase motif. It is noteworthy that the
human FRAP protein is a rapamycin-sensitive regulator of
mitogen-stimulated p70 S6 kinase (p705°*) (8). The activity of
p705°F itself has been previously reported by numerous other
studies to be inhibited by rapamycin (11, 14, 23, 43, 64). How-
ever, it is not yet clear which are the main downstream effec-
tors of the rapamycin-sensitive pathway. Several such proteins,
whose activity is either dependent on or independent of p705%*
activity, have been suggested. One line of investigation sug-
gests that the main downstream effectors are involved in the
control of protein synthesis, control that results from the inhi-
bition of the phosphorylation of ribosomal protein S6 by
p703°%F (14, 36, 73). Rapamycin may also inhibit the process of
cap-dependent translation initiation by inhibition of the phos-
phorylation of the eIF-4E binding protein (4, 9, 47). Other
suggestions are that the downstream effectors of the rapamy-
cin-sensitive pathway are involved in transcriptional regula-
tion. For example, rapamycin inhibits the phosphorylation of
transcription factor CREMrT. As a result, transcriptional acti-
vation of genes, which normally occurs following stimulation of
the adenylyl cyclase pathway, is inhibited (17). CREMr is a
member of the cyclic AMP (cAMP)-responsive element-bind-
ing factors. The possibility that these factors may play a role in
the rapamycin-sensitive pathway is further supported by the
finding that rapamycin inhibits the transcription of proliferat-
ing cell nuclear antigen by preventing the binding of cAMP-
responsive element-binding elements to the promoter (24).
Rapamycin also inhibits the interleukin 2-induced activity of
cyclin-dependent kinases (CDKs) Cdc2 and Cdk2 (2, 56, 60).
This inhibition is thought to result from the inhibition of the
degradation of CDK inhibitor Kip1 (60). The molecular mech-
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anism that links the inhibition by rapamycin of TOR proteins
and CDKs is yet to be elucidated (for a review, see reference
1).
Studies of the effect of rapamycin on S. cerevisiae have led to
a better understanding of the cellular response to rapamycin at
the molecular level. Rapamycin causes cell growth arrest in S.
cerevisiae, and cells arrest early in the G, phase of the cell cycle
(3, 31, 39). As in mammalian cells, the toxic effect of the drug
requires the formation of a complex with the yeast FKBP (31,
39). Two related phosphatidylinositol 3-kinase-like proteins,
TORI1 and TOR?2, that were identified by genetic screens, are
the targets of the rapamycin-FKBP12 complex (10, 31, 32, 42).
The loss of TOR function results in the inhibition of transla-
tion initiation and induces several other physiological changes
characteristic of starved cells entering stationary phase (3).
These results suggest that the TOR signalling pathway regu-
lates translation initiation in response to nutrient growth sig-
nals (3, 19).

Thus far, the effect of rapamycin on S. pombe has not been
reported. S. pombe is a well-studied yeast that is widely used as
a model organism for higher eukaryotes, especially in studies
on cell cycle regulation (48, 62). Concerning its evolution, it is
distantly related to the budding yeast S. cerevisiae and in some
respects is more similar to higher eukaryotes than to S. cerevi-
siae (65, 71).

S. pombe multiplies primarily in the haploid state. Haploid
cells have two mating types, 2" (P) and 7~ (M) (reviewed in
reference 22). Wild-type S. pombe cells are homothallic (h*°);
that is, they can switch their mating types between A" and A~
every other generation. Heterothallic strains, which express
either 2% or A~ mating type phenotypes, are also available.
Upon starvation cells can become committed either to sexual
differentiation or to an advance into stationary phase. If the
sexual differentiation pathway is chosen, cells of opposite mat-
ing types conjugate to form diploid zygotes. If starvation con-
ditions prevail, the diploid zygotes undergo meiosis and sporu-
lation (reviewed in reference 22).

cAMP plays a critical role in the regulation of sexual devel-
opment in S. pombe. Addition of cAMP to the medium or
mutants which produce a high intracellular cAMP level inhibit
sexual differentiation, whereas attenuation of the cAMP path-
way results in a propensity to sporulate even in rich nutrient
growth conditions (49, 79). Entry into the sexual pathway is
also dependent on the establishment of the mating pheromone
signalling pathway. The single S. pombe homolog of the mam-
malian Ras oncoprotein, the rasI™ gene product, is essential
for sexual differentiation and is thought to modulate sensitivity
to the mating pheromones (26, 58, 59; reviewed in reference
33). Remarkably, the S. pombe rasl™ gene product is not es-
sential for vegetative growth (26, 58). As in mammals, the
ras1™ product participates in the regulation of a protein kinase
cascade that ultimately regulates a member of the mitogen-
activated protein kinase family. In S. pombe this cascade is
composed of the products of byr2™, byrl™, and spkl™ (29, 57,
75).

We report that rapamycin does not affect vegetative growth
and entrance into stationary phase in S. pombe but has a
distinct effect on sexual development at an early stage prior to
conjugation.

MATERIALS AND METHODS

Yeast strains, media, and general techniques. The S. pombe strains used for
this study are listed in Table 1. All media used in this study are based on those
described previously (55) and are described in more detail in reference 72.
Edinburgh minimal medium (EMM)-N contains no nitrogen; EMM lowG con-
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TABLE 1. Strains used in this study

Strain Description
ED812¢
ED787¢....
ED666°. .ura4-D18 leul-32 ade6-M210 h™

ED667°. .ura4-D18 leul-32 ade6-M216 h*
...ura4-D18/ura4-D18 leul-32/leul-32 ade6-M216/
ade6-M210 h™/h~
..leul-32 h*

deul-32 h™
patl-114 h~
patl-114 leul-32 h~
i
...ura4-D18 leul-32 ade6-M216 h*°

.pkal-216 leul-32 ade6-M216 h*°
..git2-1::LEU2 Fbpl:ura4™ ura4:fbpl-lacZ leul-32

ade6-M216 h*°

ED1091“..
ED1054“..

CHP559¢

“P. Fantes and S. MacNeill, Edinburgh University, Edinburgh, United King-
dom.

® A. Cohen, Hebrew University, Jerusalem, Israel.

¢ C. S. Hoffman, Boston College, Chestnut Hill, Mass.

4 This work.

tains 0.1% glucose. Cells were grown and experiments were done at 25°C, unless
otherwise indicated.

Rapamycin was purchased from Biomol Research Laboratories, Plymouth,
Mass. For the stock solution, 1 mg of rapamycin was dissolved in 1 ml of 1:1
dimethyl sulfoxide (DMSO)-methanol solution and kept at —20°C. Rapamycin
was added to a final concentration of 0.2 pg/ml in liquid- or agar-containing
media, unless otherwise indicated. An equal volume of the drug vehicle solution
(1:1 DMSO-methanol) was used as a control in all experiments.

Standard genetic procedures were performed as described in references 30
and 38. Transformation of S. pombe cells was performed by electroporation (63).
General molecular techniques were performed as described in reference 68.

Assays for mating efficiency. Cells were grown at 25°C in EMM, appropriately
supplemented with amino acids when required, to a density of approximately 5 X
10° cells/ml. Then, the cultures were washed three times with double-distilled
water and reinoculated into nitrogen-free liquid medium (EMM-N) at a density
of approximately 5 X 10° cells/ml and further incubated at 25°C. Aliquots were
taken at the indicated time points, and after gentle sonication, the numbers of
cells, zygotes, and spores were counted under the microscope. Whenever solid
EMM-N medium was used, 5 pl of medium containing 5 X 10° cells was spotted.
After 3 days of incubation at 25°C, a toothpick was used to pick some of the cells
from the center of each patch, and the cells were briefly sonicated and examined
microscopically.

The percentage of mating was calculated by dividing the number of zygotes,
asci, and free spores by the number of total cells. One zygote or one ascus was
counted as two cells, and one spore was counted as a half cell. In each experiment
500 to 1,000 cells were counted.

Assay for sporulation efficiency of diploids. A diploid strain (TA07) was
constructed according the method described by Moreno et al. (55). Diploid cells
were grown and starved as described for haploid cells in the mating assay. After
3 days of incubation in starvation medium, aliquots were taken and the cells were
briefly sonicated and examined microscopically. The percentage of sporulation
was calculated by dividing the number of asci and free spores by the number of
total cells. One ascus was counted as two cells, and one spore was counted as a
half cell. In each experiment 500 to 1,000 cells were counted.

Determination of cell viability during stationary phase and after heat shock.
Cells were grown in EMM at 25°C to mid-log phase in the presence or absence
of rapamycin. The cells were then washed and reinoculated into EMM-N in the
presence or absence of rapamycin. Aliquots were sampled at the indicated times.
Cells were counted, appropriately diluted, and plated onto yeast extract (YE)
plates. Cell viability was determined by the capacity of cells to form colonies on
supplemented YE at 30°C.

Cells were exposed to heat shock after 5 days of incubation in EMM-N.
Aliquots were taken and incubated at 47°C for various times. Viability was
determined as described above.

RESULTS

Rapamycin does not inhibit vegetative growth in S. pombe.
Rapamycin shows a strong inhibitory effect on vegetative
growth of S. cerevisiae cells at a concentration of <0.1 pg/ml
(31, 39). Surprisingly, we found that rapamycin did not inhibit
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FIG. 1. Rapamycin does not affect wild-type 4™ colony growth. Cells were
plated on EMM or YE plates containing rapamycin or the drug vehicle alone.
Colonies are larger on rich (YE) plates than on minimal (EMM) plates, but the
size is not affected by the presence of rapamycin.

the growth of S. pombe. Similar-size colonies were obtained
when wild-type homothallic (4°°) or heterothallic (h* or ™)
strains were grown on either complex or minimal medium in
the presence (0.2 or 0.5 pg/ml) or absence of rapamycin. This
insensitivity to the drug is shown also by cells grown at a range
of temperatures between 20 and 35°C (Fig. 1 and data not
shown). A microscopic examination did not reveal any distin-
guishable morphological changes associated with the rapamy-
cin treatment, and cells divided at the same cell size as un-
treated cells (see Fig. 2A and B). The doubling time of the
wild-type 4™ strain in liquid complex medium at 32°C in the
presence of rapamycin was similar to that of the control with-
out the drug (135 and 125 min, respectively). These results
indicate that, in contrast to its effect on the vegetative growth
of S. cerevisiae, rapamycin does not interfere with the vegeta-
tive growth of S. pombe.

Rapamycin strongly inhibits conjugation in S. pombe. In a
series of experiments we examined the ability of rapamycin-
treated cells to respond to conditions which normally induce
opposite-mating-type cells to undergo sexual differentiation.
These conditions primarily consist of nutrient deprivation (re-
viewed in reference 22). Conventionally, either a low-nutrient
medium such as malt extract (ME), a low-nitrogen medium
(EMM-N), or a low-glucose medium (EMM lowG) is used for
strong induction of sexual differentiation. Table 2 depicts the
mating efficiencies which are obtained when opposite-mating-
type cells are starved in the presence of 0.2 pg of rapamycin
per ml. The results indicate that under any of the starvation
conditions used, the mating efficiency is strongly reduced (9- to
60-fold) in the presence of the drug.

Mating requires that the opposite mating types, 4™ and h~,
be present in close proximity. These conditions can be
achieved either in homothallic strains, which switch their mat-
ing types between A" and hA~, or in a mixture of opposite
mating types of heterothallic strains. When a homothallic
strain or heterothallic strains were starved in the presence of
rapamycin, no significant difference between the inhibitory ef-
fects of rapamycin on the homothallic strain and on the mix-
ture of heterothallic strains was observed. These results indi-
cate that rapamycin does not interfere with the process
responsible for mating type switching in homothallic strains.

Figure 3 demonstrates the inhibitory effect of rapamycin on
the entry into the sexual differentiation pathway of wild-type
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homothallic 4*° cells. Upon a shift to EMM-N in the absence
of the drug, cells gradually conjugated until a final value of
48% was reached. Cells that were starved in the presence of
rapamycin reached a maximum mating efficiency of only 7%.
Microscopic examination revealed that the morphology of the
starved cells in the presence of rapamycin was very similar to
that of stationary (resting) haploid cells. In the presence of
rapamycin cells arrested at a small cell size, typical for starved
cells, and did not develop conjugation tubes (Fig. 2; compare
panels C and D). In addition, an effect on agglutination was
observed. Cells of the untreated culture started to agglutinate
within 23 h, whereas the rapamycin-treated cultures did not
agglutinate during the course of the experiment (Fig. 2; com-
pare panels C and D). Sexual agglutination is an early indica-
tion of sexual activity (reviewed in reference 22). The lack of
agglutination in the presence of rapamycin suggests that rapa-
mycin inhibits one of the early sexual differentiation stages.

Vegetative growth in the presence of rapamycin causes mat-
ing incompetence. Although rapamycin has no apparent effect
on the vegetative growth of S. pombe, we examined the possi-
bility that rapamycin affects growing cells but that the effect is
only observed upon starvation. To this end, homothallic cells
were grown to exponential phase in the presence of rapamycin.
Cells were then washed three times and reinoculated into
EMM-N in the absence of rapamycin. We next determined
whether the cells underwent normal sexual differentiation once
they were removed from the drug.

The exposure to rapamycin during the growth phase had a
dramatic effect on the ability of the cells to undergo sexual
differentiation. More than a 20-fold reduction in mating effi-
ciency in EMM-N after exposure to the drug during growth
was observed, compared to the efficiency observed with un-
treated cells (Fig. 3 and 4). A further decrease in mating
efficiency was observed if cells were grown and then starved in
the presence of rapamycin: a more than 500-fold reduction in
mating efficiency in comparison with cells that were not ex-
posed to rapamycin (Fig. 3 and Fig. 4). Thus, pregrowth with
rapamycin rendered cells incompetent for mating. This sug-
gests that the target of rapamycin exists during vegetative
growth. One other explanation is that the drug blocks, in an
irreversible way, a biochemical pathway, thereby not allowing
cells to become committed to the sexual differentiation path-
way.

Since growth in the presence of rapamycin affects subse-
quent sexual differentiation, we were able to examine whether
rapamycin affects cells of both mating types equally or is mat-
ing type specific. We examined mating efficiency in crosses of
wild-type heterothallic strains in which only one mating type
was grown in the presence of rapamycin. We found that, irre-
spective of which of the mating types was grown with rapamy-
cin, the mating efficiency was reduced 2.5-fold relative to that
for crosses of untreated strains of opposite mating types. Thus,
the function affected by rapamycin is one that needs to be
active in both mates. When both mating types were grown in
the presence of rapamycin and then plated on drug-free plates,
the mating efficiency was reduced ninefold relative to that for
crosses of untreated cells. Therefore, the mating efficiency
observed in crosses in which only one mating type was grown in
the presence of rapamycin is an intermediate one, indicating
that untreated cells can partially suppress the effect of rapa-
mycin.

The differences in the mating efficiencies of the above
crosses can be demonstrated by exposing patches of the crosses
to iodine vapor (Fig. 5). As deprivation of nutrients is also a
signal for entry into meiosis, newly formed zygotes rapidly
undergo meiosis and sporulation. Carbohydrate accumulation
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FIG. 2. Rapamycin does not affect the morphology of growing cells but exerts a dramatic effect on the morphology of nitrogen-starved cells. (A and B) #*° wild-type
(ED813) cell samples were taken from an exponentially growing culture in EMM supplemented with the drug vehicle alone (A) or with rapamycin (B). (C and D) #*°
wild-type (ED813) cell samples were taken 3 days after a shift from EMM to liquid EMM-N containing the drug vehicle (C) or rapamycin (D).

is a hallmark of the sporulation process and can be detected by
staining with iodine vapor (45, 61). Figure 5 (left panel) dem-
onstrates that the patch of a cross of untreated cells is stained
dark, indicating the presence of spores. The patch of a cross in
which both mating types were pretreated with rapamycin ap-
pears yellow, indicating the lack of sporulation. The patches of
crosses in which only one mating type was pretreated with
rapamycin appear greyish, indicating reduced sporulation.
Rapamycin has only little or no effect on the sporulation of
diploids. To determine whether rapamycin affects only the
early stages in sexual differentiation or whether it may affect

some later stages, such as sporulation, we constructed a diploid
strain by using two haploid strains with complementing alleles
of the ade6 gene (see reference 55). The diploid strain (TA07)
was formed by crossing strain ED667 (ura4-D18 leul-32 ade6-
M216 h) with ED666 (ura4-DI8 leul-32 ade6-M210 h~) and
determining the adenine prototrophs among the progeny.
Because the diploid resulted from the mating of two auxo-
trophic mutants we first examined whether the nutritional
markers had any effect on the sensitivity to rapamycin during
conjugation. When ED666 was crossed with ED667 on
EMM-N plates in the presence of rapamycin, a ninefold re-
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TABLE 2. Inhibition of mating by treatment with rapamycin®

Mating efficiency

Medium composition Mating type (%)
EMM-N K 58
EMM-N + rapa h®° 5
EMM lowG K 52
EMM lowG + rapa h®° 6
EMM-N h™ X h™ 59
EMM-N + rapa h* X h™ 1
ME h™ X h™ 60
ME + rapa h* X h™ 4

“ 10 (ED813) cells and a 1:1 mixture of 4+ (ED787) and h~ (ED812) cells
were grown in the absence of rapamycin until mid-log phase; cells were then
plated on solid media with the indicated compositions in the presence or absence
of rapamycin (rapa). Mating efficiency was calculated as described in Materials
and Methods. The results are the mean values of two separate experiments.

duction in the mating efficiency compared with that for the
same cross in the absence of rapamycin was observed (data not
shown). Thus, the auxotrophic traits used in the cross have no
effect on the drug sensitivity.

The effect of rapamycin on the sporulation of diploid TA07
was determined. Interestingly, no significant decrease in sporu-
lation was observed when the diploid cells were induced to
sporulate in the presence of rapamycin (Fig. 6; first and second
bars from the left). A microscopic examination of diploid cells
which were sporulated in the presence of rapamycin revealed
that asci containing four spores were formed with the same
efficiency as that in the absence of the drug. However, a small
decrease in sporulation efficiency (2.4-fold) was observed when
the diploid cells had been grown in the presence of rapamycin
before subjecting them to nitrogen-limiting conditions (Fig. 6;
third bar from the left). Note that the results of the latter
experiment should be compared to those of similar experi-
ments done with haploids, where the inhibitory effect when
cells had been grown in the presence of rapamycin was more
than 500-fold (Fig. 3 and 4). Therefore, it is concluded that,
whereas rapamycin has a dramatic inhibitory effect on sexual

mating efficiency (%)

T =1

0 20 40 60 80
Time after shift (hr)

FIG. 3. Inhibition of mating by rapamycin. 4°° wild-type cells (ED813) grow-
ing exponentially in EMM in the presence of the drug vehicle alone (CJ, @) or
rapamycin (m, O) were washed three times with water and recultured at ~5 X
10° cells/ml in EMM-N medium containing the drug vehicle (CJ, m) or rapamycin
(@, O). At the indicated time points, samples were removed and the mating
efficiencies were determined as described in Materials and Methods.

RAPAMYCIN INHIBITS SEXUAL DEVELOPMENT IN S. POMBE 6329

801 W EMM  —B—EMM -N

B EMM —BEMM-N +R
Bl EMM+R —-EMM -N
EMM+R —Bm=-EMM -N +R

65

60

40

Mating efficiency (%)

201

0

FIG. 4. Rapamycin inhibits mating of heterothallic strains. Heterothallic A ™*
or i~ cells were grown in EMM in the presence of the drug vehicle alone (EMM)
or in the presence of rapamycin (EMM+R). In mid-log phase, cells were har-
vested and washed, and the two opposite-mating-type cultures were mixed to-
gether at a 1:1 ratio. A total of 5 X 10° cells were plated on an EMM-N plate
supplemented either with the drug vehicle (EMM-N) or with rapamycin (EMM-
N+R). The mating efficiency was determined at 3 days postplating, as described
in Materials and Methods.

development of starved haploids, it exerts little or no effect on
the sporulation of starved diploids. This observation reinforces
our conclusion that the drug effect is specific to an early stage
of developmental response to starvation, before mating is even
initiated, and has little or no effect on later stages.
Treatment with rapamycin does not interfere with entrance
into stationary phase. The transition of S. pombe cells from the
mitotic cycle to the meiotic sexual cycle occurs at the G, phase
(reviewed in reference 22). Under nitrogen starvation condi-
tions, cells become arrested in the G, phase and either enter
the stationary phase, analogous to the mammalian G, state, or

EMM-N plate EMM-N +rapamycin plate

It x b WRxh  |h* It x b WRxh |+
(65%) (28%) (0%) (1.3%) (0.8%) (0%)
WRx kR [W*xhR |h BRxhR |htxhR |k
(7%) (25%) (0%) (<0.001%) | (0.5%) (0%)

FIG. 5. Untreated cells partially suppress the sterility of rapamycin-treated
cells. Heterothallic 2™ or &~ cells that were pregrown in the presence of either
the drug vehicle alone or rapamycin were mixed together and plated on EMM-N
plates with no rapamycin (left) or with rapamycin (right). Plates were incubated
for 3 days and then stained with iodine vapor. None of the patches on the
rapamycin-containing plate (right) is stained with dark color, as rapamycin in-
hibits sexual development. On the plate with no rapamycin (left) various degrees
of dark staining are detected, depending on whether or not the partners of the
crosses were pregrown in the presence of rapamycin. The table below the plates
indicates, for each patch, the pretreatment applied for each partner of the cross.
R indicates pregrowth with rapamycin. The numbers in parentheses indicate
mating efficiencies as observed by microscopic examination.
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FIG. 6. Rapamycin has a small inhibitory effect on the sporulation of a
diploid. TAO07 diploid cells were grown in EMM in the presence of the drug
vehicle alone (EMM) or rapamycin (EMM+R). In mid-log phase, cells were
harvested, washed, and plated on EMM-N with the drug vehicle or rapamycin.
The sporulation efficiencies were determined 3 days postplating.

initiate sexual differentiation. Some of the mutants which are
impaired in sexual differentiation are also impaired in the
capability of entering the stationary phase. Such mutants show
low viability under starvation conditions (for examples see
references 37 and 54).

In order to determine the effect of rapamycin on the ability
of cells to enter the stationary phase, we examined the viability
of cells which were starved in EMM-N in the presence of
rapamycin. 4" and 4°° cells were grown in EMM to mid-log
phase in the presence of rapamycin and then reinoculated into
EMM-N in the presence of rapamycin. Rapamycin inhibited
the mating activity of the A°° culture (resulting in less than
0.01% mating efficiency). We monitored the viability of the
cells that (presumably) remained haploid, as demonstrated in
Fig. 7. The results show that cell viability in long-term station-
ary-phase cultures in EMM-N was not significantly affected by

—O— »* EMM-N
—&— 1" EMM-N +rapamycin
—@— 1 0 EMM-N + rapamycin

107~

cell/ml

6
10+ T 1
Q 10 20

Days

FIG. 7. Rapamycin does not affect cell viability in long-term stationary cul-
tures. Wild-type 2" and h°° cells were grown in EMM to mid-log phase in the
absence or presence of rapamycin and then shifted into EMM-N in the absence
or presence of rapamycin, respectively. After the shift to the nitrogen-limiting
medium, samples of the cultures were aliquoted at the indicated times. Each
sample was counted, appropriately diluted, and plated on YE plates. The number
of colonies formed on each plate was counted, and the inferred concentration of
viable cells at each time point was calculated.
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TABLE 3. Effect of rapamycin treatment on the mating efficiencies
of strains overexpressing rasi* and ras1¥*"”

Mating efficiency

Medium Plasmid® %)
EMM-N pREP1 (vector) 63
EMM-N + rapa pREP1 (vector) 15
EMM-N pDB248'ras1 52
EMM-N + rapa pDB248'rasl 8.0
EMM-N pDB248'ras1-Vall7 8.0
EMM-N + rapa pDB248'ras1-Vall7 <0.01

@ SP837 h*° cells transformed with the indicated plasmids were grown to
mid-log phase in appropriately supplemented EMM and then washed. A total of
~5 % 10° cells were plated on appropriately supplemented EMM-N plates in the
presence or absence of rapamycin (rapa). Mating efficiency was calculated as
described in Materials and Methods.

b Plasmids pDB248'rasl and pDB'ras1-Vall7 were kindly provided by D.
Hughes, Chester Beatty Laboratories, London, United Kingdom.

rapamycin. Note that upon the shift to the nitrogen limiting
medium the untreated 2" culture continued to divide several
times before being completely arrested (Fig. 7). It is clear that
the rapamycin-treated cultures also divided a few times before
arrest, although the number of cell divisions before they were
arrested is slightly smaller than that for the untreated culture.

The fact that rapamycin does not affect the entrance into
stationary phase can be shown by other experimental proce-
dures. One of the characteristics of S. pombe stationary cells is
the acquisition of heat resistance (16). Cells in stationary phase
can tolerate a heat shock of 47°C. Therefore, 5 days after
incubation in EMM-N, the rapamycin-treated 4" and 4°° cul-
tures (see above) were subjected to heat shock at 47°C, and cell
survival values were compared with that of heat-shocked hA™
untreated cells. The results obtained indicated that cells of the
different cultures were equally resistant to heat shock (data not
shown). Thus, the above experiments indicate that rapamycin-
treated cells enter and sustain the stationary phase normally.

An activated allele of rasl, rasI¥*"7, restores the ability of
rapamycin-treated cells to respond to mating signals. The
phenotypic effect of rapamycin resembles the effect of the loss
of function of several known genes that play a role in sexual
differentiation. More than 20 genes required for mating have
been identified. One of these genes is ras! ", a close homolog
of the mammalian ras proto-oncogene (26, 58). Haploid cells
carrying a rasl null mutation are viable but cannot mate or
respond to mating pheromones. In contrast, cells carrying the
constitutively activated allele, rasIV*''”, are hyperresponsive to
the pheromones. Such cells grow normally under vegetative
conditions, but upon starvation and in the presence of both
mating types they produce long conjugation tubes and mate
poorly (27, 34). Taken together, these results suggest that a
transient pulse of rasl activity is required early after nitrogen
starvation (reviewed in reference 22).

We examined the effect of the overexpression of the wild-
type rasl™ and activated rasl alleles on rapamycin-treated
cells. Overexpression of ras!™ did not have any effect on cells
that were grown or starved in the presence of rapamycin, and
no suppression of the defect in conjugation was observed (Ta-
ble 3). However, overexpression of rasIV*''” seemed to restore
the ability of cells to respond to mating pheromones. Under
starvation conditions cells produced elongated conjugation
tubes, even in the presence of rapamycin (Fig. 8). This result
suggests that rapamycin may affect a very early step of the
mating pathway, upstream of the step determined by ras!. It is
yet to be determined whether the targets of rapamycin and the
ras1™ protein lie on the same pathway. Remarkably, rapamycin
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Plasmid: rasl-vall7

Rapamycin: -

rasl-vall7

+ +

FIG. 8. Rapamycin does not inhibit agglutination and development of conjugation tubes of cells carrying the ras?¥!'7 allele. SP837 cells carrying pDB248'ras1-
Vall7 were grown in EMM to mid-log phase, then washed three times with water and recultured in EMM-N in the presence of the drug vehicle (A) or of rapamycin
(B). Cells lacking the plasmid and treated with rapamycin are shown in panel C. Elongation of conjugation tubes and agglutination, both in the presence and in the
absence of rapamycin, can be seen in cells expressing rasIV*"'7 but not in the parental wild-type cells.

does not seem to exert its effect via the Rasl pathway in
mammalian cells (53). Thus, whether or not rapamycin affects
directly the S. pombe rasl™ pathway remains an intriguing
open question.

Rapamycin does not inhibit the phenotypes associated with
mutants of the cAMP/pkal-dependent pathway. The patl™
gene (previously referred to as ranl ™) encodes a protein kinase
which represses sexual differentiation and which is essential for
the maintenance of vegetative cell division and growth (35, 52,
61). Loss of function of patl™ causes unscheduled meiosis,
irrespective of ploidy, mating type, and growth conditions. The
patl-114 strain is a temperature-sensitive mutant with a dis-
tinctive phenotype at the restrictive temperature, i.e., growth
cessation and the development of irregular numbers of spores.
Tests conducted with this mutant indicate that rapamycin does
not suppress the uncontrolled meiosis of patl-114 cells at the
restrictive temperature (Fig. 9). These results suggest that
rapamycin is not involved in the suppression of functions that
are required for the expression of the patl-114 lethal pheno-
type. Conditions that are able to suppress patI-driven meiosis
and the associated growth defect include an increase in the
level of intracellular cAMP and overexpression of pkal™, the
gene for the cAMP-dependent kinase (49). Therefore, the
inability of rapamycin to suppress the pati-114 lethal pheno-
type also suggests that rapamycin is not involved in the stim-
ulation of the cAMP/pkal pathway. In agreement with this
suggestion are the observations that rapamycin does not inter-
fere with aspects of vegetative growth or meiosis (data pre-
sented above). Such aspects of the life cycle of S. pombe can be
affected by alternations in intracellular cAMP levels (reviewed
in reference 79).

In addition, we found that rapamycin did not suppress mu-
tants of the cAMP/pkal pathway which are derepressed for
sexual development. Mutants defective in the genes coding for
adenylate cyclase (git2, also known as cyrl), which converts

ATP into cAMP, or the catalytic subunit of protein kinase A
(pkal, also known as git6) readily mate even in rich medium.
We found that the mating efficiency of either gir2 or git6 mu-
tants in either complete or minimal medium was not affected
by rapamycin (data not shown). Therefore, it is evident that
rapamycin does not exert its effect downstream of the cAMP-
dependent protein kinase.

3+ rapamycin

25%C + rapamycin

FIG. 9. Rapamycin does not rescue the patl-114 growth defect. pat1-114 h*
cells were streaked on EMM in the presence of the drug vehicle (A and B) or
rapamycin (C and D). Incubation was either at 25 or 33°C. Rapamycin did not
suppress the lethal phenotype of patI-114 cells at the restrictive temperature.
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DISCUSSION

Rapamycin specifically inhibits sexual development in re-
sponse to starvation. We report here, for the first time, the
effect of rapamycin on fission yeast. We found that in contrast
to its effect on S. cerevisiae and other fungi, rapamycin does not
exhibit any apparent effect on the vegetative growth of S.
pombe. Instead, the effect of the drug becomes apparent only
upon starvation. Under conditions of nutrient deprivation
wild-type homothallic cells can either enter the sexual devel-
opment pathway or the stationary phase. Rapamycin specifi-
cally inhibits the sexual development pathway before the stage
of agglutination and does not affect entry into the stationary
phase. Our conclusion that rapamycin inhibits sexual develop-
ment at a very early step is supported by several observations.
First, cellular agglutination, one of the first discernible stages
in the conjugation process, is inhibited by rapamycin. Second,
zygote formation is inhibited by rapamycin, as observed in
standard mating assays. And third, rapamycin has only slight
effect, or no effect at all, on the sporulation of diploid cells,
indicating that later stages of sexual development, that is, en-
trance into meiosis and spore formation, are far less affected by
rapamycin.

The lack of effect of rapamycin during vegetative growth
does not reflect an inability of the drug to penetrate vegeta-
tively growing cells. Our findings that cells are rendered sterile
if they are grown in the presence of rapamycin (and then
starved in the absence of the drug) indicate that the drug
enters the growing cells, but its effect becomes apparent only
upon starvation. It is possible that the target of rapamycin
exists in vegetatively growing cells but that it is activated or
becomes effective only upon starvation. It is noteworthy that
the most pronounced effect, more than a 500-fold reduction in
mating efficiency, is observed when rapamycin is present dur-
ing both growth and starvation.

The inhibition of rapamycin on sexual development is not
mating type specific. When only one mating type was grown
with the drug and was then mixed with an untreated opposite
mating type, the resulting mating efficiency was independent of
the mating type which had been grown with the drug. Inter-
estingly, the resulting mating efficiency of such crosses was
intermediate; that is, it was lower (by 2.5-fold) than the mating
efficiency of untreated cells but higher (by 4-fold) than the
mating efficiency of crosses in which both mating types were
grown in the presence of rapamycin. Thus, it appears that the
untreated cells can partially suppress the effect of rapamycin.

The effect of rapamycin on sexual development mutants. We
have initiated our investigations on the mode of action of
rapamycin by examining the effect of rapamycin on sexual
development mutants. Our findings are all in agreement with
the hypothesis that rapamycin acts at a very early stage in the
sexual development pathway. However, the specific pathway(s)
or protein(s) affected by rapamycin remains unknown. A cen-
tral element in the sexual differentiation pathway is the rasl™
gene. The rasl™ gene product is essential for both mating and
meiosis but is dispensable for vegetative growth. Like its mam-
malian counterpart, the rasl™ gene product participates in the
regulation of a protein kinase cascade that ultimately regulates
a member of the mitogen-activated protein kinase family (29,
57, 75). Our studies show that the sterility associated with
rapamycin is not suppressed by overexpression of the wild-type
rasl™ gene. However, expression of the rasI* activated allele,
ras1V*7 restores the ability of the rapamycin-treated cells to
agglutinate and respond to mating conditions, as demonstrated
by the development of conjugation tubes upon starvation, in-
dependent of the presence of the drug. Therefore, it is clear
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that rapamycin does not exert its effect downstream of the
rasl™ gene product. The simplest explanation for our data is
that the target of rapamycin acts upstream of the rasI™* gene
product, either directly or indirectly. An alternative explana-
tion is that rapamycin acts on a pathway which is parallel to the
rasl pathway and which shares with the ras! pathway some of
its functions. For example, mating signals are also mediated by
the G protein a subunit, gpal. The gpal-mediated signals are
transmitted parallel to those in the ras] pathway and converge
on byr2 (78).

In view of the findings in other model systems, a direct effect
of rapamycin upstream of the rasI™ gene product is less likely.
In mammalian cells, neither Ras nor Raf appears to be part of
a pathway which is affected by rapamycin (14, 20, 53). The RAS
proteins of S. cerevisiae are also unlikely to mediate the rapa-
mycin effect. This suggestion is based on the findings that
constitutively activated mutants of the RAS/cAMP pathway in
S. cerevisiae, including those resulting from the expression of
the dominant activated RAS2 allele, RAS2V*"°, do not sup-
press the growth arrest induced by rapamycin (3). The genetic
relationships between the pathway which mediates the rapa-
mycin effect and the rasI ™ pathway remain to be determined.

cAMP plays an important role in the regulation of sexual
differentiation in S. pombe. The addition of cAMP to the me-
dium or gene mutations which lead to an increase in cAMP
level or pkal activity inhibit sexual differentiation. Our findings
do not support the hypothesis that rapamycin inhibits sexual
differentiation by stimulation of the cAMP/pkal pathway.
First, rapamycin does not suppress the unscheduled meiosis of
patl-114 mutants. In contrast, this lethal phenotype is sup-
pressed by processes which raise the cAMP intracellular level,
such as the introduction of cAMP into the growth medium and
the overexpression of pkal™ (49). In addition, elevated cAMP
levels can cause an impairment in the normal control of cell
growth. For example, loss of function of the regulatory subunit
of the cAMP-dependent protein kinase (cgsl) inhibits mating
and meiosis, but also brings about an increase in cell length at
division (18). Rapamycin, on the other hand, does not exert
any detectable effects on cell growth or cell size. Furthermore,
rapamycin does not exert its effect downstream of the cAMP-
dependent protein kinase. This was shown by the inability of
rapamycin to inhibit the derepression of sexual development of
mutants carrying defective adenylate cyclase or protein kinase
A catalytic subunit genes.

Possible mechanisms for the inhibitory effect of rapamycin
on sexual development. Rapamycin strongly inhibits sexual
conjugation of haploid cells, a process which requires condi-
tions of starvation. In contrast, two other processes which are
affected by starvation, that is, entrance into meiosis and en-
trance into stationary phase, are only slightly affected or not
affected at all by rapamycin. Thus, it appears that cells are able
to sense nutrient depletion, but the switch from mitotic cycles
to sexual development in haploid cells is specifically inhibited
by rapamycin. One possible explanation for the sterility effect
is that rapamycin inhibits the expression of specific genes
which are required early in the sexual differentiation process,
such as the genes required for pheromone production or re-
sponse. However, the slight effect of rapamycin on the sporu-
lation of diploids seems to argue against a direct effect of
rapamycin on pheromone production, because the process of
meiosis requires an intact pheromone signalling pathway (re-
viewed in reference 79). Nevertheless, conjugation is more
sensitive to pheromone activities than meiosis (46). Hence, it is
possible that rapamycin causes a reduction in the mating pher-
omone signals but that this reduction leads to a far more
dramatic effect on mating than on meiosis.
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The effect of rapamycin on S. pombe cells appears at first
sight to be substantially different than its effects on other cell
systems, as it does not affect cell cycle progression. However, a
close look at the regulation of the cell cycle in S. pombe may
indeed suggest that the effect of rapamycin is caused by inhi-
bition of a function in early G,, before Start. This inhibition
may become apparent only upon starvation. In S. pombe, the
G, phase is particularly short in rapidly growing cells. Under
rapid-growth conditions the G,-S size control is cryptic, as
wild-type cells at the end of mitosis are already beyond the
minimum size for entry into S phase (reviewed in reference
44). Therefore, inhibition of one or more functions required
for control in G, specifically, functions which delay cell cycle
progression during this phase, may not cause an effect during
rapid growth. In contrast, the G, control becomes limiting
under conditions in which mitosis is initiated at a reduced size,
such as during nitrogen starvation. A delay in G, is necessary
under starvation conditions to allow not only the accumulation
of enough mass but also the initiation of processes required for
mating. Thus, the sterility of rapamycin-treated cells may in-
deed be the result of inhibition of a function(s) which normally
enables the cells to linger in G,. In this regard the phenotype
of rum1 mutants in S. pombe may be relevant. The ruml™ gene
has a central role in the regulation of G, progression. It en-
codes a stoichiometric inhibitor of cdc2, the central CDK
which controls both G;-S and G,-M transitions. Cells with
ruml deleted exhibit no defect during vegetative growth but
are profoundly sterile (50). Rapamycin may cause an effect
similar to that of ruml mutants. This hypothesis is currently
being examined in our laboratory.
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