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The transcriptional activator Imel is a key regulator of meiosis and sporulation in budding yeast. Imel is
controlled at different levels by nutrients and cell-type signals. Previously, we have proposed that G, cyclins
would transmit nutritional signals to the Imel pathway by preventing the accumulation of Imel within the
nucleus. We show here that nutritional signals regulate the subcellular localization of Imel through the TOR
pathway. The inactivation of TOR with rapamycin promotes the nuclear accumulation and stabilization of
Imel, with consequent induction of early meiotic genes. On the contrary, the activation of TOR by glutamine
induces the relocalization of Imel to the cytoplasm. Thus, TOR may sense optimal nitrogen- and carbon-
limiting conditions to modulate Imel function. Besides TOR, ammonia induces an independent mechanism
that prevents the accumulation of Imel in the nucleus. Both TOR and ammonia regulate Imel localization in
the absence of Cdkl activity and therefore use mechanisms different from those exerted by G, cyclins.
Integration of independent mechanisms into a single early controlling step, such as the nuclear accumulation
of Imel, may help explain why yeast cells execute the meiotic program only when the appropriate internal and

external conditions are met together.

Diploid cells of budding yeast are able to proceed through
different developmental pathways, such as pseudohyphal
growth and sporulation, in response to nutrient availability.
The transcriptional factor Imel is the upstream activator of a
transcriptional cascade of sporulation-specific genes involved
in different steps of meiosis and spore formation (7, 22, 33, 35).
Imel only induces the meiotic program in a narrow range of
genetic and nutritional conditions: i.e., diploidy, starvation of
an essential nutrient, and the presence of nonfermentable car-
bon sources (20). Nitrogen starvation and acetate as the sole
carbon source are the most efficient and prevalent nutritional
conditions to induce meiosis in Saccharomyces cerevisiae (12).
The IME1 gene shows a complex pattern of transcriptional
regulation (see references 18 and 47 for review). The IME]
transcript is undetectable when glucose is present in the me-
dium, but IME] expression is induced at low levels in complete
medium with acetate, which is further increased to maximal
levels by nitrogen starvation (17, 20, 41, 43). However, because
ectopic expression at high levels of Imel is not sufficient for
meiosis and spore formation in the presence of glucose and
nitrogen (20, 24, 44), other mechanisms must exist to control
Imel function by nutrients.

Imel is a nuclear protein under sporulation conditions (45)
and is regulated by a negative feedback loop mechanism that
restricts its synthesis to a transient period during initiation of
meiosis (14). The activation of meiotic expression requires the
interaction of Imel with the DNA binding protein Ume6, and
this interaction is prevented by glucose and stimulated by ni-
trogen starvation (40, 48). The GSK3p homologous kinases
Rim11 and Mck1 phosphorylate Ume6 in response to nitrogen
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limitation (49). Rim11 also phosphorylates Imel, and phos-
phorylation of both Imel and Ume6 is required for formation
of an active transcriptional complex (5, 30, 31). Thus, besides
transcriptional regulation, nitrogen starvation and glucose reg-
ulate Imel function by controlling the Ime1-Ume6 interaction.

G, cyclins negatively regulate the initiation of meiosis by
downregulating IME] expression (8, 36). Furthermore, Cln-
Cdc28 activity prevents the accumulation of Imel in the nu-
cleus of mitotic cells, and ectopic expression of IMET in cells
depleted of G, cyclins is sufficient to promote meiosis and
sporulation in rich medium (8). G, cyclins are rapidly down-
regulated in yeast cells deprived of nitrogen (8, 13, 29). Be-
cause depletion of G; cyclins mimics nitrogen starvation, we
proposed that G, cyclins would transmit nutritional signals to
Imel function (8).

The TOR pathway is involved in cellular responses to the
changes in nitrogen and carbon sources (9, 23, 37, 38). There
are two functionally distinct TOR complexes in yeast. One of
them, TOR complex 1 (TORC1), is the target of the immuno-
supressor rapamycin (25). In response to nutrient availability,
TORCI regulates a broad spectrum of cellular responses, and
among them, the subcellular localization of several transcrip-
tional activators (2, 19, 21). The inactivation of TORCI with
rapamycin allows cells to enter a meiotic cycle and sporulate in
rich medium (50). However, transcriptome changes induced by
rapamycin (15) differ from those obtained during entry into
meiosis (7). Thus, it is still uncertain whether the TOR path-
way has a direct effect on the initiation of meiosis. To gain
insight in the regulatory mechanisms induced by nitrogen star-
vation, we have analyzed the effects of high levels of rich
nitrogen sources on the regulation of Imel. Here we report
that TOR and ammonium availability regulate the initiation of
meiosis by controlling the subcellular localization of Imel.
These mechanisms would act independently of G, cyclins in-
creasing the competence of yeast cells to prevent the initiation
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of meiosis under low-proliferation or intermediate-nutrient-
limiting situations.

MATERIALS AND METHODS

Yeast strains and plasmids. Our parental diploid strain 1788 and haploid
strain CML128 (MATa leu3-2,112 ura3-52 trp1-1 his4 canl”) have been described
by Gallego et al. (13). The derivative strains CML268 (MATa/MATa Aimel::
KanMX4/Aimel::KanMX4), CML200 (MATa cdc28-13), and CML344 (MATa
cdc34-2) have been described previously (8). The parental strain JK9-3da (MATa
leu2-3,112 ura3-52 trpl his4 rmel) and the rapamycin-resistant mutant strain
JH11-1c (JK9-3da TORI-1)—from M. N. Hall laboratory—have been described
by Heitman et al. (16).

All plasmids used in this work are derivatives from pCM279 (adhp-IME1-
3xHA), which contains the three-hemagglutinin (3HA)-tagged IME1 open read-
ing frame (ORF) expressed under the control of the Schizosaccharomyces pombe
adh promoter in the YCPlac22 (CEN TRPI) vector (8). Two nuclear localization
signals (NLS) from simian virus 40 (SV40) were fused to the 3HA-tagged IME]
ORF, obtaining pCM388 (adhp-IME1-2xNLS-3xHA). In pCYC129 (GALI-
IME1-3xHA) the adhl promoter was substituted for by the GALI promoter.
Details on plasmid construction are available upon request.

Growth and sporulation conditions. The media and sporulation conditions
were as described in reference 8 with only slight modifications. Sporulation
medium (0.3% potassium acetate) was modified by lowering the initial pH of the
medium to 6.0 with 5 mM 2-(N-morpholino)ethanesulfonic acid (MES). Also,
the acetate-based rich medium YPA was modified by addition of 60 mM MES to
obtain an initial pH of 5.8. Briefly, cells grown on minimal media with 2% glucose
(SD) for 24 h to an optical density at 600 nm (ODg,) of 5 were washed,
resuspended in YPA at an ODy, of 0.3, and incubated at 30°C for 20 h with
vigorous agitation to reach an ODgq of 6 to 7. To initiate meiosis, cells were then
washed, resuspended in sporulation medium at an ODg, of 1, and incubated at
30°C. To obtain samples from cells growing exponentially in YPA medium, cells
grown in SD as described above were washed, resuspended at an ODy of 0.03
in YPA, and incubated for 16 to 20 h at 30°C. Ammonium sulfate, glutamine, and
proline were added at a final concentration of 40 mM unless otherwise indicated.
L-Methionine-sulfoximine from Sigma was used at a final concentration of 2 mM.
Rapamycin from Sigma was added at a final concentration of 200 ng/ml (200
nM).

Immunofluorescence. The intracellular localization of the 3HA-tagged pro-
teins was determined by indirect immunofluorescence techniques essentially as
described by Rose et al. (39). The rat anti-HA antibody (clone 3F10) was used
at 1 wg/ml, and Alexa 488 goat anti-rat antibody from Molecular Probes was used
at 10 pg/ml. Nuclei were visualized by staining the DNA with 4',6-diamidino-2-
phenylindole (DAPI) at 1 pg/ml. Images were obtained with a Nikon fluores-
cence microscope and LSR Ultra software.

Flow cytometry and morphological determinations. Distributions of DNA
content were obtained by propidium iodide staining as described by Nash et al.
(34) with an Epics XL cytometer (Coulter). Budding and sporulation percent-
ages were obtained under a phase-contrast microscope by inspecting a minimum
of 200 cells that had been fixed with 1% formaldehyde in 1X SSC (1X SSCis 0.15
M NaCl plus 0.0015 M sodium citrate) and sonicated for 5 s.

Northern blotting. Total RNA samples were analyzed by Northern blotting as
described previously (13). DNA fragments containing only ORF sequences were
used to synthesize probes by random PCR with a digoxigenin-dUTP labeling
mixture as directed by Roche. RNA samples were blotted and probed in the
same membrane for accurate comparison.

Western blot and pulse-chase analyses. Whole-cell extracts and Western blot
analysis with the mouse anti-HA antibody (clone 12CAS) were performed as
described by Gallego et al. (13). To evaluate the total Imel protein decay, cells
harboring pCYC129 (GALI-IMEI-3xHA) were grown exponentially on raffin-
ose-based rich medium (YPRaf), and then 2% galactose (YPRafhal) was added
to induce the GALI promoter. Two hours later, cells were filtered and resus-
pended in YPA or YPA with 200 ng of rapamycin per ml or YPA with 200 ng of
rapamycin per ml and 40 mM ammonium sulfate. Samples were harvested and
immediately boiled for 2 min at the indicated time points before protein extrac-
tion.

The Imel degradation rate was measured by pulse-chase analysis as previously
described (13). 1788(pCM279) cells growing exponentially in YPA were trans-
ferred to sporulation medium with or without ammonium sulfate. Two hours
after transfer, 60 ml of culture was added to 3 mCi of Tran>*S-label (ICN), and
this mixture was incubated for 15 min at 30°C. Samples of 10 ml were taken at
the indicated points after addition of unlabeled methionine and cysteine to a
final concentration of 30 uM. Cells were then rapidly filtered, washed in cold
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water, and quickly frozen in liquid nitrogen. Cell pellets were processed for
double immunoprecipitation in BC buffer (250 mM NaCl, 50 mM Tris-HCI
[pH7.5], 5 mM EDTA, 0.1% Triton X-100, protease, phosphatase inhibitors)
with rat anti-HA antibody (clone 3F10) from Boehringer Manheim, essentially as
described by Blondel and Mann (4). Immunoprecipitated samples were split and
loaded onto two sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) gels for Western blot analysis or radioactivity detection in a BAS-
1000 phosphorimager (Fuji).

RESULTS

Nitrogen availability regulates the subcellular localization
of Imel. Yeast cells incubated in sporulation medium show
Imel localized in the nucleus, as expected for a transcriptional
activator (45). However, Imel is localized in the cytoplasm of
cells growing in acetate-based rich medium and accumulates
within the nucleus after G; cyclin depletion (8). In order to
characterize further the regulation of Ime1 localization exerted
by nutritional signals, we determined the effects of nitrogen
refeeding of cells growing in sporulation medium. A 3HA-
tagged IME] gene was constitutively expressed from the S.
pombe adh promoter in an imel-null mutant. Cultures growing
in acetate-based rich medium were transferred to sporulation
medium and incubated at 30°C to allow initiation of meiosis.
One hour after transfer, ammonium sulfate was added to the
culture at a final concentration of 40 mM, and samples were
taken at different time points. Figure 1A shows that Imel was
rapidly relocalized to the cytoplasm after addition of ammonia,
whereas the untreated culture showed Imel accumulated in
the nucleus. The same result was observed at concentrations of
ammonia as low as 5 mM (data not shown). Imel is a phos-
phoprotein that shows a characteristic electrophoretic mobility
pattern with two major bands: a high-mobility form and a
low-mobility form (5, 14, 45) (Fig. 1B). These modified forms
of Imel are mainly due to differences in the phosphorylation
level (our unpublished results). While the relative levels of
these phosphorylated forms remained almost unaffected, the
overall Imel protein levels showed a transient decrease after
ammonia addition (Fig. 1B). Nonetheless, the presence of am-
monia in the sporulation medium did not significantly change
the half-life of Imel (see Fig. SA and B). Figure 1C shows that
IME]-expressing untreated cells normally proceeded into a
premeiotic S phase—with no signs of budding—and finally
sporulated with high efficiency. However, after the addition of
ammonia, these cells arrested the meiotic cycle and resumed
proliferation by mitosis as deduced from budding indices (Fig.
1C) and increases in cell number (data not shown). These
results would indicate that ammonium refeeding inhibits mei-
osis initiation, at least in part by relocalizing Imel to the
cytoplasm.

We reasoned that the transient induction of mitotic prolif-
eration could account for release of the Imel nuclear signal.
To elucidate the importance of G, cyclins in the ammonium
response, we depleted cells of Cln-Cdc28 kinase activity by
using a cdc28-13 thermosensitive mutant. We had shown that
at restrictive temperature, Imel accumulates in the nuclei of
cdc28-13 cells and early meiotic genes as SPOI3 is expressed
(8). cdc28-13 cells transformed with the adhp-IME1-3HA con-
struct were grown in acetate-based rich medium at 25°C. Ex-
ponentially growing cells were shifted to 37°C, and ammonium
sulfate was added to the cultures 4 h later. Figure 2A shows
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FIG. 1. Ammonium refeeding prevents Imel accumulation within the nucleus. (A) Diploid CML268 (Aimel/Aimel) cells transformed with
either pCM279 (adhp-IME1-3HA) or YCplac22 (vector) were transferred to sporulation medium and incubated at 30°C. One sample was removed
1 h after transfer to sporulation medium (SPM). Then ammonium sulfate ([NH,],SO,) was added to the cell culture, and samples were taken at
the indicated time points. Ime1-3HA was visualized by immunofluorescence (Imel). Logarithmic-phase cells growing in acetate-based rich medium
(YPA) are shown as a control of the localization of Imel in the cytoplasm. Untreated cells harboring the vector are shown for background com-
parison. DNA was stained with DAPI (nuclei). Bar, 5 pm. (B) Ime1 levels were determined by Western blotting in samples taken as described for
panel A. A 12CAS5 cross-reactive band (*) serves as a control for loading. (C) DNA content distributions from cultures described for panel A. Sam-
ples for analyzing DNA content were collected after 6 h under sporulation conditions. Sporulation and budding indices obtained at 24 h are indicated.

that ammonia exerted a rapid effect and Imel relocalized to
the cytoplasm in 15 min. These data strongly suggest the exis-
tence of a predominant pathway sensing the presence of am-
monia and controlling Imel localization independently of G,
cyclins.

Ammonium and glutamine have unrelated effects on Imel
localization. To characterize the specificity of the ammonium
signal in the regulation of Imel, we determined the sporulation
efficiency after the addition of different nitrogen sources to the
sporulation medium (Table 1). Ammonia had the strongest
effect and was able to inhibit sporulation at final concentra-
tions as low as 2 mM. Poor nitrogen sources such as proline
and urea did not have any effect at 40 mM, but a rich nitrogen
source such as glutamine showed complete inhibition of sporu-
lation at this concentration. Figure 3A shows that addition of
glutamine also caused relocalization of Imel to the cytoplasm,
whereas Imel remained nuclear after proline addition. More-
over, the effect of glutamine was independent of G, cyclins, as
it was for ammonia addition (Fig. 2A) (described above). The
expression of two early meiotic genes, SPO13 and IME?2, was

repressed after addition of ammonia or glutamine to the
sporulation medium (data not shown), which correlates with
the relocalization of Imel to the cytoplasm.

Glutamine is a key intermediate in ammonia utilization (28).
Thus, the ammonium signal could be transmitted through the
synthesis of glutamine. To test this possibility, we observed the
localization of Imel in sporulation medium after addition of
ammonia in the presence of the glutamine synthetase inhibitor
L-methionine-sulfoxamine (10). As shown in Fig. 3A, relocal-
ization of Imel to the cytoplasm was not prevented by the
presence of the inhibitor. This result suggests that (i) the am-
monium signal acts independently of glutamine synthesis and
(ii) there is an additional signal originated from glutamine that
is transmitted to Imel function.

An ammonium signaling pathway has been described con-
trolling pseudohyphal differentiation (27). In this pathway, am-
monium availability would be sensed by the ammonium per-
mease Mep2 (32) and transmitted through the « subunit of the
guanine nucleotide binding protein Gpa2 (26). We have found
that homozygous null mep2 and gpa2 mutant cells were similar
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FIG. 2. Relocalization of Imel to the cytoplasm after addition of
ammonia or glutamine does not require Cdk1 activity. (A) Haploid
cdc28-thermosensitive CML200 (cdc28-13) cells transformed with
pCM279 (adhp-IME1-3HA) were exponentially grown in acetate-based
rich medium (YPA) at 25°C and transferred to 37°C. A sample was
taken 4 h after transfer to 37°C (untreated). Then the culture was
divided into two halves. The aliquots were maintained at 37°C, and
ammonium sulfate ([NH,],SO,) or glutamine was added to the me-
dium. Samples were removed 15 min after the addition of the nitrogen
source. Imel-3HA was visualized by immunofluorescence (Imel).
Haploid wild-type (wt) cells transformed with pCM279 (adhp-IMEI-
3HA) growing in YPA for 4 h at 37°C are shown as a control of the
localization of Imel in the cytoplasm. Untreated CML200 cells har-
boring the YCplac22 (vector) are shown for background comparison.
DNA was stained with DAPI (nuclei). Bar, 5 wm. (B) Imel levels were
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TABLE 1. Sporulation efficiency in different nitrogen sources

Nitrogen source or condition % Sporulation”

SEATVALION .vvveviveieeeieeie ettt sa e sae s eneenas 78.8
Ammonium sulfate
40 mM ... .<0.5

10 mM ... .<0.5

S5mM..... <0.5

2 MM ettt ns <0.5
Glutamine

40 MM ettt ns <0.5

10 mM . 117

Proline 40 mM . L 751
Urea 40 MM ...t enns 64.2

“ Sporulation was determined after incubation of 1788 cells for 24 h in sporu-
lation medium at 30°C with the different nitrogen sources. Values are the means
of triplicate determinations. Standard deviations were less than 15% of the
mean.

to the wild-type cells with regard to the nuclear localization of
Imel under sporulation conditions and relocalization to the
cytoplasm after ammonia addition (data not shown).

TOR regulates the localization of Imel. Changes in the
intracellular levels of glutamine can be sensed by the TOR
pathway (10). Therefore, we considered the possibility that the
effect of glutamine on Imel localization could be mediated by
TOR. First, to check the involvement of the TOR pathway in
the regulation of Imel localization, we examined the nuclear
accumulation of Imel after inactivation of TORC1 with rapa-
mycin. Wild-type and rapamycin-resistant TORI-1 cells trans-
formed with adhp-IME1-3HA were grown in acetate-based rich
medium at 30°C and treated with rapamycin. As shown in Fig.
4A, Imel was accumulated in the nucleus 15 min after the
addition of rapamycin in the wild type, but not in the TORI-1
rapamycin-resistant cells. These data indicate that the TOR
pathway is involved in the regulation of Imel function. Rapa-
mycin treatment also produced an increase in Imel protein
levels only in wild-type cells (Fig. 4C) (described below). In-
triguingly, an enrichment of the high-mobility form of Imel
was usually observed after treatment with rapamycin. TOR
modulates the phosphorylation state of different transcrip-
tional activators by controlling the activity of several kinases
and type 2 protein phosphatases, such as Sit4 (19). We have
observed that in null sit4 mutant cells, the localization and
mobility of Imel after addition of rapamycin were similar to
those in wild-type cells (data not shown), and therefore Sit4
would seem to be unrelated to the control of Imel by TOR.
Nevertheless, we cannot discard the idea that changes in the
phosphorylation state of Imel could be associated with the
control by TOR.

In a second experiment, diploid null imel cells transformed
with adhp-IME1-3HA were exponentially grown in rich me-
dium with acetate as a carbon source. These cells were pre-
treated with rapamycin for 15 min, and then either ammonium
sulfate or glutamine was added to the culture. Rapamycin-

determined by Western blotting in samples taken as described for
panel A. A 12CAS cross-reactive band (*) serves as a control for
loading.
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FIG. 3. Glutamine and ammonia cause relocalization of Imel in
the cytoplasm by different mechanisms. (A) CML268 (Aimel/Aimel)
cells transformed with pCM279 (adhp-IME1-3HA) were transferred to
sporulation medium and incubated at 30°C. One hour later, the cell
culture was divided into three aliquots. Glutamine or proline was
added to two of those aliquots, and samples were collected after 30 min
of additional incubation. A third aliquot was pretreated with 2 mM
L-methionine-sulfoximine for 20 min to inhibit the glutamine syn-
thetase, and a sample was removed after pretreatment (msx). Then
ammonium sulfate was added to the third aliquot, and a sample was
taken 30 min later (msx + [NH,],SO,). CML268 cells transformed
with YCplac22 (vector) and treated with 2 mM L-methionine-sulfoxi-
mine for 20 min are shown for background comparison. Ime1-3HA was
localized by immunofluorescence (Imel), and nuclei were counter-
stained with DAPI (nuclei). Bar, 5 um. (B) Imel levels were deter-
mined by Western blotting in samples taken as described for panel A.
A 12CAS cross-reactive band (*) serves as a control for loading.
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inactivated cells were still able to relocalize Imel to the cyto-
plasm in response to the addition of ammonia but not gluta-
mine (Fig. 4B). The same result was observed with cells under
sporulation conditions (data not shown). These data confirm
that ammonia and glutamine use different mechanisms and
suggest that the glutamine signal would be transmitted to Imel
through the TOR pathway.

The TOR pathway modulates the half-life of Imel. Treat-
ment of wild-type cells with rapamycin produced an increase in
the overall levels of Imel protein (Fig. 4C). This result made
likely the participation of the TOR pathway in the control of
Imel stability. First, we determined whether Imel was an un-
stable protein. Diploid null ime! cells transformed with adhp-
IME1-3HA were incubated for 2 h at 30°C in sporulation me-
dium with or without ammonia. Then the half-life of the Imel
protein was determined by pulse-chase analysis (see Materials
and Methods). Imel presented a half-life shorter than 5 min,
and the rate of protein decay was not affected by the presence
of ammonia (Fig. 5A and B). Second, we analyzed the stability
of Imel after rapamycin addition. Homozygous Aimel cells
harboring GAL Ip-IME1-3HA were induced in galactose-based
rich medium and then transferred to acetate medium and
treated with rapamycin. Figure 5C and D show that Imel was
stabilized after rapamycin addition, and the half-life of the
protein increased more than twice with respect to that of the
untreated culture. Thus, the TOR pathway may positively reg-
ulate the turnover of the Imel protein. The half-life under
untreated conditions was comparable to that obtained by
pulse-chase analysis. Remarkably, the stabilization of the Imel
protein by inactivation of the TOR pathway was observed even
in the presence of ammonia (Fig. 5C and D).

Nuclear accumulation of Imel is regulated via different
mechanisms. The SV40 NLS is able to direct the nuclear im-
port of many heterologous proteins (46). Two SV40 NLS were
fused to IME1, and the resulting construct (IMEI-2xNLS) was
expressed under the control of the adh promoter (Fig. 6C).
Diploid null imel cells harboring adhp-IMEI-2xNLS were ex-
ponentially grown in acetate-based rich medium at 30°C. As
shown in Fig. 6A, the presence of two copies of SV40 NLS
caused Imel to accumulate in the nucleus under these condi-
tions. Furthermore, Ime1-2xNLS remained nuclear after am-
monia addition. However, only a few cells showed nuclear
signal after glutamine addition in the same experiment (data
not shown). In a second experiment, we subjected Ime1-2xNLS
to high levels of G, cyclins. In haploid cdc34-2 cells at restric-
tive temperature, high levels of Cln/Cdc28 kinase activity are
reached and Imel is found in the cytoplasm (8). cdc34-2 cells
transformed with adhp-IME1-2xNLS were grown at 25°C in
acetate-based rich medium and shifted to 37°C during 4 h. As
shown in Fig. 6B, Imel-2xNLS remained cytoplasmic in the
cdc34-2 mutant at restrictive temperature. All of these data
support the notion that distinct signals may regulate the accu-
mulation of Imel in the nucleus through different mechanisms.

Loss of TOR function promotes activation of Imel-depen-
dent transcription. The preceding results show that Imel
needs to interact with the DNA binding protein Ume6 to
induce meiotic expression, and this interaction is regulated by
the nutritional status of the cell (40, 49). Then the nuclear
barrier could be a first control step, and additional mechanisms
would modulate the function of Imel once in the nucleus. In
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FIG. 4. The TOR pathway regulates the nuclear localization of Imel. (A) Haploid JK9-3da (wild type [wt]) and JH11-1c (TORI-I) cells
harboring pCM279 (adhp-IME1-3xHA) were grown exponentially in YPA at 30°C. One part of the culture was treated with rapamycin (200 ng/ml
[rap]), and the rest remained without rapamycin (untreated). Samples were removed 15 min after rapamycin addition. TORI-I cells harboring
YCplac22 (vector) and treated with rapamycin (200 ng/ml [rap]) for 15 min are shown for background comparison. Ime1-3HA was localized by
immunofluorescence (Imel), and nuclei were counterstained with DAPI (nuclei). Bar, 5 wm. (B) CML268 (Aimel/Aimel) cells with pCM279
(adhp-IME1-3xHA) were grown exponentially in YPA at 30°C. The culture was pretreated for 15 min with rapamycin (200 ng/ml [rap]). One part
of the culture remained without rapamycin (untreated). Samples were taken after the pretreatment, and then the cell culture was divided in two
aliquots. Ammonium sulfate [(NH,),SO,4] or glutamine was added to the cultures, and samples were taken 30 min later. Ime1-3HA was visualized
by immunofluorescence (Imel). A sample of CML268 cells with YCplac22 (vector) growing exponentially in YPA at 30°C was taken for
background comparison. DNA was stained with DAPI (nuclei). Bar, 5 wm. (C) Ime1 levels were determined by Western blotting in samples taken
as described for panels A and B. A 12CAS cross-reactive band (*) serves as a control for loading.
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FIG. 5. The TOR pathway regulates the half-life of Imel. (A) Pulse-chase analysis of the Imel-3HA protein (Imel). 1788(pCM279) cells
(adhp-IME1-3xHA) were transferred to sporulation medium with ([NH,],SO,) or without (untreated) ammonium sulfate. Two hours after transfer
to sporulation medium, a pulse-chase analysis was done as described in Materials and Methods. 1788('YCPlac22) cells were labeled and used as
a negative control for immunoprecipitation (no tag). A nonspecific band that cross-reacts with the 12CA5 antiboby is indicated by an asterisk.
(B) Quantification of **S-Ime1 radioactivity relative to the total amount of Ime1 for each sample as shown in panel A. (C) Western blot analysis
of Ime1-3HA (Imel) total protein decay. CML268 cells transformed with pCYC129 (GAL1p-IME1-3xHA) growing in YPRafGal were transferred
to YPA alone (untreated), YPA with rapamycin (200 ng/ml [rap]), or YPA with rapamycin (200 ng/ml) and ammonium sulfate (rap+[NH,],SO,).
Samples were taken at the indicated time points. A nonspecific band that cross-reacts with the 12CAS antibody is indicated by an asterisk.
(D) Quantification of the Imel protein detected in panel C. Values are relative to time zero.

order to confirm this possibility, we analyzed the induction of
early meiotic genes under those conditions in which Imel ac-
cumulates in the nucleus. First, samples of the diploid null
imel mutant transformed with adhp-IME1-2XNLS-3HA were
obtained from logarithmic-phase cultures in acetate-based rich
medium at 30°C. Even though Ime1-2xNLS was detected in the
nucleus of cells growing in acetate-based rich medium (Fig.
6A), this was not sufficient to induce SPO13 and IME?2 expres-
sion (Fig. 7A). As expected, the same cells incubated in sporu-
lation medium were able to induce the SPO13 and IME?2 tran-
scripts (Fig. 7A). These data corroborate the existence of
additional nutritional controls once Imel is localized in the
nucleus. Second, diploid Aimel cells harboring adhp-IMEI-
3HA or an empty vector were exponentially grown in acetate-
based rich medium at 30°C and treated with rapamycin for 30
min. As shown in Fig. 7A, the addition of rapamycin caused an
induction of SPO13 and IME2 expression similar to that of
MEP2, a TOR-controlled gene (2, 6). The transcripts of SPO13
and IME2 were already detected 15 min after the addition of
rapamycin and showed a maximum level of expression at 30
min (data not shown). However, the expression of IME2
showed a transitory induction similar to MEP2 (6), since the
level of transcript was greatly reduced 2 h after the addition of

rapamycin (data not shown). It is important to note that the
rapid induction of SPO13 and IME?2 was totally dependent on
Imel (Fig. 7A). This finding is in agreement with the localiza-
tion of Imel in the nuclei of TOR-inactivated cells in rich
medium and strongly suggests that TOR is also involved in the
nutritional control of the activation of Imel-dependent tran-
scription once Imel is localized in the nucleus.

DISCUSSION

In a previous work, we described that G, cyclins negatively
regulate the initiation of meiosis by preventing the accumula-
tion of Ime1 in the nucleus (8). Here we report the existence of
additional pathways, unrelated to the role of G, cyclins, that
would control the localization of Imel in response to nitrogen
signals. On the one hand, the sudden addition of rich nitrogen
sources such as ammonia or glutamine induces a relocalization
of Imel to the cytoplasm in Cdk1 activity-depleted cells. Also,
the decrease of Imel nuclear signal in wild-type starved cells is
very fast and takes place only 15 min after the nitrogen source
addition, whereas G, cyclin levels need longer times to recover
after refeeding (our unpublished results). Then we conclude
that ammonia and glutamine are able to originate a signal
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FIG. 6. Ammonium, TOR, and G, cyclins regulate nuclear ac-
cumulation of Imel by different mechanisms. (A) CML268 cells
transformed with pCM279 (adhp-IME1-3xHA) or pCM388 (adhp-
IME1-2xNLS-3xHA) were grown in YPA at 30°C, and samples were
taken from exponential cultures (untreated). Then ammonium sul-
fate ([NH,],SO,) was added to the CML268 cells harboring pCM388,
and samples were taken 30 min after additional incubation. (B)
Haploid cdc34-thermosensitive CML344 (cdc34-2) cells transformed with
pCM388 or YCplac22 (vector) were grown in YPA at 25°C and then
shifted to 37°C. Samples were taken 4 h after the shift to the restrictive
temperature. Under the same growth conditions, cdc34-2 cells express-
ing the transcriptional factor Swi6 (tetp-3HA-SWI6) were used as an
independent control of nuclear localization. Ime1-3HA and 3HA-Swi6
were visualized by immunofluorescence (indicated by Imel or IF), and
DNA was stained with DAPI (nuclei). Bar, 5 wm. (C) Imel levels were
determined by Western blotting in samples obtained as described for
panels A and B.
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FIG. 7. (A) CML268 cells transformed with pCM279 (adhp-IME]-
3xHA), pCM388 (adhp-IME1-2xNLS-3xHA), or YCPlac22 (vector)
were grown in YPA at 30°C. Samples were taken from exponential-
phase cultures (exp). Then one part of the cultures was treated with
200 ng of rapamycin per ml, and samples were taken 30 min later (rap).
Another part was transferred to sporulation medium and incubated for
3 h before the samples were collected (spm). RNA levels for the
meiotic early genes IME2 and SPO13 were determined by Northern
blotting. The TOR-regulated gene MEP2 was used as a control of
rapamycin treatment. snUl mRNA serves as a loading control. (B)
Relative gene expression of samples in panel A. The loading was
normalized to the Ul signal, and relative gene expression was deter-
mined by setting the maximal signal for each transcript to 100.
(C) Schematic diagram of different elements involved in the regulation
of the localization of Imel. See Discussion for details.

transmitted to Imel in parallel to the activation of the mitotic
cycle. Considering that ammonia is metabolically incorporated
mainly as glutamine (28), we reasoned that a single pathway
could transmit both signals. By using a glutamine synthetase
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inhibitor, we show here that the effects due to ammonium
addition are independent of glutamine formation. Therefore,
ammonium and glutamine seem to trigger two separate signals.

As we show here, the inactivation of the TOR pathway with
rapamycin blocks the response of cells to the sudden addition
of glutamine but not ammonia. Thus, the glutamine signal
would be transmitted to Ime1 through the TOR pathway, while
there would be an uncharacterized pathway that would specif-
ically transmit the ammonium signal. In agreement with this, it
has been proposed that TOR is able to sense changes in the
intracellular levels of glutamine, because transcriptional acti-
vators such as GIn3 or Rgtl/3 are translocated to the nucleus
in a TOR-dependent manner after glutamine starvation (10).
The nuclear accumulation of both GIn3 and Rgtl/3 is also
induced by inactivation of the TOR pathway with rapamycin
(2, 21). In accordance with these data, we also show that the
addition of rapamycin induces the accumulation of Imel
within the nucleus in wild-type cells growing in rich medium,
but not in rapamycin-resistant TORI-1 cells. Thus, Imel seems
to behave like the TOR-controlled transcription activators.
Furthermore, we report here that Ime1 fused to two SV40 NLS
is able to counteract the effects caused by a sudden addition of
ammonia but not glutamine (data not shown) or high levels of
G, cyclins. This finding emphasizes that ammonium, TOR, and
G, cyclins would control the localization of Imel through dis-
tinct mechanisms. A general mechanism to ensure the cyto-
plasmic localization of several TOR-controlled transcriptional
activators is mediated by the interaction with specific cytoplas-
mic retention factors (2). One of these factors, Ure2, is in-
volved in the cell response to changes in the quality of nitrogen
sources (2, 6, 15). A null ure2 mutant accumulated Imel in the
nucleus after rapamycin treatment like the wild-type strain
(our unpublished results), suggesting that TOR may not in-
volve Ure2 in the prevention of the nuclear accumulation of
Imel.

Previously, the TOR pathway has been described as control-
ling the turnover of several proteins involved in the initiation
of translation and in the cell response to starvation (3, 42). We
show here that TOR partially modulates the turnover of Imel,
because the inactivation of TOR with rapamycin causes an
increase in the overall levels of the Imel protein in wild-type
but not in TORI-1 cells, and this increase is due to the increase
in the half-life of Imel. Thus, TOR would regulate Imel func-
tion by controlling both localization and turnover of the pro-
tein. Our results also indicate that the control of Imel turnover
is specific for TOR and independent of the presence of am-
monia. This finding agrees with the fact that (i) inactivation of
TOR and (ii) nitrogen starvation do not cause equivalent re-
sponses at the transcriptome level (15).

The nuclear localization of Imel (Imel-2xNLS) is not suf-
ficient to turn on Imel-dependent transcription. However, we
report here that loss of TOR function promotes the induction
of early meiotic genes in acetate-rich medium. This finding
suggests that TOR could transmit nutritional signals to control
additional steps of Imel-dependent transcription, besides the
localization of Imel. Although our results would seem contra-
dictory to the published data describing the transcriptome pro-
file induced by rapamycin (15), there are two important meth-
odological differences to be noted. First, we have grown the
cells in acetate instead of glucose as the carbon source, and
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glucose may impose additional mechanisms on the regulation
of Ime1-dependent transcription (18). Thus, our data would be
consistent with the fact that rapamycin promotes sporulation in
glucose-rich medium only in saturated cultures, when glucose
becomes exhausted (50). Second, we have used the S. pombe
adh promoter to release the expression of IMEI from nutri-
tional controls. In wild-type cells expressing the endogenous
IME] gene under its own promoter, rapamycin did not induce
SPOI13 and IME?2 expression (data not shown). Then an ec-
topic source of Imel would be required to observe the activa-
tion of Imel-dependent transcription by rapamycin. Finally, in
our model, only a few diploid cells transformed with adhp-
IME1-3HA produced tetrads 2 days after incubation in acetate-
based rich medium in the presence of rapamycin (data not
shown). Additional work will be required to analyze the phys-
iological relevance of TOR inactivation during the whole
sporulation process.

We propose here that subcellular localization of Imel is
specifically controlled by nutritional as well as cell cycle signals
(Fig. 7C). Three independent mechanisms, TOR, ammonia,
and G, cyclins, act in parallel to prevent the accumulation of
Imel in the nucleus. We cannot discard partial overlap among
these three signaling processes, because ammonia and TOR
are able to upregulate G, cyclin levels (1). The TOR pathway
has been proposed to involve glutamine to integrate both ni-
trogen and carbon metabolism (10), suggesting that TOR
could play an important role in sensing the optimal combina-
tion of nitrogen- and carbon-limiting conditions for entry into
meiosis or pseudohyphal differentiation. It is important to note
that TOR would play opposite roles in regulating the distinct
developmental pathways, because filamentous growth requires
an active TOR pathway (11). Finally, signaling of Imel by
independent mechanisms would facilitate cells to decide the
suitable response to different nutritional situations. The mei-
otic program is an energetically expensive process, and diploid
yeast cells only initiate meiosis under nutrient-limiting situa-
tions that fulfill two main requirements: (i) starvation or low
quality of carbon and nitrogen sources and (ii) arrest of mitotic
proliferation. When cells are faced with intermediate prolifer-
ating and/or nutrition-limiting situations, the regulation of
Imel through independent nutritional and cell cycle mecha-
nisms would help cells to prevent inappropriate entry into the
meiotic program.
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