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Treatment of Saccharomyces cerevisiae cells with the immunosuppressive drug rapamycin results in a variety
of cellular changes in response to perceived nutrient deprivation. Among other effects, rapamycin treatment
results in the nuclear localization of the global nitrogen activators GIn3p and Nillp/Gatlp, which leads to
expression of nitrogen assimilation genes. The proline utilization (Put) pathway genes were shown to be among
the genes induced by rapamycin. Having previously shown that the Put pathway activator Put3p is differentially
phosphorylated in response to the quality of the nitrogen source, we examined the phosphorylation status of
Put3p after rapamycin treatment. Treatment with rapamycin resulted in the hyperphosphorylation of Put3p,
which was independent of GIn3p, Nillp, and Ure2p. The relative contributions of global nitrogen (GIn3p and
Nillp) and pathway-specific (Put3p) activators to rapamycin-induced expression of the target gene PUT1 were
also examined. We found that Nillp and Put3p, but not Gln3p, play major roles in rapamycin-induced PUT1
expression. Our findings show that perceived nitrogen deprivation triggered by rapamycin treatment and
steady-state growth in nitrogen-derepressing conditions are associated with hyperphosphorylation of Put3p
and increased PUT1 expression. Rapamycin treatment and nitrogen derepression may share some, but not all,
regulatory elements, since GIn3p and Nillp do not participate identically in both processes and are not
required for hyperphosphorylation. A complex relationship exists among the global and pathway-specific

regulators, depending on the nature and quality of the nitrogen source.

Utilization of nonpreferred nitrogen sources in the yeast
Saccharomyces cerevisiae is the result of the interplay between
two types of regulatory systems, global and specific. The global
system represses the utilization of alternative nitrogen sources
when preferred nitrogen sources are present and relieves this
repression when the preferred nitrogen sources are depleted
(reviewed in reference 45). It includes four GATA factor fam-
ily members that bind GATAA sequences (UASyrg), con-
sisting of two positively acting regulators, Gln3p (47) and
Nillp/Gatlp (17, 58), two negatively acting regulators, Dal80p/
Uga43p (19, 23) and Nil2p/Dehlp/Gzf3p (18, 50, 56), and a
global nitrogen repressor, Ure2p (31, 34, 35). The GATA
factors are involved in a complex interplay of cross- and auto-
regulation and competition for GATAA sites (18, 22, 24, 56,
57). GIn3p is thought to be kept in an inactive complex with
Ure2p in the cytoplasm under nitrogen-rich conditions (4, 7).

In addition to the global regulators, pathway-specific regu-
lators activate permeases and catabolic enzymes in response to
induction by their substrates or intermediates. In several of the
best-characterized systems, e.g., allantoin utilization (49) and
v-aminobutyrate (GABA) utilization (2, 59), analysis of cis-
acting sequences demonstrates that both global and specific
factors bind to the promoters of specific transporter and en-
zyme genes. Few studies to date address the question of the
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nature and kinds of interactions that exist between global and
specific nitrogen-regulatory proteins.

Recent studies of the effects of rapamycin on yeast cells
demonstrated that transcription of many genes in nutrient-
sensing pathways, including those of the proline utilization
pathway, was altered (14, 36). Treatment with rapamycin re-
sulted in the dephosphorylation and subsequent nuclear local-
ization of Gln3p, mimicking what occurs during growth under
nitrogen-limiting conditions (4, 5).

In this study, we present an analysis of interactions between
two GATA factors, GIn3p and Nillp, and Put3p, the pathway-
specific activator, in controlling the regulation of the proline
utilization pathway in response to rapamycin treatment or
steady-state growth under nitrogen-poor conditions. Proline is
the most abundant source of nitrogen for yeast cells growing in
the wild (6) and a poor nitrogen source for laboratory strains.
Transcription of the proline transporter genes GAPI and
PUT4 and the genes that encode the enzymes of the pathway,
PUTI and PUT2, is sensitive to nitrogen regulation (15, 16, 26,
38, 50, 56-58, 61), and the latter two are induced by proline
(12, 13). The Put3p pathway-specific activator is absolutely
required for induction by proline (10, 27, 54), binds at UAS, -
sites to the promoters of its target genes under all conditions
(3), and undergoes differential phosphorylation as a function
of the quality of the nitrogen source (37) and conformational
changes in response to proline (28).

The induction of PUT gene expression by rapamycin led us
to examine which factors were required for the increase in
expression and what effect the drug had on phosphorylation of
Put3p. We report that the induction of PUTI gene expres-
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sion by rapamycin is mediated through Nillp and Put3p, with
little involvement by GIn3p. Rapamycin treatment results in
the hyperphosphorylation of Put3p. We observed only partial
congruence between factors important for elevated gene ex-
pression due to rapamycin treatment and those required for
nitrogen derepression caused by growth of yeast cells in nitro-
gen-poor media.

MATERIALS AND METHODS

Strains and plasmids. Protease-deficient strains BJ2168 (MATa pep4-3 prbl-
1122 prcl-451 ura3-52 leu2 tpl) and DB1000, a put3A:LEU2 derivative of
BJ2168, have been described previously (37, 39). Strain BJ2168ure2A was con-
structed by transformation of strain BJ2168 with a 3.5-kb EagI-Clal fragment
carrying ure2A11::LEU2 from plasmid 1C-CSAU (20). Leu™ transformants were
screened by DNA hybridization analysis to verify that the genomic URE2 gene
had been replaced by the disrupted copy. Strain BJ2168nill A was constructed by
transformation of strain BJ2168 with a 7.4-kb Xhol fragment carrying nill::hisG::
URA3::hisG from plasmid pMS61 (58). Ura* transformants were screened by
DNA hybridization to determine that the genomic NILI gene had been dis-
rupted. These transformants were then streaked on 5-fluoroorotic acid plates,
and resistant clones were isolated. Loss of URA3 and formation of the nill::hisG
disruption were again confirmed by DNA hybridization. Strain BJ2168gin3A was
constructed by transformation of strain BJ2168 with a 3.4-kb AatIl fragment
carrying gin3:LEU2 from plasmid pPM35 (47). Leu™ transformants were
screened by DNA hybridization to determine that the genomic GLN3 gene had
been disrupted. Strain BJ2168nill Agin3A was constructed by transformation of
strain BJ2168nillA with the same 3.4-kb Aarll fragment carrying gln3::LEU2 as
described for BJ2168gin3A. Leu™ transformants were screened by DNA hybrid-
ization to determine that both the genomic GLN3 and NILI genes had been
disrupted. All protease-deficient strains were derived from the S288C back-
ground; their regulation is similar, although not identical, to that of the 21278b
strains described below. Protease-deficient strains were used to enhance the
detection of phosphoforms of Put3p.

Strains DB26-3A (MATa ade2 ura3-52 TRPI-PUTI-lacZ), DB26-2B (MATa
put3A:ADE2 ade2 ura3-52 TRPI-PUTI-lacZ), and DB27-5B (MATa ade2
ura3-52 TRP1-PUT2-lacZ) were transformed with the leu2::hisG-URA3-hisG cas-
sette from plasmid pNKY85 (1) to introduce, after selection for 5-fluoroorotic
acid resistance, the leu2::hisG mutation, yielding strains DB200, DB201, and
DB202, respectively. Strain DB200 (MATa ade2 ura3-52 leu2::hisG TRP1-PUTI-
lacZ) is the parent of strains DB1200 (gln3A::LEU2), DB2000 (nil1A::URA3),
and DB2200 (g/n3A:LEU2 nill A::URA3). Strain DB201 (MATa put3A::ADE2
ade2 ura3-52 leu2::hisG TRPI-PUTI-lacZ) is the parent of strains DB1201
(gin3A::LEU2), DB2201 (nillA:URA3), and DB2300 (gin3A:LEU2 nillA:
URA3). Strain DB202 (MATa ade2 ura3-52 leu2::hisG TRPI1-PUT2-lacZ) is the
parent of strains DB1202 (gin3A::LEU2), DB2001 (nillA::URA3), and DB2202
(gin3A::LEU2 nill A::URA3). Strain DB27-3A (MATa put3A::ADE?2 ade2 ura3-52
leu2::hisG TRPI-PUT2-lacZ) is the parent of strains DB1273A (gln3A::LEU2),
DB2273 (nil1A::URA3), and DB2301 (g/n3A::LEU2 nill A::URA3). All DB strains
are isogenic and were derived from the %1278b background.

Plasmid YEp13 (high-copy vector carrying LEU2) (8), pWB36 (low-copy vec-
tor carrying PUTI-lacZ (60), and pABC4 (low-copy vector carrying PUT2-lacZ)
(53) have been previously described. Plasmid pMDB4 carries a 3.6-kb Eagl-Xhol
fragment containing PUT3 from plasmid pBS-PUT3A (28) ligated to plasmid
YEp24 cut with Eagl and Sa/l. Plasmid pMDB9 carries a 3.6-kb SnaBI fragment
containing PUT3 from plasmid pBS-PUT3A inserted at the Smal site of plasmid
YEp24 (8).

Media, growth conditions, extract preparation, and 3-galactosidase assays.
The minimal medium used in this study has been described previously (11).
Glucose (2%) was the carbon source. Nitrogen sources were glutamine (0.1%),
ammonium sulfate (0.2%), glutamate (0.1%), GABA (0.1%), or proline (0.1%).
Supplements of tryptophan, uracil, leucine, adenine, and glutamine were added
when required; strains with related genotypes were grown under identical con-
ditions. gln3 strains were always grown in the presence of glutamine (30 mg/liter).

The methods for growth of cells and extract preparation have been described
previously (46). The units of specific activity are nanomoles of o-nitrophenol
formed per minute per milligram of protein. The numbers represent the average
of two to four determinations; variation is listed in the figures. Protein concen-
trations of crude extracts were determined by the method of Bradford (9), using
crystalline bovine serum albumin as the standard.

For experiments in which rapamycin treatment was used, cells were grown on
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a glucose-glutamine minimal medium until they reached a cell density of 50 Klett
units (blue filter). A control sample of 10 ml was removed, and rapamycin
(dissolved in 90% ethanol-10% Tween 20) or the drug vehicle alone was added
to a final concentration of 200 ng/ml. Cells (10 ml) were removed at various time
points, and extracts were made as described above for B-galactosidase activity.

Preparation of extracts for phosphorylation profiles, dephosphorylation, and
immunodetection. Protease-deficient strains BJ2168, DB1000, BJ2168ure2A,
BJ2168nil1A, and BJ2168nill Agin3A were used for the analyses. Cell extracts
were prepared as described previously (37) in modified IP buffer (50 mM Tris-
HCI [pH 7.4], 150 mM NaCl, 5 mM EDTA, 5 mM EGTA, 10 mM dithiothreitol)
with protease inhibitors. For dephosphorylation of extracts with calf intestinal
phosphatase, 25 pg of total protein was treated with 15 U of calf intestinal
phosphatase (New England Biolabs) with or without phosphatase inhibitors for
1 h at 37°C (37). The reaction was stopped by addition of 5X Laemmli sample
buffer (42) to a final concentration of 1X and boiling for 5 min. For maximum
separation of Put3p isoforms, longer gels (18 by 24 cm) were used and electro-
phoresis was carried out at 77 V at room temperature for 18 to 20 h under
modified sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) conditions (37). Proteins were transferred to polyvinylidene difluoride
membrane and probed with anti-Put3p serum diluted 1:4,000.

RESULTS

Rapamycin treatment results in hyperphosphorylation of
Put3p. Put3p is a phosphoprotein whose ability to activate
transcription of its target genes is correlated with the extent of
its phosphorylation and with decreased quality of the nitrogen
source in the medium (37). The poorer the nitrogen source in
the growth medium, the more slowly Put3p migrates in dena-
turing gels. Since Put3p is large, with a molecular mass of 117
kDa, the difference in migration of hyper- and hypophosphor-
ylated forms of Put3p is small but reproducible; separation of
the isoforms requires modification of the standard SDS run-
ning buffer (37).

To determine if rapamycin treatment resulted in hyperphos-
phorylation of Put3p, extracts of glutamine-grown (protease-
deficient) cells were separated by SDS-PAGE and subjected to
immunoblotting with anti-Put3p antiserum. The Put3p band
migrated more slowly in extracts of cells treated with the drug
than in those that were untreated (Fig. 1A, lanes 1 and 2), and
treatment with phosphatase converted the slower-migrating
species to a faster-migrating form (lanes 3 and 4). Similar re-
sults were obtained after rapamycin treatment of cells grown
on ammonia-containing medium (data not shown). These re-
sults demonstrate that Put3p is hyperphosphorylated upon
rapamycin treatment, similar to our previous observations for
cells grown in nitrogen-derepressing conditions (37).

To determine if rapamycin-induced hyperphosphorylation
of Put3p is dependent (directly or indirectly) on the positively
acting GATA factors, we assayed the migration of Put3 phos-
phoforms in strains in which Gln3p and Nillp were deleted. In
the nill Agin3A strain, Put3p is hyperphosphorylated compara-
ble to the level in the wild-type strain (Fig. 1B, compare lanes
1 and 2 with lanes 3 and 4). Thus, rapamycin-induced hyper-
phosphorylation of Put3p does not require the presence of
these GATA factors.

Hyperphosphorylation of Put3p is independent of Nillp in
steady-state growth. To compare features of rapamycin-in-
duced nitrogen limitation with those of steady-state growth on
nitrogen-poor media, we examined the involvement of Nillp in
hyperphosphorylation of Put3p under steady-state nitrogen-
derepressing conditions. Cells of the wild-type and nill strains
were grown in nitrogen-rich (glutamine) and nitrogen-poor



554 SAXENA ET AL.

CiP - - +
CIPInh. - - + -
Rap +

WT nil1gln3
+1- 41

nil1 WT
Nsource Q@ Gla G|
- s

FIG. 1. Phosphorylation profiles of Put3p in wild-type and GATA
factor-deficient yeast strains. (A) Hyperphosphorylation of Put3p after
rapamycin treatment in a wild-type strain. Protease-deficient strain
DB1000 carrying high-copy PUT3-containing plasmid pMDB4 was
grown in minimal glucose-glutamine medium supplemented with tryp-
tophan. Rapamycin (lanes +; 200 ng/ml) or the drug vehicle alone
(lanes —; 90% ethanol-10% Tween 20) was added, and the cells were
harvested 60 mins later. Lanes:1 and 2, extracts were prepared and
separated by SDS-PAGE followed by immunoblotting with anti-Put3p
antibody; 3 and 4, rapamycin-treated extracts were incubated with calf
intestinal phosphatase (CIP) in the presence or absence of phospha-
tase inhibitors (CIP Inh.), as described in Materials and Methods. (B)
Hyperphosphorylation of Put3p after rapamycin treatment in GATA
factor-deficient yeast strains. Strains BJ2168 (wild type [WT]) and
BJ2168 nill Agin3A (nill::hisG gln3::LEU2) carrying high-copy plasmid
pMDBY (PUT3) were grown in a minimal glucose-glutamine medium
supplemented with tryptophan and leucine and treated with rapamycin
(lanes 2 and 4) or drug vehicle (lanes 1 and 3) as in panel A. Extracts
were prepared and separated by SDS-PAGE followed by immunoblot-
ting with anti-Put3p antibody as in panel A. (C) Hyperphosphorylation
of Put3p in wild-type and nill strains grown in nitrogen-derepressing
media. Strains BJ2168 and BJ2168 nillA (nill::hisG) carrying plasmid
pMDB9 were grown in a minimal glucose medium supplemented with
tryptophan and leucine and containing either glutamine (Q; lanes 1
and 3) or GABA (G; lanes 2 and 4) as the sole nitrogen source. Ex-
tracts were prepared and separated by SDS-PAGE followed by immu-
noblotting with anti-Put3p antibody as in panel A. (D) Hyperphosphor-
ylation of Put3p in a wure2A strain. Extracts of strains DB1000 or
BJ2168 ure2A (ure2::LEU2) carrying plasmid pMDB4 (PUT3) grown in
minimal media with either glutamine (Q; lanes 1, 2, 5, and 6) or GABA
(G; lanes 3, 4, 7, and 8) as the nitrogen source were subjected to
modified SDS-PAGE and immunoblotting with anti-Put3p antiserum.
In lanes 5 to 8, the same extracts were incubated with calf intestinal
phosphatase in the presence or absence of phosphatase inhibitors
followed by SDS-PAGE and immunoblotting.
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(GABA) conditions, and proteins were extracted and sepa-
rated to identify Put3p phosphoforms. As with the rapamycin-
treated cells, removal of Nillp did not appear to affect the
nitrogen-sensitive hyperphosphorylation of Put3p (Fig. 1C). Un-
fortunately, the protease-deficient gln3A and nillA gin3A
strains grew so poorly on GABA-containing media that it was
impossible to assay the phosphoforms under those conditions.

Mutations in URE2 cause hyperphosphorylation of Put3p.
One of the roles of Ure2p is to prevent the expression of al-
ternative nitrogen source utilization pathways when preferred
nitrogen sources are present; under these conditions, Ure2p
binds to GIn3p in the cytoplasm and prevents its nuclear lo-
calization (4, 7). In ure2 strains, genes of these alternative
pathways are inappropriately expressed in nitrogen-rich con-
ditions (15, 21, 30-33, 35, 61). Since the PUT genes are con-
trolled by Ure2p, we examined the phosphorylation pattern of
wild-type Put3p in a ure2A strain grown under either nitrogen-
rich or nitrogen-poor conditions. Like the previously described
PUT3¢ constitutive (nitrogen-insensitive) alleles (37), wild-type
Put3p in a ure2 background is aberrantly hyperphosphorylated
in cells grown in nitrogen-rich conditions (Fig. 1D). This hy-
perphosphorylation is again correlated with aberrantly high
levels of PUT1 and PUT2 expression (15, 61).

Roles of Put3p, GIn3p, and Nillp in rapamycin-induced
expression of PUT1. Recent studies from three laboratories on
the effects of rapamycin on yeast cells demonstrated that tran-
scription of the PUT genes was induced (4, 14, 36). To confirm
these results for strains and growth conditions in use in our
laboratory, we first determined that laboratory yeast strains of
two different backgrounds (21278b and S288C) grown in a
minimal glutamine medium responded to rapamycin in a sim-
ilar manner to the strains grown in YPD medium used by the
Schreiber (36) and Heitman (14) laboratories. We measured
the B-galactosidase expression of protease-proficient 31278b-
derived and protease-deficient S288C-derived strains (used for
the phosphoform analysis) carrying the reporter genes PUTI-
lacZ and PUT2-lacZ, exposed to rapamycin for various times.
We found that PUT1 expression increased approximately four-
fold after a 1-h rapamycin treatment (Fig. 2) and was observed
within 15 min of treatment (data not shown). These results are
consistent with the 4.6-fold increase in steady-state PUTI RNA
levels after a 1-h treatment reported by Hardwick et al. (36).
We did not see an increase in PUT2-lacZ expression compa-
rable to the twofold effect on PUT2 RNA levels observed by
this group, which may reflect the down-regulation of overall
protein synthesis by rapamycin. Given these results, we used
expression of PUT1-lacZ in cells growing in a minimal medium
with glutamine as the sole nitrogen source to monitor rapam-
ycin-induced expression of the proline utilization pathway.

To determine which activators were playing a role in the
rapamycin-induced expression of PUTI, we assayed the effect
of removal of Put3p, GIn3p, and Nillp, singly and in combi-
nation, on B-galactosidase expression in cells growing in the
presence or absence of rapamycin treatment in a set of eight
strains carrying PUTI-lacZ integrated into the genome. Com-
pared to the wild-type strain, removal of Nillp resulted in the
loss of rapamycin induction. Removal of either GIn3p or Put3p
affected the overall level of expression but did not affect the
magnitude of rapamycin induction; rapamycin treatment of
gIin3A or put3A strains induced PUTI expression 3.6- and 3.5-
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FIG. 2. PUT gene expression after treatment with rapamycin. Pro-
tease-deficient strain BJ2168 carrying plasmids pYEp13 (LEU2) and
either pWB36 (PUTI-lacZ) or pABC4 (PUT2-lacZ) was grown in min-
imal glucose-glutamine medium supplemented with tryptophan. Rapa-
mycin (+; 200 ng/ml) or the drug vehicle alone (—; 90% ethanol-10%
Tween 20) was added, and the cells were harvested 60 min later and
assayed for B-galactosidase activity. Results are the average of three
independent experiments with standard deviation as indicated.

fold, respectively, compared with the 4-fold induction observed
in the wild-type strain (Fig. 3).

In the absence of Put3p, the level of PUTI expression was
reduced to about one-third of that observed in the wild type, in
agreement with previous studies (10, 27, 37). In the gln3A
nil1A, put3A gin3A, put3A nill A, and put3A gin3A nill A strains,
expression was at or near background levels (those of the triple
knockout) and rapamycin-induced PUTI expression was two-
fold or less. These results suggest that rapamycin induction is
mediated mainly through Nillp and Put3p, with a small con-
tribution by GIn3p.

Nitrogen regulation of the PUT genes by the GATA factors
and Put3p. Rapamycin treatment of yeast cells is thought to
mimic nitrogen deprivation (4, 5). In a shift from a rich to a
poor nitrogen source, the GATA factors GIn3p and Nillp/
Gatlp enter the nucleus and activate genes in nitrogen-assimi-
latory pathways (4). Having demonstrated that Nillp is the
major nitrogen activator in rapamycin-induced expression of
PUTI, we compared the participation of both Nillp and GIn3p
in nitrogen derepression of PUT1 during steady-state growth.
The eight PUTI-lacZ strains with single or multiple combina-
tions of mutations in PUT3, GLN3, and NILI were assayed
during steady-state balanced growth in nitrogen-repressing
(glutamine or ammonia as the sole nitrogen source), nitrogen
derepressing (glutamate or GABA as the sole nitrogen source),
and nitrogen-derepressing, proline-inducing (proline as the
sole nitrogen source) conditions. Glutamine and glutamate
were specifically chosen so that we could compare the results
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with previous studies of GAPI encoding the general amino
acid permease (58). A systematic study of PUTI expression in
wild-type and various mutant strains grown with these five
nitrogen sources has not been reported previously.

The behavior of PUTI expression in the wild-type strain
grown on nitrogen sources of different quality gives the classic
pattern for a nitrogen-derepressible gene: as the quality of the
nitrogen source decreased, PUTI expression increased dra-
matically (Fig. 4A). Compared to expression in a medium
containing the richest nitrogen source, glutamine, expression
increased approximately 3-fold in an ammonia-containing me-
dium, 6-fold in a glutamate-containing medium, and 18-fold in
a GABA-containing medium. When the medium contained
proline as the sole source of nitrogen, the combination of full
nitrogen derepression and proline induction led to the highest
expression, an increase of almost 300-fold (Fig. 4B; note dif-
ference in scales between Fig. 4A and B).

Removal of either GIn3p or Nillp decreased the expression
of PUTI in derepressing conditions (glutamate or GABA) by
about two-thirds compared with wild-type levels. A compari-
son of PUTT levels in glutamine- and GABA-containing media
demonstrates that the gene is still subject to nitrogen derepres-
sion in the single-mutant strains although it is reduced from
18-fold in the wild type to 3- to 7-fold in the mutants. In
steady-state growth, Gln3p and Nillp contribute equally to the
activation of PUT1 in both glutamate- and GABA-containing
media. These findings are in agreement with previous results
obtained for a different strain background by Coffman et al.
(17). Unexpectedly, removal of both GATA factors resulted in
surprisingly high PUT1I levels in GABA-containing media: 75%
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FIG. 3. Roles of Put3p, GIn3p, and Nillp in rapamycin induction of
PUTI expression. Strains DB26-3A (wild type [WT]), DB1200 (g/n3A),
DB2000 (nil1A), DB2200 (gln3Anil1A), DB26-2B (put3A), DB1201
(put3Agin3A), DB2201 (put3AniliA), and DB2300 (put3Agin3AnillA)
carrying a genomic copy of PUT-lacZ were grown in minimal glucose-
glutamine medium supplemented with adenine, uracil, and leucine and
treated as described in the legend to Fig. 2. Rapamycin induced PUTI
expression in wild-type, gln3A, and put3A strains by 4-, 3.6-, and 3.5-
fold, respectively.
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FIG. 4. Effects of removal of Put3p, GIn3p, and Nillp on nitrogen regulation of PUTI. (A) Nitrogen regulation of PUT1 under noninducing
conditions. (B) Expression of PUT! with proline as the sole source of nitrogen. The strains listed in Fig. 3 were grown in minimal medium
containing glutamine (Gln, 0.1%), ammonia (Amm, 0.2%), glutamate (Glt, 0.1%), GABA (0.1%), or proline (Pro, 0.1%) as the nitrogen source.
Extracts were made and assayed for B-galactosidase activity. Results are the average of two to five independent measurements with variations as

indicated. WT, wild type.

of the levels observed in the wild-type strain. The possibility
that Gln3p and/or Nillp can (directly or indirectly) play neg-
ative roles, perhaps by interfering with the activity of Put3p, is
presented in the Discussion.

Put3p appears to work synergistically with the GATA factors
in PUT1 expression. Removal of the pathway-specific activator
Put3p reduced the expression of PUTI by two-thirds in
glutamate- and GABA-containing media (Fig. 4A), prevented
growth on proline as the sole nitrogen source, but did not affect
nitrogen derepression: results we have reported previously (25,
61). In the absence of Put3p, further removal of either Gln3p,
Nillp or both resulted in very low expression levels.

Expression of PUTI in nitrogen-rich conditions (glutamine
or ammonia) was low, as expected, since the GATA factors are
reported to be cytoplasmic under these conditions. One anom-
aly was observed: on an ammonia-containing medium, PUT]
expression in the gln3A strain was elevated above that observed
in the wild-type strain. Similar findings for the GAPI gene have
been reported previously (58); it is possible that this increase is
due to reduction in the amount of the negatively acting GATA
factor Dal80p which requires Gln3p for its production (18, 26,
56). This explanation requires that some Gln3p be present in
the nucleus under these conditions; the relative amounts of
cytoplasmic and nuclear GIn3p are not currently known under
any conditions.

Steady-state levels of PUT2 expression in cells grown in
glutamate versus glutamine as the nitrogen source did not
show significant nitrogen derepression (data not shown).
GIn3p does not play a role in its regulation under either ni-
trogen-repressing or -derepressing conditions, confirming pre-

vious data reported by us (61) and others (26). Removal of
Nillp resulted in 25 to 50% reduction in expression in both
types of media (data not shown), indicating that Nillp activates
PUT2.

Maximum expression of PUTI (Fig. 4B) and PUT2 (data not
shown) was observed when proline was the sole nitrogen
source, since proline is the inducer for the pathway as well as
one of the most derepressing nitrogen sources for S. cerevisiae.
Under these conditions, the gln3A and gin3A nill A strains grew
more slowly than the wild type (doubling times of 4 and 8 h,
respectively, compared to 3 h for the wild-type and nillA
strains) and reduced PUT1 (Fig. 4) and PUT2 (data not shown)
expression levels by approximately 25% compared to the levels
observed in the wild-type strain. The small effect of removal of
the GATA factors on the expression of both genes with proline
as the nitrogen source reflects the predominance of Put3p as
the major activator; the slow growth of the gln3AnillA strain is
most probably due to a reduction in proline transport (58).

We conclude that in steady-state nitrogen-derepressing,
noninducing conditions (glutamate or GABA as the nitrogen
source), GIn3p, Nillp, and Put3p each contribute to the ex-
pression of PUTI. In rapamycin-induced expression, Nillp
and Put3p are the major regulators. Under fully inducing
and nitrogen-derepressing conditions (proline as the nitro-
gen source), Put3p is the major transcriptional activator. Al-
though Nillp and GIn3p are responsible for nitrogen derepres-
sion of PUTI, Put3p works synergistically with them in
activation. Activation of PUTI expression is correlated with
hyperphosphorylation of Put3p, a process that does not involve
the positive GATA factors.
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FIG. 5. Working model for the regulation of PUT transcription by nitrogen derepression and proline induction. See the text for details. Put3p
binding to proline, binding of negatively acting GATA factors, DNA bending, and Put3p-GATA factor interactions are speculative at present.
Abbreviations: UASpy 1, binding sites for Put3p (bp —307 to —293 and —280 to —265 from the ATG of PUT1); GATAA, binding sites for GATA
factors (bp —235 and —204); TATA, TATA box (bp —118). Symbols: —, extent and levels of PUT! transcription relative to level on Gln; *,
phosphorylation sites; &, Put3p dimers; @, proline; ®, positive GATA factors; §¥ , negative GATA factors.

DISCUSSION

In this report, we demonstrate that rapamycin treatment
results in hyperphosphorylation of the activator of the proline
utilization pathway, Put3p. To date, this is only the second
report of rapamycin-induced hyperphosphorylation of a regu-
latory protein in yeast; Rtg3p, a regulator of the retrograde
signaling pathway that activates nuclear genes in response to
mitochondrial defect (43, 44), is hyperphosphorylated and
translocated into the nucleus after rapamycin treatment (40).
In most cases so far reported, regulators or kinases undergo
dephosphorylation on rapamycin treatment. Examples include
Gln3p (4), Ure2p (14, 36), Nprlp (51), and Mkslp (29). The
rapamycin-induced hyperphosphorylation of Put3p resembles
that previously described in yeast cells grown under nitrogen-
derepressing conditions (37). Furthermore, the hyperphosphor-
ylation of Put3p, induced either by rapamycin or by nitrogen
derepression, does not require the presence of the GATA
factors GIn3p and Nillp/Gatlp or the global nitrogen repres-
sor Ure2p. Hyperphosphorylation of Put3p is correlated with
increased expression of its target genes, PUT! and PUT2 (37);
phosphorylation does not affect its subcellular localization,
which is constitutively nuclear (3). Whether a member of the
TOR signaling pathway or some other pathway is responsible
for the hyperphosphorylation is unknown.

The PUTI gene responds to (at least) two types of signals:
the presence of the pathway inducer proline and the absence of
preferred nitrogen sources. Put3p is the transducer of the
proline signal; in the absence of the regulator or its binding

site, there is no proline induction (10, 12, 37, 53, 54). The
involvement of the global nitrogen repressor Ure2p on the
transcription of both PUTI and PUT2 confirmed that nitrogen
regulation also operated at the level of the structural genes of
the Put pathway, rather than solely on the proline transporters,
as originally believed (12, 15, 61). Using RNA hybridization
analysis, Cooper and coworkers established that both GIn3p
and Nillp/Gatlp contribute to the nitrogen responsiveness of
PUTI in cells grown on derepressing sources of nitrogen (16,
17, 26). Since GIn3p is an activator of Nillp synthesis (17, 18,
50, 56), it is difficult to determine whether GIn3p acts directly,
or indirectly through Nillp. The largely Gln3p-independent
behavior of PUT]I in transcription profiles reported by Schre-
iber and colleagues (41, 52) supports the more predominant
role of Nillp in PUTI expression.

Our observations of steady-state PUT! expression under ni-
trogen-derepressing conditions extend those of the Cooper
laboratory. In contrast, rapamycin-induced PUT! expression is
mediated predominantly by Nillp, with GIn3p playing a minor
role. Cooperation between Nillp and Put3p still plays an im-
portant part, since the absence of Put3p caused PUTI gene
expression to drop by two-thirds, although rapamycin induc-
tion remained. PUT2, a gene previously shown to be less sen-
sitive to nitrogen derepression, is regulated by Ure2p but not
by GIn3p (26, 48, 61). PUT2 expression is only slightly affected
by the removal of Nillp (our unpublished results) and has a
much smaller response to rapamycin-induced nutrient depri-
vation.
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In the absence of both positive GATA factors, Put3p can
activate transcription of the PUT genes by itself in GABA- and
proline-containing media to levels about 70% of those ob-
served in the wild-type strain. The significant increase in PUT!
expression in the gln3A nillA strain grown in a GABA-con-
taining medium compared to that of either of the single-mu-
tant strains suggests that Gln3p and Nillp may hinder Put3p
from activating PUTI. In the wild-type strain, the GATA fac-
tors may prevent Put3p from activating in the absence of pro-
line, keeping the levels of PUT1 expression 15-fold lower than
their maximum when proline is present. Such an arrangement
in the wild-type strain would save cellular energy by preventing
the synthesis of the proline-degrading enzymes when they are
not needed. It is also important to note that the hyperphos-
phorylation of Put3p in the gln3A nillA strain growing on a
GABA-containing medium correlates with the elevated target
gene activity observed.

What is clear from our comparative nitrogen source study is
the synergy that exists among the GATA factors and Put3p in
the expression and responsiveness of the Put pathway. Rai et
al. (48) suggested a form of cooperation between Put3p and
GIn3p, before the existence of Nillp was demonstrated, based
on an analysis of mutations at the Put3p- and GATA-binding
sites. They identified two functional GATA sites separated by
about 25 bp that are located about 25 and 50 bp, respectively,
downstream (3") of the proximal of two Put3p-binding sites in
the PUTI promoter (48). This layout potentially places a
GATA factor in close proximity to Put3p under conditions in
which these activators are binding their respective upstream
activation sites.

Our current working model based on their promoter analysis
and our studies of Put3p is shown in Fig. 5. Put3p increases
transcription of the PUT genes when proline is added to the
medium, even in the presence of a good nitrogen source
(glutamine in this example). The addition of proline converts
Put3p into a more active conformation (28). We speculate here
that Put3p can bind proline, but this has not yet been demon-
strated. The GATA sites are not occupied by the positively
acting GATA factors, since GIn3p and Nillp are cytoplasmic
under these conditions (4). It is possible that the negatively
acting GATA factors Dal80p/Uga43p and Nil2p/Dehl1p/Gzf3p
may bind these sites under these conditions, but this has not
been established. In a nitrogen-poor environment (GABA in
this example), Nillp and/or Gln3p binds to the GATA sites
and may interact with a hyperphosphorylated form of Put3p to
increase transcription of the PUT genes, even in the absence of
proline. On addition of proline, Put3p undergoes a conforma-
tional change, which, together with the hyperphosphorylation,
results in dramatic enhancement in transcriptional activation
by Put3p. Our model suggests some interaction between GIn3p
or Nillp and Put3p; whether Put3p interacts with a GATA
factor directly, by mutual binding of a common coactivator or
adaptor molecule (e.g., Adalp and GIn3p [55]), by changes in
DNA bending, or by some other means remains to be deter-
mined.
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