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Center). RNAse protection was performed as recommended by the manufacturer
(Ambion). Virion-associated RNA used to assess dimerization status was obtained by
proteinase K treatment of virions and phenol extraction of purified virus, as described
elsewhere?®,

In situ hybridization

Probes were labelled with Cy3 or FITC chromofluors. Cells were fixed with 4% para-
formaldehyde and treated as described?®.

Yeast strains and transformation

Wild-type cells containing the reporter constructs were grown for 12-18 h at 30°C in
uracil dropout media with 2% sucrose, and then grown for 6 h in uracil dropout media
containing 2% galactose. Cells were spheroplated and viewed by fluorescence microscopy.
Xpol-1 cells were grown in uracil dropout media with 2% glucose at room temperature
and then shifted to 37°C for 1h.

Two-hybrid interaction assay

The CRM1 bait construct was provided by M. Rosbash and consists of the whole coding
region of CRM1 inserted into pEG202 + PL. Prey constructs were obtained by insertion of
wild-type and mutant HIV-1 MA into pJG 4-5. The two-hybrid interaction assay was
performed as described®.
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Mitochondrial glutamate acts as a
messenger in glucose-induced
insulin exocytosis

Pierre Maechler & Claes B. Wollheim

Division of Clinical Biochemistry, Department of Internal Medicine,
University Medical Centre, 1211 Geneva 4, Switzerland

The hormone insulin is stored in secretory granules and released
from the pancreatic B-cells by exocytosis'. In the consensus model
of glucose-stimulated insulin secretion, ATP is generated by
mitochondrial metabolism, promoting closure of ATP-sensitive
potassium (Karp) channels, which depolarizes the plasma mem-
brane®®. Subsequently, opening of voltage-sensitive Ca?* channels
increases the cytosolic Ca®* concentration ([Ca®*],) which con-
stitutes the main trigger initiating insulin exocytosis'**. Never-
theless, the Ca®* signal alone is not sufficient for sustained
secretion. Furthermore, glucose elicits a secretory response
under conditions of clamped, elevated [Ca®'], (refs 5, 6). A
mitochondrial messenger must therefore exist which is distinct
from ATP"®. We have now identified this as glutamate. We show
that glucose generates glutamate from B-cell mitochondria. A
membrane-permeant glutamate analogue sensitizes the glucose-
evoked secretory response, acting downstream of mitochondrial
metabolism. In permeabilized cells, under conditions of fixed
[Ca?*]., added glutamate directly stimulates insulin exocytosis,
independently of mitochondrial function. Glutamate uptake by
the secretory granules is likely to be involved, as inhibitors of
vesicular glutamate transport suppress the glutamate-evoked
exocytosis. These results demonstrate that glutamate acts as an
intracellular messenger that couples glucose metabolism to insu-
lin secretion.

In the B-cell, mitochondria have a pivotal role in the regulation of
glucose-induced insulin secretion, and mitochondrial activation is
required for normal signal transduction’*°. Glucose provides sub-
strates and elevates the Ca’* concentration in the mitochondrial
matrix® ([Ca®'].), resulting in further activation of the tricar-
boxylic-acid (TCA) cycle'. We have shown previously that mito-
chondrial activation generates an unidentified mitochondrial
factor, distinct from ATP, which directly triggers insulin exocytosis’.
We screened molecules derived from mitochondrial metabolism for
their secretagogue activity in permeabilized B-cells as described
previously’. This screening suggested glutamate as a candidate for
the putative messenger. Glutamate is formed in the mitochondria
from «-ketoglutarate, a TCA-cycle intermediate, by glutamate
dehydrogenase™.

When we incubated rat insulinoma INS-1 cells in the presence of
a stimulatory glucose concentration (12.8 mM), cellular glutamate
levels increased 4.8-fold within 30 min (Fig. 1a). The stimulated
values correspond to a total intracellular glutamate concentration of
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approximately 0.22 mM, assuming 200 g protein per wl cell water
(corresponding to 10° INS-1 cells). In isolated human pancreatic
islets™, glucose (16.7mM) also augmented glutamate levels from
0.78 = 0.65 t0 3.93 = 0.04 nmol per mg protein (P < 0.025,n = 4)
during 30 min incubation. The mitochondrial poison FCCP (car-
bonyl cyanide p-trifluoromethoxyphenylhydrazone) inhibited the
production of glutamate during glucose stimulation of INS-1 cells
(—43% of cellular glutamate; n = 5, P < 0.01).

Next we investigated the effects on insulin secretion of a gluta-
mate precursor that was permeable to the cell membrane. Dimethyl-
glutamate (5mM) caused a leftward shift in the concentration
dependency of glucose-stimulated insulin secretion in INS-1 cells
(Fig. 1b), in good agreement with observations in rat pancreatic
islets™. Insulin secretion was not stimulated by dimethylglutamate
at basal glucose concentrations or enhanced at optimal glucose
concentrations, while secretion was strongly potentiated at inter-
mediate sugar levels. Glutamate is thus formed by mitochondrial
metabolism during glucose stimulation (Fig. 1a) and participates in
the secretory response (Fig. 1b). These results are consistent with a
role for glutamate, derived from glucose, acting downstream of the
mitochondria on insulin exocytosis. Accordingly, glutamate dehy-
drogenase favours glutamate formation rather than providing
substrate for the TCA cycle™® during glucose stimulation of the
B-cell. This notion is substantiated by the lack of effect of dimethyl-
glutamate on mitochondrial membrane potential (A ¥,,) (reflecting
activation of the respiratory chain'®), measured as the quenching of
rhodamine-123 fluorescence (Fig. 2a). Furthermore, dimethyl-
glutamate did not increase [Ca%'], in INS-1 cells expressing the
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Figure 1 Glutamate production and effects of dimethylglutamate in INS-1 insulinoma
cells. a, Changes in cellular glutamate levels during incubation of INS-1 cells in the
presence of 2.8 mM (filled triangles) or 12.8 mM (filled squares) glucose. The results are
means *s.e.m., n = 6 independent experiments done in duplicate; *P < 0.05,

**p < 0.005 versus ¢ = 0. b, Dimethylglutamate (5 mM met-Glut, filled squares)
sensitizes glucose-induced insulin secretion in INS-1 cells. Non-esterified, cell-imper-
meant glutamate does not enhance insulin secretion (data not shown). The results are
means *s.e.m., n = 4 of one out of three similar experiments; *P < 0.05, **P < 0.005
versus corresponding glucose control (open squares).
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Ca?*-sensitive photoprotein aequorin in the mitochondria® (Fig.
2b). By contrast, stimulation with methyl succinate, a cell-mem-
brane-permeant precursor for succinate, a TCA cycle intermediate’,
confirms that changes in AP, and [Ca’*], indeed reflect activation
of mitochondrial respiration® (Fig. 2a, b). Glucose and methyl
succinate, both insulin secretagogues, initially increased [Ca?*],
and hyperpolarized AP, resulting in a large increase in [Ca®']m
(refs 7, 9, 14). Therefore, glucose and methyl succinate stimulate
insulin secretion by activating mitochondrial metabolism”®*,
whereas the metabolic product glutamate apparently participates
directly in the secretory process downstream of mitochondrial
activation.

To investigate the putative messenger function of glutamate
further, we used INS-1 cells permeabilized with Staphylococcus o-
toxin; in this preparation, insulin secretion in response to mito-
chondrial substrates is preserved at permissive [Ca®*]. (ref. 7).
Succinate (1 mM), but not glutamate (1 mM), hyperpolarized the
AY,, (Fig. 2c). This hyperpolarization facilitated Ca®" uptake by
the mitochondria above a threshold of [Ca®*], (=300nM)%. At
clamped [Ca**].. (500 nM), succinate induced a rise in gCaz"]m (Fig.
2d, thick line). This was not observed at 100 nM [Ca°"]. (Fig. 2d,
thin line), a concentration corresponding to basal [Ca?*]. in intact
cells®. In contrast to succinate, glutamate did not activate the
mitochondria as monitored by A¥,, and [Ca®*']., (Fig. 2c, d).

We next measured insulin secretion in the effluent of permeabi-
lized cells perifused with 1mM ATP and 500 nM [Ca®'],. Insulin
secretion was stimulated by 1 mM succinate (Fig. 3a), which
activated the mitochondrial metabolism by providing substrate
and increasing [Ca*']. (Fig. 2d). Despite the absence of a rise in
[Ca®* ] glutamate (1mM) increased insulin secretion from
0.47 = 0.08 to 1.09 = 0.25ng per min (P < 0.05, n = 7) (Fig. 3b),
that is, to the same extent as succinate. At 0.1 mM, glutamate
still slightly augmented insulin release, from 0.53 = 0.03 to
0.84 * 0.13ng per min (P < 0.05, n = 4), but 0.02 mM glutamate
was ineffective (data not shown). This concentration range agrees
well with the glutamate levels we found in glucose-stimulated INS-1
cells (0.22 mM following 30 min incubation; see above).

Succinate-induced insulin secretion requires the associated rise in
[Ca?"]., for the generation of a messenger’®. We propose that the
messenger is glutamate because this molecule was able to trigger
exocytosis without mitochondrial activation at 500 nM [Ca®*]. (Fig.
3b). Nevertheless, an elevated Ca?* concentration in the cytosol
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Figure 2 Mitochondrial membrane potential (A ¥,,) and [Ca®'], in intact and
permeabilized INS-1 cells. a, b, Effects of cell-permeant dimethylester-L-glutamate
(5mM, mGlut) and monomethylester succinate (5mM, mSuc) on AP, (a) and [Ca®*],
(b). c, d, Effects of 1 mM L-glutamate (Glut) or 1 mM succinate (Suc) on AP, (c) and
[Ca**]y, (d) in ce-toxin-permeabilized INS-1 cells incubated at 500 nM [Ca2*], (thin bottom
line in d at 100 nM [Ca%*]). In a and ¢, AP, is measured in a cuvette and mitochondria
are finally maximally depolarized (upward deflection) with 1 M of the protonophore
FCCP. The traces are representative of 3—5 independent experiments.
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remains a prerequisite for glutamate-induced activation of the
exocytotic machinery. Accordingly, at basal 100 nM [Ca*']., gluta-
mate failed to stimulate insulin secretion (Fig. 3c). As insulin
exocytosis requires not only Ca®* but also ATP*, we next investigated
the interactions of ATP and glutamate. Even when the ambient ATP
was increased 10-fold to the saturating concentration of 10 mM (at
500 nM [Ca**].), insulin secretion (% cell content per 10 min) was
stimulated from 5.29 = 0.57 to 10.26 = 2.29 by 1 mM glutamate
(P <0.05) compared with 11.58 +2.08 by 1mM succinate
(P <0.02). Thus, ATP does not mediate the effect of glutamate
on exocytosis.

We also monitored the changes in cytosolic [ATP] together with
insulin secretion in the same permeabilized cells expressing the ATP
sensor luciferase in the cytosol®. Activation of the mitochondrial
respiratory chain, seen as hyperpolarization of AP,,, promotes the
synthesis of ATP in mitochondria. Succinate (1 mM), which hyper-
polarized the AP, (Fig. 2¢), generated ATP (2.4-fold) in permeabilized
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Figure 3 Effects of succinate and glutamate on insulin secretion and cytosolic [ATP] in
«-toxin-permeabilized INS-1 cells. Cells are perifused at 500 nM (a, b, d) or 100 nM
(c) free Ca?* and 1 mM ATP. Insulin secretion is measured (a—c) in the effluent of cell
preparations monitored for cytosolic [ATP] (d) through bioluminescence of cytosolic
luciferase. Effects of: a, d (thin line), 1 mM succinate (Suc); b, d (thick line), 1 mM -
glutamate (Glut) at 500 nM [Ca?*]; ¢, 1 mM Glut at 100 nM [Ca?*],. The results are
means *s.e.m. (depicted by a shaded area for ATP), n = 6 (a, d), 7 (b, d) and 4 (c)
independent experiments; in a and b, * P < 0.05 versus the time point just preceding
stimulation (open diamond).
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cells perifused with basal 1 mM ATP and 500 nM [Ca**]. (Fig. 3d).
Unexpectedly, 1 mM glutamate also increased cytosolic [ATP] (1.9-
fold) (Fig. 3d), without activating the respiratory chain, as demon-
strated by the lack of effect on AP, (Fig. 2c).

Monitoring of [ATP] in perifused permeabilized cells reflects the
net cytosolic ATP concentration resulting from exogenous (buffer)
and endogenous (mitochondria) ATP supplies balanced by ATP
consumption owing to ATPase activity (mainly Ca®*-ATPases).
Inhibition of the mitochondrial ATP synthase® with oligomycin
lowered basal cytosolic [ATP] but did not abolish the effect of
glutamate (Fig. 4b). Moreover, the effect on insulin secretion was
well preserved (Fig. 4a). Under these conditions, succinate did not
increase cytosolic [ATP] or insulin exocytosis (data not shown).
These results establish that the secretory response evoked by the
addition of glutamate does not require mitochondrial metabolism
and suggest a non-mitochondrial origin for the ATP augmented by
glutamate.

Like chromaffin granules'® and synaptic vesicles”, insulin-con-
taining granules®®*® are acidic inside (pH =~ 5.0). The pH gradient
is generated by a proton pump (vacuolar-type H*-ATPase) using
cytosolic ATP', As a consequence, a membrane potential is
created which is positive inside'™®?, The sum of the pH gradient
and the membrane potential, the electrochemical proton gradient,
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Figure 4 Effects of different inhibitors on the action of glutamate on insulin secretion (left)
and cytosolic [ATP] (right) in permeabilized INS-1 cells. Cells are perifused at 500 nM Ca%*
and 1 mM ATP. Insulin secretion is measured in the effluent of the cell preparations
monitored for cytosolic [ATP]. a, b, Effects of 1 mM L-glutamate (Glut) in the presence of
1 g mi™ of the mitochondrial ATP synthase inhibitor oligomycin. ¢, d, Effects of 1 mM
Glut in the presence of 1 wM of the protonophore FCCP. e, f, Effects of 100 nM of

the vacuolar-type H*-ATPase inhibitor bafilomycin during stimulation with 1 mM Glut.
g, h, Effects of 2 uM of the glutamate transport inhibitor Evans blue during stimulation
with 1 mM Glut. The traces are representative of 3—5 independent experiments.
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Figure 5 Proposed model for coupling glucose metabolism to insulin secretion in the 3-
cell. Glycolysis converts glucose to pyruvate (Pyr), which enters the mitochondrion and the
TCA cycle resulting in the transfer of reducing equivalents (red. equ.) to the electron (e")
transport chain, hyperpolarization of AP, and generation of ATP. Subsequently, closure
of Kare-channels depolarizes AP, which opens voltage-senstive Ca?* channels, raising
[Ca**], and triggering insulin exocytosis. At this time, under conditions of elevated [Ca?*],
hyperpolarized A ¥, increases [Ca®*],, further activating the TCA cycle. Glutamate is
then formed from o-ketoglutarate («KG) by the glutamate dehydrogenase (GDH).
Glutamate uptake by granules leads to the second phase of insulin secretion.

drives glutamate uptake into the vesicular compartment via a
specific transporter'”?. Dissipation of both the proton gradient
and the vesicular membrane potential with protonophores® inhib-
its glutamate uptake'’?. Either FCCP or oligomycin can deplete
ATP, but only FCCP affects the vesicular proton gradient, which is
left intact by oligomycin. In the presence of FCCP, insulin release
was transiently augmented, probably through a direct effect on the
granules® and, thereafter, glutamate no longer increased insulin
secretion and [ATP] (Fig. 4c, d). This indicates that glutamate
uptake by the secretory granules is implicated in the elevation of
cytosolic [ATP]. This could be explained by two mechanisms. First,
glutamate acidifies vesicles”* and may thereby reduce the con-
sumption of ATP by the vacuolar-type H*-ATPase. Second, it is
possible that glutamate uptake promotes ATP production by
reversal of the vacuolar-type H*-ATPase’®?. The effect of glutamate
on cytosolic [ATP] was abolished by specific inhibition of the
vacuolar ATPase (Fig. 4f) or the vesicular glutamate transporter
(Fig. 4h), further indicating the granules as the ATP source.

Bafilomycin (which blocks the vacuolar ATPase) and FCCP
inhibit glutamate uptake by synaptic vesicles®. The abrogation of
glutamate-induced insulin exocytosis observed with FCCP and
bafilomycin (Fig. 4c, e) is probably secondary to blockage of
glutamate uptake by the secretory granules. This notion was further
substantiated by results obtained with Evans blue, a competitive
inhibitor of the vesicular glutamate transporter®?, Evans blue
abolished the glutamate-induced insulin secretion (Fig. 4g), with-
out affecting insulin release at basal conditions (500 nM Ca*") (not
shown).

In the brain, glutamate is the primary extracellular messenger
stored in synaptic vesicles®. We propose a novel role for glutamate
as an intracellular messenger in insulin exocytosis. Glutamate
uptake would render the insulin granules secretion competent.
This could occur through the reduction of granular membrane
potential” or, possibly, through Ca®" uptake into the granules, as
Ca®* depletion of this compartment inhibits insulin exocytosis?*.
It is of interest in this context that Ca®*-evoked exocytosis in
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permeabilized mast cells is strictly dependent on the presence of
glutamate®. Glutamate uptake could also result in granule swelling,
enabling the granule to fuse with the plasma membrane, a phenomenon
described in zymogen granules®. The production of glutamate
during glucose stimulation unravels an essential role for the
mitochondria in exocytosis. Glutamate does not initiate the secre-
tory response and its production from glucose requires Ca®* entry
into the cell and a rise in [Ca®*],,, which in turn increases the carbon
flux through the TCA cycle®?. The lag in glutamate generation (5—-
10 min; Fig. 1a) suggests that the molecule is implicated in the
second, sustained phase of the biphasic glucose-induced insulin
secretion®.

Therefore, glutamate acts as an intracellular messenger in the
normal regulation of insulin secretion in response to glucose (Fig.
5). It is noteworthy that children with mutations in the glutamate
dehydrogenase gene, which results in excessive enzyme activity,
display hypersecretion of insulin®. O

Methods
Cell culture

INS-1 cells were cultured in RPMI 1640 medium with 5% fetal calf serum (FCS) as
previously described’. Stable clones of INS-1 cells expressing the Ca?*-sensitive photo-
protein aequorin targeted to the mitochondria (INS-1/EK3) were used to measure [Ca?* ],
(ref. 9). Clonal INS-1 lines expressing cytosolic luciferase (INS-r3-LUC7) were used for
monitoring cytosolic [ATP] in living cells'. Human pancreatic islets were isolated by
collagenase digestion and cultured free floating in CMRL-1066 medium with 10% FCS
before the experiments'?,

Cellular glutamate determination

Attached INS-1 cells or free-floating human islets were cultured in 10-cm Petri dishes and
preincubated for 2 h in glucose-free RPMI 1640 medium at 37 °C. Cells were then
incubated for the indicated times at 37 °C in Krebs—Ringer bicarbonate HEPES buffer
(KRBH) containing (in mM): 135 NaCl, 3.6 KCI, 10 HEPES (pH 7.4), 5 NaHCO;3, 0.5
NaH,PO,, 0.5 MgCl,, 1.5 CaCl, and 2.8 glucose. The stimulatory glucose concentration
was 12.8 mM for INS-1 cells and 16.7 mM for human islets. Stimulation was ended by
putting the Petri dishes on ice and adding 1 ml of lysis buffer (20 mM Tris—HCI pH 8.0,
2mM CDTA, 0.2% Tween-20) to the cells after discarding the incubation buffer. Following
protein determination (Bradford’s assay), glutamate levels were measured in cell homo-
genates by monitoring NADH fluorescence augmentation during oxidation of glutamate
in the cell extracts in the presence of an excess of glutamate dehydrogenase (Boehringer-
Mannheim) as described®, with modifications. NADH fluorescence, excited at 340 nm,
was measured at 460 nm in an LS-50B fluorimeter (Perkin-Elmer) before and after a 30-
min incubation at room temperature in 1.5 ml buffer (50 mM Tris—HCI pH 9.5, 2.6 mM
EDTA, 1.4mM NAD, 1 mM ADP) and basal NADH was subtracted. Glutamate levels were
corrected according to internal standards.

Cell permeabilization

Attached INS-1 cells were grown on coverslips coated with an extracellular matrix® and
permeabilized after a 3-5 day culture period. Cells were first washed with a Ca**-free
KRBH buffer before permeabilization with Staphylococcus aureus a-toxin (2.5 g per
coverslip, that is, per 4-5 X 10° cells) at 37 °C for 10 min in 100 wl of an intracellular-type
buffer adjusted to approximately 100 nM free Ca®* (140 mM KCI, 5mM NaCl, 7 mM
MgSO,4, 20 mM HEPES, pH 7.0, 1 mM ATP, 10.2mM EGTA, 1.65 mM CaCl,)". Where
mentioned, perifusion was done with the same low Ca?" intracellular buffer or switched to
500 nM free Ca?* concentration (140 mM KClI, 5 mM NaCl, 7 mM MgSOy,, 20 mM HEPES,
pH 7.0, 10.2 mM EGTA, 6.67 mM CaCl,) with 1 or 10mM ATP as indicated’.

Static insulin secretion

For static incubations, INS-1 cells were cultured for 3-5 days in complete RPMI 1640
medium. Before the experiments, cells were maintained for 2 h in glucose-free culture
medium, washed and preincubated in glucose-free KRBH for 30 min and then incubated
in the presence of the appropriate stimuli for 30 min at 37 °C. Insulin secretion and cellular
insulin content extracted with acid—ethanol were determined by radioimmunoassay using
rat insulin as a standard’. Static incubations of permeabilized cells were performed as
previously described’. Where indicated, insulin release was measured in the effluent of
permeabilized cells undergoing monitoring of luminescence (see next section). For all
insulin secretion experiments, 0.1% of bovine serum albumin (Sigma) was added to
buffers as carrier.

Mitochondrial membrane potential

The A'Y,, was measured in a suspension of intact or a-toxin-permeabilized cells
previously loaded with 10 p.g mi™ rhodamine-123. The fluorescence was excited at 490 nm
and measured at 530 nm in an LS-50B fluorimeter at 37 °C in a cuvette with gentle
stirring’.
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Measurements of luminescence and insulin secretion

Luciferase- or aequorin-expressing cells were seeded on coverslips 3-5 days before
analysis. Before luminescence measurements, cells were maintained in glucose-free RPMI
1640 for 2 h at 37 °C. This period also served to load aequorin-expressing cells with 2.5 uM
coelenterazing, the prosthetic group of aequorin®. Luminescence was measured in a
thermostatted chamber at 37 °C by a photon detector connected to a photomultiplier
apparatus (EMI 9789, Thorn-EMI) and data were collected each second on a computer
photon-counting board (EMI C660)°. The cells were perifused constantly at a rate of

1 mlmin~ and, where indicated, fractions (one per min) were collected from the effluent
for insulin measurement. Intact cells were perifused with KRBH and 10 .M beetle
luciferin was added to the buffer for cytosolic [ATP] monitoring in luciferase-expressing
cells®.
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The TOR signalling pathway controls
nuclear localization of nutrient-
regulated transcription factors

Thomas Beck & Michael N. Hall

Department of Biochemistry, Biozentrum, University of Basel, CH-4056 Basel,
Switzerland

The rapamycin-sensitive ~TOR signalling pathway in
Saccharomyces cerevisiae activates a cell-growth program in
response to nutrients such as nitrogen and carbon'**. The TOR1
and TOR2 kinases (TOR) control cytoplasmic protein synthesis
and degradation through the conserved TAP42 protein®®. Upon
phosphorylation by TOR, TAP42 binds and possibly inhibits type
2A and type-2A-related phosphatases®™; however, the mechanism
by which TOR controls nuclear events such as global repression of
starvation-specific transcription is unknown. Here we show that
TOR prevents transcription of genes expressed upon nitrogen
limitation by promoting the association of the GATA transcrip-
tion factor GLN3 with the cytoplasmic protein URE2. The binding
of GLN3 to URE2 requires TOR-dependent phosphorylation of
GLN3. Phosphorylation and cytoplasmic retention of GLN3 are
also dependent on the TOR effector TAP42, and are antagonized
by the type-2A-related phosphatase SIT4. TOR inhibits expres-
sion of carbon-source-regulated genes by stimulating the binding
of the transcriptional activators MSN2 and MSN4 to the cyto-
plasmic 14-3-3 protein BMH2. Thus, the TOR signalling pathway
broadly controls nutrient metabolism by sequestering several
transcription factors in the cytoplasm.

Nitrogen limitation activates the partially redundant GATA
factors GLN3 and GAT1*™. We investigated a role of TOR in
GLN3- and GAT1-dependent transcription. Wild-type cells were
grown in rich medium to early logarithmic phase, treated with
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Figure 1 TOR inhibits the GATA transcription factors GLN3 and GAT1. &, Induction of
GLN3- and GAT1-dependent transcription in response to TOR inactivation by rapamycin
treatment. GLN1, GAP1, MEP2 and ACT1 transcripts from cells treated with rapamycin for
the times indicated were probed. b, Overexpression of UREZ or deletion of GLN3 and
GAT1 confers rapamycin resistance. Growth of a wild-type strain overexpressing URE2
(2 w UREZ; pTB376), strains deleted for GLN3 (gin3), GAT1 (gatl) or GLN3 and GAT1
(9In3 gat1), a wild-type (wt) strain and a rapamycin-resistant TORI-1 strain** on rich
medium (-rap) and rich medium supplemented with 200 ng mI™ of rapamycin (+rap) was
compared. The —rap and +rap plates were incubated at 30 °C for 2 days and 5 days,
respectively.
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