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1. Introduction

Yeast cells are able to adapt their metabolism according to the quality of both carbon and nitrogen
sources available in the environment. Saccharomyces cerevisiae UGA4 gene encodes a permease capable
of transporting y-aminobutyric acid (GABA) into the cells. Yeast uses this amino acid as a nitrogen source
or as a carbon skeleton that enters the tricarboxylic acid cycle.

The quality of the carbon source modulates UGA4 expression through two parallel pathways, each one
acting on different regulatory elements, the UASgata and the UASgaga. In the presence of a fermentable
carbon source, UGA4 expression is induced by GABA while in the presence of a non-fermentable carbon
source this expression is GABA-independent.

The aim of this work was to study the mechanisms responsible for the differences in the profiles of
UGA4 expression in both growth conditions.

We found that although the subcellular localization of GIn3 depends on the carbon source and UGA4
expression depends on Tor1 and Snf1, GIn3 localization does not depend on these kinases. We also found
that the phosphorylation of GIn3 is mediated by two systems activated by a non-fermentable carbon
source, involving the Snfl kinase and an unidentified TORC1-regulated kinase.

We also found that the activity of the main transcription factors responsible for UGA4 induction by
GABA varies depending on the quality of the carbon source. In a fermentable carbon source such as glu-
cose, the negative GATA factor Dal80 binds to UGA4 promoter; only after the addition of the inducer, the
positive factors Uga3, Dal81 and GIn3 interact with the promoter removing Dal80 and leading to gene
induction. In contrast, in the non-fermentable carbon source acetate the negative GATA factor remains
bound to UGA4 promoter in the presence or absence of GABA, the positive factors are not detected bound
in any of these conditions and in consequence, UGA4 is not induced.

© 2012 Elsevier Inc. All rights reserved.

by both nitrogen [1,2] and carbon [3] sources and is inducible by
GABA [4,5]. Expression of this permease requires at least two posi-

The budding yeast Saccharomyces cerevisiae cells sense the
amount and quality of external nutrients through multiple inter-
connected signaling networks, which allow them to adapt readily
and appropriately to changes in nutritional states. Carbon and
nitrogen are the two most basic nutrient sources for cellular organ-
isms. In response to the quality of carbon and nitrogen, cells can
regulate the expression of genes involved in different metabolic
pathways, particularly those involved in utilization and transport
of the available nutrients.

The UGA4 gene that encodes the y-aminobutyric acid (GABA)
and $-aminolevulinic acid permease in S. cerevisiae, is regulated
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tive acting proteins, the specific Uga3 factor and the pleiotropic
Dal81 factor [6,7]. These factors interact with UGA4 promoter in re-
sponse to GABA through a 19 bp CG-rich upstream activating se-
quence, named UAScgapa [8,9]. The promoter region of UGA4 also
contains four adjacent repeats of the heptanucleotide 5-CGAT(A/
T)AG-3', which constitute a UASgara element. The GATA factors
GIn3, Gatl and Dal80 are known to act on this element
[1,2,6,10-12]. The role of the other negative GATA factor Gzf3
has not been demonstrated yet on UGA4 regulation.

We previously demonstrated that the quality of the carbon
source modulates UGA4 expression through two parallel pathways:
one of them acting on the GIn3 target sequence, the UAScara ele-
ment, and the other acting on the UASgaga element of UGA4 gene [3].

GIn3 activity depends on both its subcellular localization and its
phosphorylation [13] and this phosphorylation depends on TORC1
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(target of rapamycin) activity [14]. Moreover, Snfl, a yeast
homolog of AMP-activated protein kinase (AMPK), is required for
metabolic adaptation in response to reduced levels of available
glucose, the preferred carbon source. When glucose is unavailable,
alternative carbon sources are used for the production of metabolic
energy [15]. Snf1 is activated by glucose limitation by phosphory-
lation of the threonine 210 and by inactivation of Tor kinases
[16,17]. GIn3 phosphorylation and subcellular localization are reg-
ulated by glucose availability via the SNF1/AMPK pathway [18].

Based on these findings, the aim of this work was to establish
the molecular mechanisms of the two proposed pathways involved
in carbon regulation of UGA4 gene. We found that in glucose Uga3
and Dal81 factors are recruited to UGA4 promoter in response to
GABA and that GIn3 and Dal80 binding to this promoter is also
modulated by the inducer. In contrast, under non-fermentable con-
ditions, these factors do not respond to GABA and, in consequence,
no induction of UGA4 is observed. Results here presented suggest
that the two pathways regulating UGA4 expression by carbon
source act on two different DNA elements but in a coordinated
way.

2. Methods
2.1. Strains and media

The S. cerevisiae strains used in this study, isogenic to the wild
type X1278b, are listed in Table 1. All the strains generated in this
study were constructed using the PCR-based gene-deletion strat-
egy [19,20] or modified versions of it [21]. All the parental strains
are listed in Table 1 and all primers used for PCR reactions are
listed in Supplementary material Table S1.

Cells were grown in minimal medium containing 0.17% Difco
yeast nitrogen base (YNB without amino acids and ammonium sul-
fate) containing 2% glucose or 2% potassium acetate as carbon
source and 10 mM proline as nitrogen source.

All yeast transformations were carried out using the lithium
method [22].

2.2. Cell extracts and immunoblotting

Cells expressing tagged versions of Uga3 or Dal81 proteins or
wild type cells transformed with a plasmid from the Movable ORFs
collection containing the open reading frame of GLN3 gene [23]
were grown on the indicated media and were harvested by centri-
fugation. Protein extraction was immediately carried out as al-
ready described [24]. Briefly, total proteins were prepared by
lysing yeast cells in 1.85 N NaOH-7.5% B-mercaptoethanol on ice
for 10 min, followed by precipitation with trichloroacetic acid
(TCA) at a final concentration of 8%. The TCA pellets were neutral-
ized with 1 M unbuffered Tris and resuspended in sodium dodecyl
sulfate (SDS) loading buffer. Proteins were separated on a 7% SDS-
PAGE, transferred to PVDF membranes and proteins were detected
using the rat monoclonal anti-HA antibody (anti-HA high affinity

3E10 Roche) or the rat monoclonal anti-o-tubulin (YOL1/34 Santa
Cruz) and with the secondary goat anti-rat antibody IgG conju-
gated with horseradish peroxidase (Santa Cruz). Chemilumines-
cence immunodetection was performed (FUJIFILM LAS-1000
Reader) and immunoreactive bands were analyzed by digital
imaging.

2.3. Fluorescence microscopy

Cells transformed with the CEN-based plasmid pRS416-GLN3-
GFP (kindly provided by Dr. T. Cooper, University of Tennessee,
Memphis, USA) [25], containing the full-length GLN3 gene fused
to GFP were fixed with 70 % ethanol in 50 mM Tris/HCl pH 7.5
for 60 min. Nuclei were stained incubating cells with 50 pg/ml
DAPI (4'-6-Diamidino-2-phenylindole) in 50 mM Tris/HCl pH 7.5
for 60 min. Cells were washed twice with 50 mM Tris/HCI pH 7.5.
Analysis was carried out by using fluorescence microscopy. Gln3-
GFP localization was manually scored in 200 or more cells in multi-
ple randomly chosen fields from each image taken [26].

2.4. Quantitative RT-PCR

RT-qPCR experiments were performed according to Cardillo
et al. [27]. cDNAs were quantified by RT-PCR using an Opticon
Monitor 3 (Bio-Rad) with the primers F-qRT-UGA4 and F-TBP qPCR.
Expression values correspond to the ratio of concentrations of
UGA4 over TBP1 specific mRNAs determined in each sample and
represent the mean = SEM of three independent experiments.

2.5. Chromatin immunoprecipitation assays

Chromatin immunoprecipitation (ChIP) experiments were per-
formed according to Cardillo et al. [9]. Normal mouse IgG (Santa
Cruz) or monoclonal anti HA antibody (HA probe (F-7), Santa Cruz)
were used. Real time quantitative PCR was carried out in an Opti-
con Monitor 3 (BioRad) with primers that amplified promoter re-
gions of UGA4 (F/R-UGA4qPCR). A pair of primers that amplified a
region located 2.5 Kb downstream of UGA4 promoter was used as
an unbound control. ChIP DNA was normalized to input DNA and
calculated as a signal to noise ratio over an IgG control ChIP. The
AACt method was used to calculate fold change of binding to the
promoter of interest [28]. Results are expressed as the mean + SEM
of three independent experiments.

3. Results and discussion

To further analyze the mechanisms of the regulation of UGA4 by
carbon source proposed by Luzzani et al. [3], in the first place we
studied the phosphorylation state and subcellular localization of
GIn3. The subcellular localization of the fusion protein GIn3-GFP
determined by fluorescence microscopy was classified in three cat-
egories, cytoplasmic, nuclear-cytoplasmic and nuclear, according
to Tate et al. [26]. A representative collection of standard images

Table 1

Strains used in this work.
Strain Genotype Parent Primer Source or reference
23344c Mato ura3 - - M. Grenson
TOYO1 Mato ura3 tor1A::KanMX4 23344c F/R-TOR1 This study
TOY02 Mato ura3 tor1A::hph TOYO1 F/R-ME This study
CELYO1 Mato ura3 snflA::KanMX4 23344c F/R-SNF1 This study
CELYO02 Mato. ura3 tor1A::hph snfl A::KanMX4 TOYO02 F/R-SNF1 This study
SBCY41 Mato ura3 DAL80-3HA-KanMX6 - - [9]
TOYO03 Mato. ura3 GLN3-3HA-KanMX6 - - [9]
SBCY10 Mato ura3 6HA-DAL81 - - [8]
SBCY13 Mato ura3 6HA-UGA3 - - [8]
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demonstrating the differences in these categories is shown in
Fig. S1. We found that while in more than half of the cells incu-
bated in the fermentable carbon source, glucose, GIn3-GFP had nu-
clear localization (52%), when cells were incubated in the non-
fermentable carbon source, acetate, the percentage of cells with
nuclear GIn3-GFP was significantly lower (26%) (Fig. 1A). We also
found that this localization pattern did not depend on the activity
of neither Tor1 nor Snf1, since GIn3-GFP localization was similar in
wild type cells and in tor1 4, snfl A, and double mutant snf1A tor1A4
cells (Fig. 1A).

Since phosphorylation status and localization pattern of GIn3 do
not always correlate [13,29,30] indicating that GIn3 activity could
vary even when similar localization patterns are observed, we next
analyzed the phosphorylation status of GIn3. To do this, we per-
formed western blot analysis since the electrophoretic mobility
of GIn3 changes with its phosphorylation [18,30,31].

In wild type cells, mobility of GIn3 in acetate was slower than in
glucose (Fig. 1B, lanes 1 and 2) indicating that more phosphoryla-
tion was occurring in the non-fermentable carbon source as it was
reported earlier for other growth conditions, like glucose-starva-
tion, ethanol, and raffinose [18]. Comparing GIn3 mobility patterns
observed in all the strains tested, we found that these patterns did
not change in glucose while in acetate did (Fig. 1 B and C). In the
non-preferred carbon source, GIn3 seemed to be more phosphory-
lated in wild type and tor1A cells than in snflA and tor1A snflA
cells (Fig. 1B and C, compare lanes 2 and 6 to lanes 12 and 16). This
result indicated that the phosphorylation of GIn3 observed in ace-
tate was Snfl-dependent. It must be noticed that after treatment
with rapamycin of both snflA mutants grown on acetate, GIn3
mobility decreased, indicating a more phosphorylated status
(Fig. 1C, lanes 14 and 18). This observation suggested that in these
mutants, where Snfl was absent, there was another kinase that
phosphorylated GIn3. This kinase appeared to be active in the
non-fermentable carbon source and inhibited by the complex
TORCI, since its activity was observed only in cells from acetate
treated with rapamycin. In the torlA mutants some effect of
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rapamycin was observed indicating that in this strain there was
an active TORC1, which probably contained Tor2 protein (Fig. 1B,
lanes 6 and 8 and Fig. 1C, lanes 12 and 14).

In summary, the non-fermentable carbon source, acetate, elic-
ited at least two different mechanisms for GIn3 phosphorylation.
One of them is Snfl-dependent as was already reported
[13,18,30,31]; the other involves an Snfl-independent kinase as al-
ready proposed Tate et al. [30]. Here we demonstrated that this ki-
nase is negatively regulated by TORC1.

Since UGA4 expression is affected by GIn3 and different phos-
phorylation levels of this factor could result in different activities,
we decided to measure the expression of UGA4 in wild type, torl4,
snflA and snflA tor1A cells grown in both carbon sources. Basal
levels of expression in glucose were very low and GABA induction
levels were similar in all the strains (Fig. 2). These results were in
agreement with similar phosphorylation levels of GIn3 (Fig. 1B and
C). On the other hand, in the wild type strain, basal expression lev-
els were higher in acetate than in glucose while induction was sig-
nificantly weaker (Fig. 2A) as we already reported [3]. Low
induction in the non-fermentable carbon source correlated with
less cells with nuclear GIn3 (Fig. 1A) and a more phosphorylated
form of this factor (Fig. 1B). In acetate, the expression pattern of
UGA4 in tor1A4 cells (Fig. 2B) was similar to that observed in the
wild type, according to similar localization (Fig. 1A) and phosphor-
ylation (Fig. 1B) of GIn3. However, in the two mutant strains snf14
and snf14 tor1A, where we detected less phosphorylated forms of
GIn3 than in the wild type, induction of UGA4 was not detected
(Fig. 2C and D).

To further investigate the role of GIn3 in the regulation by the
carbon source, we measured the binding of this factor to UGA4 pro-
moter. In glucose, GIn3-HA bound to DNA in response to GABA
(Fig. 3A), as we already reported [9]. On the contrary, in acetate,
no binding of GIln3-HA was detected (Fig 3A) correlating with the
very low induction observed (Fig 2A).

It is well known that the GATA factors GIn3 and Dal80 compete
with each other for the DNA binding sites present in the promoters
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Fig. 1. Effect of the carbon source on the subcellular localization and on the phosphorylation levels of GIn3. (A) Wild type (23344c), tor14 TOYO1, snflA (CELYO1) and snf14
tor14 (CELY02) cells transformed with the plasmid pRS416-GLN3-GFP, were grown on minimal medium with glucose as the carbon source. Harvested cells were transferred
to fresh medium containing glucose or acetate and incubated for 30 min. Then, cells were fixed and nuclei were stained with DAPI. Images were processed and colored using
the Image ] software. (B) and (C) Wild type (23344c), tor14 TOYO1, snflA CELYO1) and snf1A torl1A (CELYO02) cells transformed with the plasmid carrying the fusion gene
GAL1-GLN3-HA from the Movable ORFs collection were grown on minimal medium with 2% raffinose, induced with 1% galactose for 1 h and incubated in minimal medium
with glucose or acetate in the presence or absence of 200 ng/ml rapamycin for 30 min. Total cell extracts were prepared and immunoblotting was carried out with anti-HA

antibody.
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Fig. 2. Expression of UGA4 gene in wild type, tor1A, snflA and tor1A snflA cells. mRNA levels of UGA4 were determined in wild type (23344c strain), tor1A (TOYO1 strain),
snfl1A (CELYOT1 strain) and tor1A snf1 A (CELYO2 strain) cells grown on minimal medium with glucose as the carbon source. Harvested cells were transferred to fresh medium
containing glucose or acetate, incubated for 30 min, and treated (black bars) or not (white bars) with 0.1 mM GABA for 30 min. mRNA levels were quantified by RT-qPCR.
UGA4 values were normalized with TBP1 and represent the mean + SEM of three independent experiments.
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Fig. 3. Interaction between transcription factors and the promoter of UGA4. (A)-(D) Cells expressing the GIn3-HA (TOYO03) (A), Dal80-HA (SBCY41 strain) (B), HA-Uga3
(SBCY13) (C) or HA-Dal81 (SBCY10 strain) (D) fusion proteins were grown on minimal medium with glucose as the carbon source. Harvested cells were transferred to fresh
medium containing glucose or acetate, incubated for 30 min, and treated or not with 0.1 mM GABA for 30 min. ChIP assays were carried out using antibodies against the HA
epitope. qPCR was performed with specific primers that amplify a region of UGA4 promoter (gray bars) and a region 2.5 kb downstream of UGA4 promoter (UC) used as a
negative control (black bars). Results are expressed as the fold change of binding to UGA4 promoter and are the mean + SEM of three independent experiments. (E) Cells
expressing the HA-Dal81 (SBCY10 strain) (lanes 1 and 2) or HA-Uga3 (SBCY13) (lanes 3 and 4) fusion proteins were grown on minimal medium with glucose as the carbon
source. Harvested cells were transferred to fresh medium containing glucose or acetate, incubated for 30 min, and grown on glucose (lanes 1, 3 and 5) or acetate (lanes 2, 4
and 6) as carbon sources. Total cell extracts were prepared and immunoblotting was carried out with anti-HA antibody or anti-o-tubulin. Lanes 5 and 6 correspond to extracts

prepared from wild type cells (23344c).

of their target genes and that the balance of this competition leads
to different expression levels [12]. We recently reported that the
binding of GIn3 and Dal80 to UGA4 promoter in glucose responds
to GABA in an opposite way: Dal80, but not Gln3, interacts with
DNA in the absence of GABA while GIn3, but not Dal80, interacts
with DNA in the presence of GABA [9]. So, we decided to also com-
pare the binding of Dal80 in both carbon sources. In glucose,
Dal80-HA bound to UGA4 promoter in the absence of the inducer
and its binding decreased after the addition of GABA (Fig. 3B) as
we already reported [9]. In acetate, this negative GATA factor
was detected bound to UGA4 promoter even in the presence of
the inducer (Fig. 3B) in agreement with the fact that Gln3-HA
was not detected bound (Fig. 3A).

Luzzani et al. [3] proposed a second mechanism responsible for
the regulation by carbon source of UGA4 gene which would act on
the UASgapa element. UGA4 induction depends on Uga3 and Dal81
transcription factors that act through this element [5,7]. Since the
main difference between expression in glucose and acetate is that
the induction in acetate is significantly lower than in glucose
(Fig. 2A), we decided to analyze the binding dynamics of Uga3
and Dal81 to UGA4 promoter in both carbon sources. In glucose,
both factors were detected bound to DNA only after the addition
of the inducer (Fig. 3C and D) as we already reported [8]. In con-
trast, HA-Uga3 and HA-Dal81 binding was impaired in acetate
(Fig. 3C and D). As this observation could be due to a decrease in
the expression of these factors in acetate, we analyzed by Western
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blot their expression. We found that Uga3 and Dal81 levels were
similar in both carbon sources (Fig. 3E), confirming that the bind-
ing ability of these factors depended on the carbon source. These
results correlated with the very low induction observed in this con-
dition (Fig. 2A). It must be noted that different forms of both Uga3
and Dal81 proteins were detected. Although the mechanisms that
lead to the activation of Uga3 and Dal81 in response to GABA are
still unknown, it has been proposed that Uga3 activation may occur
through a post-translational modification since levels of expression
of this factor remain unaffected in the presence of the inducer [32].
Moreover, in silico analysis of UGA3 and DAL81 coding sequences
yielded many putative phosphorylation sites [33]. Taken together,
all this evidences suggest that the different forms of both Uga3 and
Dal81 proteins detected could be a consequence of different phos-
phorylation states. Further research must be done in order to dem-
onstrate this hypothesis.

In summary, in glucose, the negative GATA factor Dal80 is
bound to UGA4 promoter repressing its expression. When GABA
is added, the two factors responsible for induction, Uga3 and
Dal81, and the non-phosphorylated positive GATA factor GIn3,
which competes with Dal80 for binding to the UASgata element,
bind to the promoter producing the induction of UGA4. In acetate,
Dal80 interacts with UGA4 promoter whereas the highly phosphor-
ylated GIn3, Uga3 and Dal81 factors do not. This interaction ac-
counts for the absence of GABA induction.

Results presented here do not allow us to determine whether
the phosphorylation of GIn3 in acetate or its less nuclear distribu-
tion impairs its interaction with UGA4 promoter. However, recently
we showed that in glucose the binding dynamics in response to
GABA of Dal80, and consequently of GIn3, are modulated by
Uga3 and Dal81 transcription factors [9]. These findings resemble
those observed in acetate where we do not detect binding of
Uga3 and/or Dal81 and at the same time we do not detect changes
in the binding of the GATA factors after the addition of GABA. All
together these observations suggest that the impaired binding of
GIn3 in acetate could be a consequence of the lack of function of
Uga3 and Dal81, although we can not discard an effect of the phos-
phorylation status of GIn3 on its binding, and that consequently
could affect Dal80 binding.

In conclusion, the quality of the carbon source regulates UGA4
expression by two parallel but connected pathways. The role in
these pathways of other transcription factors known to regulate
UGA4, such as Gatl [12] and Leu3 [8], needs to be analyzed.

Acknowledgments

This research was supported by University of Buenos Aires
(UBA) and Consejo Nacional de Investigaciones Cientificas y Tec-
nolégicas (CONICET), Argentina. We thank Dr. T. Cooper (University
of Tennessee, Memphis) and Dr ]. Arifio (Universidad Auténoma de
Barcelona, Barcelona) for kindly providing the plasmids used here.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.bbrc.2012.04.047.

References

[1] J.A. Coffman, R. Rai, D.M. Loprete, T. Cunningham, V. Svetlov, T.G. Cooper, Cross
regulation of four GATA factors that control nitrogen catabolic gene expression
in Saccharomyces cerevisiae, J. Bacteriol. 179 (1997) 3416-3429.

[2] S. Soussi-Boudekou, S. Vissers, A. Urrestarazu, J.C. Jauniaux, B. Andre, Gzf3p, a
fourth GATA factor involved in nitrogen-regulated transcription in
Saccharomyces cerevisiae, Mol. Microbiol. 23 (1997) 1157-1168.

[3] C. Luzzani, S.B. Cardillo, M. Bermudez Moretti, S. Correa Garcia, New insights
into the regulation of the Saccharomyces cerevisiae UGA4 gene: two parallel

pathways participate in carbon-regulated transcription, Microbiology 153
(2007) 3677-3684.

[4] M. Bermudez Moretti, S. Correa Garcia, E. Ramos, A. Batlle, delta-
Aminolevulinic acid uptake is mediated by the gamma-aminobutyric acid-
specific permease UGA4, Cell. Mol. Biol. (Noisy-le-grand) 42 (1996) 519-523.

[5] B. Andre, C. Hein, M. Grenson, J.C. Jauniaux, Cloning and expression of the
UGA4 gene coding for the inducible GABA-specific transport protein of
Saccharomyces cerevisiae, Mol. Gen. Genet. 237 (1993) 17-25.

[6] P.A. Bricmont, J.R. Daugherty, T.G. Cooper, The DAL81 gene product is required
for induced expression of two differently regulated nitrogen catabolic genes in
Saccharomyces cerevisiae, Mol. Cell. Biol. 11 (1991) 1161-1166.

[7] B. Andre, D. Talibi, S. Soussi Boudekou, C. Hein, S. Vissers, D. Coornaert, Two
mutually exclusive regulatory systems inhibit UASGATA, a cluster of 5'-GAT(A/
T)A-3" upstream from the UGA4 gene of Saccharomyces cerevisiae, Nucleic Acids
Res. 23 (1995) 558-564.

[8] S.B. Cardillo, M. Bermudez Moretti, S. Correa Garcia, Uga3 and Uga35/Dal81
transcription factors regulate UGA4 transcription in response to gamma-
aminobutyric acid and leucine, Eukaryotic Cell 9 (2010) 1262-1271.

[9] S.B. Cardillo, C.E. Levi, M. Bermudez Moretti, S. Correa Garcia, Interplay
between the transcription factors acting on the GATA- and GABA-responsive
elements of Saccharomyces cerevisiae UGA promoters, Microbiology 158 (2012)
925-935.

[10] B. Andre, An overview of membrane transport proteins in Saccharomyces
cerevisiae, Yeast 11 (1995) 1575-1611.

[11] T.S. Cunningham, R.A. Dorrington, T.G. Cooper, The UGA4 UASNTR site
required for GLN3-dependent transcriptional activation also mediates
DAL80-responsive regulation and DAL8O protein binding in Saccharomyces
cerevisiae, ]. Bacteriol. 176 (1994) 4718-4725.

[12] L. Georis, A. Feller, F. Vierendeels, E. Dubois, The yeast GATA factor Gatl
occupies a central position in nitrogen catabolite repression-sensitive gene
activation, Mol. Cell. Biol. 29 (2009) 3803-3815.

[13] KH. Cox, A. Kulkarni, ].J. Tate, T.G. Cooper, GIn3 phosphorylation and
intracellular localization in nutrient limitation and starvation differ from
those generated by rapamycin inhibition of Tor1/2 in Saccharomyces cerevisiae,
J. Biol. Chem. 279 (2004) 10270-10278.

[14] T. Beck, M.N. Hall, The TOR signalling pathway controls nuclear localization of
nutrient-regulated transcription factors, Nature 402 (1999) 689-692.

[15] G.M. Santangelo, Glucose signaling in Saccharomyces cerevisiae, Microbiol. Mol.
Biol. Rev. 70 (2006) 253-282.

[16] K. Hedbacker, M. Carlson, SNF1/AMPK pathways in yeast, Front. Biosci. 13
(2008) 2408-2420.

[17] M. Orlova, E. Kanter, D. Krakovich, S. Kuchin, Nitrogen availability and TOR
regulate the Snf1 protein kinase in Saccharomyces cerevisiae, Eukaryotic Cell 5
(2006) 1831-1837.

[18] P.G. Bertram, J.H. Choi, . Carvalho, T.F. Chan, W. Ai, X.F. Zheng, Convergence of
TOR-nitrogen and Snfl-glucose signaling pathways onto GIn3, Mol. Cell. Biol.
22 (2002) 1246-1252.

[19] A. Wach, A. Brachat, R. Pohlmann, P. Philippsen, New heterologous modules for
classical or PCR-based gene disruptions in Saccharomyces cerevisiae, Yeast 10
(1994) 1793-1808.

[20] A. Wach, PCR-synthesis of marker cassettes with long flanking homology
regions for gene disruptions in S. cerevisiae, Yeast 12 (1996) 259-265.

[21] M.S. Longtine, A. McKenzie 3rd, D.J. Demarini, N.G. Shah, A. Wach, A. Brachat,
P. Philippsen, J.R. Pringle, Additional modules for versatile and economical
PCR-based gene deletion and modification in Saccharomyces cerevisiae, Yeast
14 (1998) 953-961.

[22] R.D. Gietz, R.A. Woods, Transformation of yeast by lithium acetate/single-
stranded carrier DNA/polyethylene glycol method, Methods Enzymol. 350
(2002) 87-96.

[23] D.M. Gelperin, M.A. White, M.L. Wilkinson, Y. Kon, L.A. Kung, K]. Wise, N.
Lopez-Hoyo, L. Jiang, S. Piccirillo, H. Yu, M. Gerstein, M.E. Dumont, E.M.
Phizicky, M. Snyder, E.J. Grayhack, Biochemical and genetic analysis of the
yeast proteome with a movable ORF collection, Genes Dev. 19 (2005) 2816-
2826.

[24] Z. Liu, J. Thornton, M. Spirek, R.A. Butow, Activation of the SPS amino acid-
sensing pathway in Saccharomyces cerevisiaze correlates with the
phosphorylation state of a sensor component, Ptr3, Mol. Cell. Biol. 28 (2008)
551-563.

[25] JJ. Tate, 1. Georis, E. Dubois, T.G. Cooper, Distinct phosphatase
requirements and GATA factor responses to nitrogen catabolite repression
and rapamycin treatment in Saccharomyces cerevisiae, ]. Biol. Chem. 285 (2010)
17880-17895.

[26] ]J. Tate, L. Georis, A. Feller, E. Dubois, T.G. Cooper, Rapamycin-induced GIn3
dephosphorylation is insufficient for nuclear localization: Sit4 and PP2A
phosphatases are regulated and function differently, J. Biol. Chem. 284 (2009)
2522-2534.

[27] S.B. Cardillo, S. Correa Garcia, M. Bermudez Moretti, Common features and
differences in the expression of the three genes forming the UGA regulon in
Saccharomyces cerevisiae, Biochem. Biophys. Res. Commun. 410 (2011) 885-
889.

[28] K. Livak, T.D. Schmittgen, Analysis of relative gene expression data using real-
time quantitative PCR and the 2(-Delta Delta C(T)) method, Methods 25 (2001)
402-408.

[29] A. Kulkarni, T.D. Buford, R. Rai, T.G. Cooper, Differing responses of Gat1 and
GIn3 phosphorylation and localization to rapamycin and methionine


http://dx.doi.org/10.1016/j.bbrc.2012.04.047

C.E. Levi et al./Biochemical and Biophysical Research Communications 421 (2012) 572-577 577

sulfoximine treatment in Saccharomyces cerevisiae, FEMS Yeast Res. 6 (2006) [32] B. Andre, The UGA3 gene regulating the GABA catabolic pathway in

218-229. Saccharomyces cerevisiae codes for a putative zinc-finger protein acting on
[30] JJ. Tate, R. Rai, T.G. Cooper, Methionine sulfoximine treatment and carbon RNA amount, Mol. Gen. Genet. 220 (1990) 269-276.

starvation elicit Snfl-independent phosphorylation of the transcription [33] C.R. Ingrell, M.L. Miller, O.N. Jensen, N. Blom, NetPhosYeast: prediction of

activator GIn3 in Saccharomyces cerevisiae, J. Biol. Chem. 280 (2005) 27195- protein phosphorylation sites in yeast, Bioinformatics 23 (2007) 895-897.

27204.

[31] F.G. Kuruvilla, AFF. Shamji, S.L. Schreiber, Carbon- and nitrogen-quality
signaling to translation are mediated by distinct GATA-type transcription
factors, Proc. Natl. Acad. Sci. USA 98 (2001) 7283-7288.



	GABA induction of the Saccharomyces cerevisiae UGA4 gene depends on the quality  of the carbon source: Role of the key transcription factors acting in this process
	1 Introduction
	2 Methods
	2.1 Strains and media
	2.2 Cell extracts and immunoblotting
	2.3 Fluorescence microscopy
	2.4 Quantitative RT-PCR
	2.5 Chromatin immunoprecipitation assays

	3 Results and discussion
	Acknowledgments
	Appendix A Supplementary data
	References


