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Mtl1 is a member of the cell wall integrity (CWI) pathway of
Saccharomyces cerevisiae, which functions as a cell wall sensor
for oxidative stress. Genome-wide transcriptional analysis
revealed a cluster of genes that were down-regulated in the
absence ofMtl1.Many of these genes were potentially regulated
by the general stress response factorMsn2/Msn4. In response to
rapamycin, caffeine, glucose starvation and oxidative stress pro-
voked by H2O2, mtl1 presents a significant loss of viability as
well as a deficiency in the transcriptional response mediated by
Msn2/Msn4. The Mtl1 function was required (i) to induce
ribosomal gene repression, (ii) to induce the general stress
response driven by the transcription factor Msn2/Msn4, and
(iii) to activate the CWI pathway in response to both glucose
starvation and oxidative stress. We also detected higher
cAMP levels in the mtl1 mutant than in wild type cells indic-
ative of up-regulated RAS2-PKA activity. Disruption of
TOR1, disruption of RAS2, or hyperactivation of Rho1
restored both the viability and the transcriptional function
(both ribosomal and Msn2/Msn4-dependent gene expres-
sion) in themtl1mutant to almost wild type levels when cells
were starved of glucose or stressed with H2O2. Taking our
results together, we propose an essential role for Mtl1 in sig-
naling oxidative stress and quiescence to the CWI pathway
and to the general stress response through Rho1 and the inhi-
bition of either the TOR1 or RAS2 functions. These mecha-
nisms would be required to allow cells to adapt to both oxi-
dative and nutritional stresses.

Organisms living in aerobic conditions are exposed to reac-
tive oxygen species that provoke cellular damage and, as a
consequence, various human diseases. The eukaryotic
microorganism Saccharomyces cerevisiae serves as a model
system in which to study the signal transduction pathways

involved in the response to oxidative stress. In budding yeast
the MAPK3 pathways are not well characterized for sensing
and transmitting oxidative stress to the cytoplasm and
nuclear elements. However, Mtl1 has already been charac-
terized as a receptor for oxidative stress (1). Mtl1 was ini-
tially identified as a yeast homologue ofMid2 by Rajavel et al.
(2) who observed that it performed a function in cell integ-
rity signaling involved in vegetative growth. De Bettignies et
al. (3) identifiedMTL1 as a suppressor of rgd1mutants, with
Rgd1 being a GTPase-activating protein of Rho3 and Rho4.
MTL1 was also identified by Sekiya-Kawasaki et al. (4) as a
multicopy suppressor of Rho1.
The cell integrity pathway in budding yeast involves a protein

kinase (MAPK) cascade that participates in sensing and trans-
mitting several extracellular signals and stresses that include
cell-wall, osmotic, mating, and nutritional stress (5, 6) and,
more recently, oxidative (1) and pH (7) stresses. The PKC1-
MAPK pathway is integrated by several cell-wall proteins that
are putative cell-membrane receptors of different stimuli; they
are theWsc1-Wsc4 family, Mid2, andMtl1. They transmit sig-
nals to Rom2,which activates theGproteinRho1,which in turn
activates the kinase Pkc1 (a protein that has high degree of
homology with other isoforms of PKC in eukaryotic cells). Pkc1
activates amitogen-activated protein kinasemodule: Bck1 (that
is theMAPKKK) phosphorylates the redundantMAPK kinases
Mkk1 and Mkk2, and together they activate Slt2, the last
kinase member of the pathway. Two downstream events cor-
relate with Slt2 activation: transcriptional activity driven by
Rlm1 and Swi6 phosphorylation (5, 6). The upper elements
of the CWI pathway are involved in the organization of the
actin cytoskeleton under different conditions that include
cell-wall and nutritional stresses (8–10), oxidative stress (1),
and pH (11).
The Pkc1 pathway is also related to the TOR pathway. Bud-

ding yeasts have two different TOR genes, TOR1 and TOR2,
that share 67% sequence identity and are partly redundant in
function (12). Loewith et al. (13) have characterized two dis-
tinct TOR complexes, TORC1 and TORC2. TORC1 is sen-
sitive to rapamycin, modulates translation initiation, inhib-
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its protein turnover, and represses the transcription of genes
related to nutrient starvation. TORC2 is closely related to
the organization of the actin cytoskeleton and independent
of rapamycin inhibition (13–16). Tor2 functions in both
complexes, whereas Tor1 only participates in the TORC1
complex. The cellular function regulated by TOR contains a
general mechanism; that is, the sequestration of the tran-
scription factors Msn2/Msn4, Gln3 (17), and Rtg1/Rtg3 (18,
19) in its cytoplasm. The Tor function also regulates riboso-
mal protein expression in response to environmental condi-
tions via PKA (20).
Ras signals via the cAMP-PKA pathway regulate the cellular

metabolism in response to the carbon source (21, 22). Two Ras
proteins are present in budding yeast and are encoded by the
redundant small GTPasesRAS1 andRAS2 (RAS) (23). The Ras-
cAMP-PKA pathway also negatively regulates Msn2/Msn4
nuclear localization (24–26).
The Msn2/Msn4 transcription factor binds and activates

genes containing the stress response element (CCCCT) in
response to a wide variety of stresses, including nutritional,
osmotic, acidic, and oxidative stress (17, 24, 27, 28).
In recent years several studies have been published that dem-

onstrate the relationship between the TOR and cAMP-PKA
pathways. Some authors have suggested that the RAS/cAMP
pathway could be a novel TOR effector branch (29). Both the
TOR and cAMP-PKA pathways regulate the expression of
genes needed to overcome the diauxic and stationary phases
(30, 31) and in whose regulation Msn2/Msn4 transcriptional
activity has been reported to be essential (32). They also coregu-
late the expression of genes involved in fermentation and aero-
bic respiration (33). The CWI pathway is also required for via-
bility in quiescence as Slt2 phosphorylation is necessary for
cells to survive in stationary phase and upon rapamycin treat-
ment (10, 34).
Here, we have employed a genomic approach to identify

possible novel regulatory functions for the gene MTL1 and
have demonstrated that Mtl1 signals toward Msn2/Msn4
transcriptional function in response to various stresses such
as rapamycin, oxidative stress, and glucose starvation. We
have also presented evidence to demonstrate that the Mtl1
function is required to down-regulate Tor1 and Ras2 activity
upon glucose starvation and oxidative stress. This down-
regulation is necessary to ensure cell viability in response to
both types of stress. We show that Mtl1 is the member of the
CWI pathway that acts as a sensor for oxidative stress and
glucose starvation by activating the kinase Slt2. However,
Slt2 activation is only visibly important for cell viability in
conditions of quiescence.

EXPERIMENTAL PROCEDURES

Media and Growth Conditions—Yeasts were grown in SD
medium (2% glucose, 0.67% yeast nitrogen base, and the
required amino acids) (35). Diamide, hydrogen peroxide, caf-
feine, and rapamycinwere purchased fromSigma. Diamidewas
dissolved in DMSO. Hydrogen peroxide was prepared in sterile
distilled water.
Yeast Strains and Gene Disruptions—The yeast strains used

in this study are listed in Table 1.MTL1was disrupted either by

the one-step disruption method using the kanMX4 module, as
described in Vilella et al. (1), or by using the natMX4 module
(36). RAS2 and TOR1 were disrupted by the same procedure
but using the LEUmarker.
DNA Manipulation and Plasmids—Plasmid pPkc1 contains

Pkc1 under the tetO7 promoter and is also tagged with the
hemagglutinin epitope, as initially described in Angeles de la
Torre-Ruiz et al. (37) under the name of pMM126. Plasmid
pSlt2 is a YEP352 derivative containing the Slt2 ORF under its
own promoter and tagged with hemagglutinin in the C termi-
nus; this plasmid was described in Vilella et al. (1). In this study,
we used the pSlt2 plasmid for overexpression analysis and also
to determine total Slt2 protein using the anti-hemagglutinin
monoclonal antibody.
The plasmid pBCK1-20 is a pRS413 derivative bearing the

constitutively activated BCK1–20 allele (38). The plasmid
pRho1* contains the LEU marker and bears the Rho1his368
allele, which is constitutively activated, bears the hemagglutinin
epitope in theC-terminal position, and is cloned under theGal1
promoter. This plasmid was kindly provided by Dr. Tobias
Schmelzle.
The plasmid pMsn2-GFP contains the LEU marker, cloned

under the ADH1 promoter in a centromeric plasmid, as origi-
nally described in Görner et al. (44). This plasmid was kindly
provided by Dr. Francisco Estruch. This plasmid was originally
described as functional, but we checked its functionality in an
msn2msn4 background. We demonstrated that it efficiently
suppresses both the lack of viability and the deficiency in the
transcription of HSP12 and CTT1 that were observed in the
double mutant msn2msn4 in response to the stresses used in
this study.
Microarray Experiments andDataAnalysis—Formicroarray

analysis, wild type and mtl1 cells were grown in SD minimum
medium at 30 °C to a final A600 0.6. Total RNA from S. cerevi-
siae was extracted from 25 ml of each culture by mechanical
disruption following the instructions for the RNeasy Midi kit
manufacturer (Qiagen). RNA concentration was measured at
260 nm, and sample quality was checked using RNANano Lab-
chips in a 2100B Bioanalyzer (Agilent Technologies, Palo Alto,
CA).
For each experimental condition (wt and mtl1� strain),

two microarray experiments corresponding to two biologi-
cal replicates were processed and analyzed. Double-stranded
cDNA was synthesized from 5 �g of total RNA using a “One-
cycle cDNA Synthesis Kit” (Affymetrix, Santa Clara, CA).

TABLE 1
Yeast strains used in this work

Strain Relevant genotype Reference

CML128 MATa leu2-3,112 ura3-52 trp1
his4 can1r

Gallego et al. (39)

GSL41 MATamtl1::kan MX4 This worka
GSL34 MATa tor1::kanMX4 This worka
GSL48 MATamtl1::kan MX4 tor1::LEU2MX5 This worka
GSL53 MATa ras2::LEU2MX5 This worka
GSL54 MATamtl1::kan MX4 ras2::LEU2MX5 This worka
W303-1A MATa ade2-1, trp1-1, leu2-3,2-111,

his3-11,75, ura3
C. Gancedo

msn2msn4 MATa ade2 can1 his3 leu2 trp1 ura3
msn2-delta3::HIS

F. Estruch

msn4-1::TRP1
a CML128 background.
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After cDNA purification using the “GeneChip Sample
Cleanup Module” (Affymetrix), this DNA was used as a tem-
plate for the in vitro transcription to obtain the biotin-la-
beled cRNA. The cRNA obtained was fragmented and
hybridized to the Affymetrix GeneChip� Yeast Genome S98
array for 16 h at 45 °C. Hybridized microarrays were washed
and stained with a streptavidin-phycoerythrin conjugate in a
GeneChip� Fluidics Station 450. All these procedures were
carried out as suggested by the manufacturer. Hybridized
cRNA was finally identified by the fluorescence signal in a
GeneChip� 3000 scanner.

After scanning, numerical data were obtained and processed
with GCOS software (Affymetrix). We evaluated different
parameters that accounted for the quality of the hybridization.
The noise value was less than 2.51 (commonly between 1.5 and
3), the scaling factor was between 0.22 and 0.41, and the back-
ground was between 107 and 50.6. The arrays showed percent-
ages of “Present” probe sets ranging between 72.3 and 79.5. The
signals from the arrays were linearly scaled to an average signal
value of 100.
Data frommutant andWT strains were compared in pairs,

obtaining a total of four comparisons. For further analysis, a
selection of significant results was carried for each compar-
ison using the statistical criteria implemented by the GCOS
software. Those genes labeled as “Absent” by the detection
algorithm (using a p value of � 0.04) in both arrays of a
comparison were discarded for the analysis. Those genes
that gave “Increase” or “Decrease” values, according to the
change algorithm (using a p value of �0.0025) in all four
comparisons were used for further analysis. The signal log
ratio was obtained as the mean of the signal log ratio
obtained in each of the four comparisons; genes with signal
ratios of �2 or �0.5 were selected for additional analysis.
Probes on the yeast genome S98 chips that did not corre-
spond to specific open reading frames were disregarded in
this analysis.
RNA Preparation and Northern Blot Analyses—RNA purifi-

cation, Northern blot, and probe labeling with digoxygenin
were carried out according to Gallego et al. (39). Probes cover-
ing the entire open reading frame, without adjacent sequences,
were generated by PCR from genomic DNA.
Yeast Extracts and Immunoblot Analyses—Both methods

were performed as described in Angeles de la Torre-Ruiz et al.
(37). Themethodology for the use of both anti-phospho-p44/42
and anti-Swi6 antibodies was that previously described in
Angeles de la Torre-Ruiz et al. (37). Horseradish peroxidase-
linked anti-rabbit (NA931, AmershamBiosciences) was used at
a 1:10,000 dilution in Tris-buffered saline-Tween buffer con-
taining 1%milk fat. In all cases chemiluminescent detectionwas
performed using the Supersignal substrate (Pierce) in a Lumi-
Imager (Roche Applied Science).
cAMP Assay—The Amersham Biosciences cAMP Biotrak

Enzyme-immunoassay system was used to determine intracel-
lular levels of cAMP.
Strains wt,mtl1, ras2,ml1ras2, tor1,mtl1tor1were grown in

SD selective media at 30 °C. We performed the experiment
using exponentially growing cultures (A600 0.6) and stationary
cultures grown for up to 3 days. We basically followed the

method described by Swiegers et al. (40) to obtain the samples.
A total of 40 ml of each of the exponentially growing cultures
(and the corresponding amount of cells for the stationary cul-
tures) was harvested by centrifugation at 3000 rpm at room
temperature for 4 min. After that, the wet weight was deter-
mined, the cells were subsequently resuspended in 300 �l of
lysis buffer 1B (Amersham Biosciences), and 150 �l of glass
beads were added. The suspension was vortexed for 30 min at
8 °C and then spun down for 10 min at 4 °C at 12,000 rpm. The
supernatant (100 �l) was used for the protocol; that is, intracel-
lular cAMP measurement using the non-acetylation enzyme-
immunoassay procedurewith the novel lysis reagents described
in the kit.

RESULTS

The Mtl1 Function Is Required to Maintain the Basal Tran-
scription of a Cluster of Genes Regulated by Msn2/Msn4—Our
group previously demonstrated that Mtl1 functions as a cell-
surface sensor for oxidative stress (1). To gain a further insight
into the role that Mtl1 plays in cell integrity, we decided to
analyze the genome-wide gene expression profile of the mtl1
mutant strain. The transcriptional profile of this mutant grow-
ing in SD medium was compared with the wild type strain
CML128 under the same conditions using Affymetrix
GeneChip� Yeast Genome S98 arrays, as detailed under
“Experimental Procedures.” Microarray analysis of this profile
revealed the presence of 102 genes that were repressed (-fold
�0.5) (supplemental Table S1) and 13 that were induced genes
(-fold �2) (supplemental Table S2) as a consequence of the
MTL1 deletion. A functional classification of these genes was
carried out according to MIPS and GO Databases using
FUNSPEC. This analysis revealed the presence of several sta-
tistically significant functional groups (p value less than
0.01) within the repressed response. These included electron
transport and energy uptake, stress response, and sugar and
aromatic compound utilization among others (supple-
mental Table S3). Interestingly, and as deduced from the
YEASTRACT data base, an important group of the repressed
genes was potentially regulated by Msn2/Msn4 (34 of 102
repressed genes); most of these related in one way or another
to the stress response (Table 2).
In an initial characterization of Mtl1 we focused our efforts

on studying the possible relationship betweenMtl1 andMsn2/
Msn4. First, and to validate our data, we performed Northern
blot assays with samples taken frommtl1 and wt strains grow-
ing exponentially. We then tested HSP12, GRE1, TRX3, and
DDR2 gene expression, as they are potentially regulated by the
transcription factor Msn2/Msn4. In all cases we observed that
the basal levels of these transcripts were lower in the mtl1
mutant than in the wt cells; this confirmed the results obtained
in the genomic study described above and validated our
genomic analysis (Fig. 1A).
Mtl1 Regulates the Msn2 Transcriptional Function in

Response to Rapamycin, Glucose Starvation, and Oxidative
Stress—To ascertain the physiological significance of the previ-
ously mentioned results, we proceeded to screenmtl1 survival
under different conditions, inferred frommtl1 global transcrip-
tion analysis.We hypothesized that a possible cause of the gene

Mtl1 Regulates Msn2/Msn4 Function in Oxidative Stress Conditions

JUNE 18, 2010 • VOLUME 285 • NUMBER 25 JOURNAL OF BIOLOGICAL CHEMISTRY 19523

http://www.jbc.org/cgi/content/full/M109.085282/DC1
http://www.jbc.org/cgi/content/full/M109.085282/DC1
http://www.jbc.org/cgi/content/full/M109.085282/DC1
http://www.jbc.org/cgi/content/full/M109.085282/DC1


down-regulation observed in themtl1 background was a defect
in the Msn2/Msn4 function. As the Msn2/Msn4 is a transcrip-
tion factor involved in the general stress response, we decided
to screen the survival response of the mtl1 mutant to various
stresses inwhichMsn2/Msn4 is involved: rapamycin, hydrogen
peroxide, and glucose deprivation. In Fig. 1Bwe show thatMtl1
is needed for cell survival in response to rapamycin, hydrogen
peroxide, caffeine, and carbon deprivation, whereas in station-
ary phase (not shown), cell survival is undistinguishable from
wt cell. All these phenotypes are consistent with a defect affect-
ing the general stress response; they also resemble those already
described for msn2msn4 mutants (41, 42). We next analyzed
the transcriptional regulation of CTT1 and HSP12 in wt and
mtl1 mutant cells growing exponentially (time 0) or treated
either with rapamycin or hydrogen peroxide or deprived of glu-
cose (Figs. 1, C and D). We observed that themtl1mutant was
deficient in the transcriptional induction of HSP12 and CTT1
upon treatment with rapamycin or peroxide or glucose depri-
vation. The regulation of these genes under these conditions
was exerted by the Msn2 function because HSP12 and CTT1
genes were not induced in response to the three conditions in
an msn2msn4 mutant (Fig. 1E). Moreover, we overexpressed
Msn2 in both wt and mtl1 strains and observed that higher
Msn2 levels were sufficient to complement the defects in
HSP12 and CTT1 transcription (both regulated by Msn2/
Msn4) inmtl1 cells in response to all the treatments to almost
wild type levels (Fig. 1, C and D). Msn2 overexpression was

also able to rescue the defect inmtl1 cell growth provoked by
each of the previously mentioned stress types (Fig. 1B).
Moreover, and in line with the previously mentioned results,
Msn2 overexpression also restored the logarithmic levels of
HSP12 and CTT1 transcription (Fig. 1, C and D). In view of
these results and given that in the absence of Mtl1 function a
wide cluster of genes regulated by Msn2 were down-regu-
lated with respect to the wild type strain, we concluded that
Mtl1 signals to Msn2 and regulates its function in response
to the blockade of the TOR function, hydrogen peroxide, and
glucose deprivation.
It is well known that Msn2 has a cytoplasmic localization

when cells grow exponentially in rich medium and also that
Msn2 translocates to the nucleus in response to several types of
stress. We decided to investigate how the lack of Mtl1 function
affected the subcellular localization of Msn2 to find an expla-
nation for the transcriptional deficiency observed in the mtl1
mutant. To do this, we studied in vivoGFP-Msn2 localization in
mtl1 mutant cells. In response to either hydrogen peroxide or
rapamycin, Msn2 translocates to the nucleus in both wt and
mtl1 cells. However, in mtl1 cells, we observed a significant
delay in Msn2 translocation to the nucleus compared with wt
cells (Fig. 2A). The timing ofMsn2 translocation from the cyto-
plasm to the nucleus in response to stress has been attributed to
RAS activity, whereas Msn2 translocation from the nucleus to
the cytoplasm has been reported to be mainly dependent on
TOR activity (30). PKA prevents the nuclear import of Ms2/
Msn4, whereas the TOR function controls their nuclear export
(43, 44). We also checked the mRNA levels of MSN2 in wild
type, mtl1, ras2, mtl1ras2, tor1, and mtl1tor1 cells. In the
mutant mtl1 we were able to observe a reduction in MSN2
basal transcription in exponentially growing cells with
respect to wild type levels. However, deletion of either RAS2
or TOR1 in the mtl1 background restored the steady state
transcription of MSN2 to wild type levels (Fig. 2B). These
results together with the others described above led us to
investigate the possible relationship between Mtl1 and the
TOR and Ras pathways.
Mtl1 Is Genetically Related to Tor1 and Ras2 in the Regula-

tion of the Msn2 Function—It has been reported that Tor sig-
nals to Ras regulating the Msn2 function (29). As the mtl1
mutant presented high sensitivity to rapamycin (a macrolide
that specifically inhibits the TORC1 function) and as the induc-
tion of both HSP12 and CTT1 provoked by this drug was
dependent onMtl1, we next decided to investigate the relation-
ship between the TORC1 complex andMtl1. In a first approach
we constructed an mtl1tor1 double mutant and observed that
this strain exhibited greater sensitivity to rapamycin than either
of the two single mutants: tor1 or mtl1 (Fig. 3A). However,
when we tested for glucose starvation or hydrogen peroxide
sensitivity, we observed that both the tor1 andmtl1tor1 strains
presented similar levels of sensitivity, although both were less
sensitive than the single mutant mtl1 (Fig. 3A). We next ana-
lyzed the transcriptional pattern in these strains and observed
that tor1 deletion restored the induction of both HSP12 and
CTT1 inmtl1 to almost wild type levels in response to oxidative
stress and rapamycin and glucose starvation (Figs. 3, B–D).
Because the TORC1 function also regulates ribosomal gene

TABLE 2
Genes down-regulated in mtl1 strain, which are potentially
regulated by Msn2/Msn4

Gene/open reading
frame Function Biological process

ALD3 Aldehyde dehydrogenase activity Stress response
CTT1 Catalase activity
DAK1 Glycerol kinase activity
DDR2
GAD1 Glutamate decarboxylase activity
GRE1
HSP12
HSP26 Unfolded protein binding
MCR1 Cytochrome-b5 reductase activity
SIP18 Phospholipid binding
SSA4 Unfolded protein binding
TRX3 Thiol-disulfide exchange intermediate

activity
PHM7 Unknown
SOL4 6-Phosphogluconolactonase activity
NQM1 Transaldolase activity
YHR033W
YKL151C
AIM33
YMR090W
AGX1 Alanine-glyoxylate transaminase

activity
Amino acids

POT1 Acetyl-CoA C-acyltransferase
activity

Lipid metabolism

TES1 Acyl-CoA thioesterase activity
TKL2 Transketolase activity Carbohydrates
YJR096W Aldehyde reductase activity
TSA2 Thioredoxin peroxidase activity Homeostasis
ECM4 Glutathione transferase activity Cell wall
FMP45
TFS1 Lipid binding/protease

inhibitor activity
Protein catabolism

VPS73 Substrate specific transmembrane
transporter activity

Transport

SPS100 Sporulation
HBT1 Conjugation
YLR294C Hydrogen-transporting ATP synthase Respiration
GTT1 glutathione transferase activity Others
YDL124W �-Keto amide reductase activity,

�-keto ester reductase activity
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expression, we decided to analyze the transcription of two ribo-
somal genes: RPL3 and RPL30 in wt, mtl1, tor1, and tor1mtl1
cells under all the stress conditions used in the current study
(Fig. 3, B–D). As expected and in accordance with previous
studies, we observed clear ribosomal gene repression in wt,

FIGURE 1. Mtl1 is required for survival in response to various types of
stress and it is essential for the regulation of the Msn2 transcription
function. A, shown is Northern blot analysis of wt and mtl1 samples growing
in SD medium at 30 °C to logarithmic phase using DDR2, GRE1, TRX2, HSP12,

and CTT1 probes and U2 as a loading control. B, exponentially growing cul-
tures of wt (CML128), mtl1, wt �pMsn2, and mtl1 � pMsn2 were serial-diluted
and spotted onto plates containing 1 mM H2O2, 1 ng/ml rapamycin, and 5 mM

caffeine. In parallel, aliquots were taken, washed four times with equivalent
volumes of SD minus glucose, and incubated in fresh SD medium without
glucose for 1 day before being serial diluted and spotted onto YPD plates.
Growth on the plates was allowed to take place for 3 days at 30 °C. C, Northern
blot analysis of wt, mtl1, wt �pMsn2, and mtl1 � pMsn2 samples growing in
SD medium at 25 °C to logarithmic phase and then treated with either 1 mM

H2O2 or 200 ng/ml rapamycin is shown. Samples were collected and pro-
cessed at the indicated times using HSP12, CTT1, RPL3, and RPL30 probes and
U1 as a loading control. Histograms represent the -fold induction normalized
with respect to the corresponding U1 value for each of the genes analyzed.
D, experiments were as in B, except that exponentially growing cells were
washed four times with SD minus glucose and then transferred to fresh SD
medium minus glucose. Samples were collected at the indicated times.
Northern blot analyses of exponentially growing wt and mtl1 cultures. Histo-
grams represent the -fold induction normalized with respect to the corre-
sponding U1 value for each of the genes analyzed. E, Northern blot analyses of
wt and msn2msn4 growing exponentially and then treated either with H2O2
or rapamycin or starved of glucose as in C and D. d, day.

FIGURE 2. Msn2 regulation in different mutants. A, shown is the Msn2 loca-
tion in response to hydrogen peroxide and rapamycin. wt and mtl1 cells were
transformed with a multicopy plasmid carrying Msn2 fused to GFP in the C
terminus and under the control of the ADH1 promoter as described under
“Experimental Procedures.” Cultures were grown in SD minimum medium at
30 °C to logarithmic phase and then treated with rapamycin and hydrogen
peroxide for the times indicated in the figures. Histograms represent the per-
centage of cells with Msn2 localized in their nuclei counted from a total of 300
cells. We have chosen a representative experiment from three repetitions
that were significantly similar. B, histograms represent the MSN2 mRNA levels
calculated in wt, mtl1, ras2, mtl1ras2, tor1, and mtl1tor1 cells growing expo-
nentially in logarithmic phase and normalized with respect to the values
obtained using a U1 probe as a loading control. Error bars represent S.D. cal-
culated from three repetitions.
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tor1, mtl1, and tor1mtl1 cells in
response to the rapamycin treat-
ment. Additionally, both the mtl1
and tor1mtl1 mutants presented
similar responses to wild type cells;
this indicated that Mtl1 was not
required to repress ribosomal gene
transcription when the TOR func-
tion was blocked by rapamycin (Fig.
3E). Our results suggest that both
TOR1 and MTL1 regulate a com-
mon process in response to rapamy-
cin and also that at least one of the
two genes is required for cells to sur-
vive upon rapamycin treatment,
although they are in different path-
ways. MTL1 and TOR1 signal to
Msn2, suggesting that MTL1 could
signal TOR1 inhibition for the regu-
lation of the Msn2 function in
response to the blockade of the
TORC1 function (Fig. 3E). How-
ever, Mtl1 is not involved in the
ribosomal gene repression medi-
ated by rapamycin treatment.
In response to the other two

stresses, oxidative stress and glucose
depletion, the mtl1 mutant was
unable to induce ribosomal gene
repression. Interestingly, in the dou-
ble mutant tor1mtl1, the repression
was restored to almost wild type lev-
els (Fig. 3, B–C). These results,
therefore, suggest that Mtl1 re-
quires Tor1 repression to transmit
the signal for glucose starvation and
hydrogen peroxide stress to down-
stream effectors that regulate both
ribosomal gene expression and the
Msn2/Msn4 function (Fig. 3E).
Because it has been previously

reported that TOR signals to Ras/
cAMP for the regulation of riboso-
mal gene expression and the Msn2/
Msn4 function (29), we further
investigated the possible relation-
ship between Mtl1 and Ras2. We
constructed both ras2 andmtl1ras2
double mutants and obtained simi-
lar results to those already described
above with respect to the interac-
tion between Tor 1 andMtl1. In the
double mutant mtl1ras2 we ob-
served (i) restoration of mtl1 via-
bility after rapamycin treatment,
oxidative stress or glucose depri-
vation, (ii) restoration of Msn2/
Msn4 wild type activity (as
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deduced from the levels of expression of both transcripts,
CTT1 and HSP12), and (iii) ribosomal gene repression sim-
ilar to that associated with wild type and ras2 cells (Fig. 3,
B–D). Thus, the deletion of Ras2 restored the majority of the
phenotypes exhibited by the mtl1 cells to almost wild type
levels in response to both oxidative stress and glucose deple-
tion. Our results, therefore, suggest a role for Mtl1 in trans-
mitting the signal for oxidative stress and glucose starvation
toMsn2/Msn4 and also in the down-regulation of Ras2 func-
tions (Fig. 3E).
The Absence of Either Tor1 or Ras2 Restores the Defects in the

Accumulation of Glycogen Observed in the mtl1 Cells—Accu-
mulation of glycogen occurs when cells are starved of nutrients.
It has been demonstrated that both the TOR and Ras-cAMP
pathways control glycogen homeostasis in cells (45–47).
Part of this effect is due to the fact thatMsn2/Msn4 regulates
the transcription of a subset of genes required for glycogen
synthesis (48, 49). Because the absence of the Mtl1 function
impaired the activity of Msn2/Msn4, we tested whethermtl1
cells presented any defects in the accumulation of glycogen.
We confirmed our hypothesis and demonstrated that mtl1
was defective in the accumulation of the carbon storage
source glycogen (Fig. 4). Interestingly, TOR1 and RAS2 dele-
tion and also Msn2 overexpression restored the capacity to
accumulate glycogen inmtl1 cells. This supports the hypoth-
esis that Mtl1 signals the inhibition of Tor1 and Ras2 and
consequently contributes to the activation of theMsn2 func-
tion in response to quiescence (Fig. 4).
Mtl1 Affects Intracellular Levels of cAMP—Mtl1 is geneti-

cally related to Ras2 function. This is a logical consequence
of what would be an additional relationship with the PKA
pathway that should be reflected in cAMP intracellular lev-
els. We decided to determine the effect of deleting Mtl1 on

cellular cAMP levels. The levels of cAMPwere determined in
wild type, ras2, and mtl1 strains during exponential growth
and in stationary phase. Under both conditions, mtl1 cells
showed higher levels of cAMP than those determined in wild
type cells (Fig. 5). Deletion of ras2 caused a significant
decrease in cAMP levels compared with wild type cells. Tak-
ing all these results together we can conclude that Mtl1 reg-
ulates cAMP levels through the down-regulation of the RAS2
function.
Involvement of the Pkc1-MAPK Pathway in the Stress

Response Mediated by Mtl1—Mtl1 is a component of the cell
integrity pathway and a sensor of oxidative stress. We won-
dered whether the effect that Mtl1 has on both Tor1 and Ras2
was alsomediated by elements of the Pkc1-MAPK pathway. To
ascertain this, we checked the functional relationship between
Mtl1 and several members of the pathway. We first checked
whether Rho1was involved in this response. To do this we used
a constitutively activated Rho1 allele in a centromeric plasmid
under the control of the GAL1 promoter and transformed both
wild type andmtl1 cells. As described in legend to Fig. 6, glucose
repressedRho1 expression (Fig. 6A), whereas galactose, the sole
carbon source, induced Rho1 overexpression (Fig. 6A, middle
panel corresponding to galactose). As shown in Fig. 6, expres-
sion of the hyperactive RHO1 allele in the mtl1 mutant strain
led to (a) an increase in cell-survival in response to hydrogen
peroxide (Fig. 6A) but not to rapamycin, (b) the partial restora-
tion of the transcriptional induction ofCTT1 andHSP12 (Fig. 6,
B and C), and the repression of ribosomal genes under condi-
tions of oxidative stress (Fig. 6B). We could not perform these
experiments under conditions of glucose depletion because the
expression of the RHO1 hyperactivated allele was regulated by
the Gal1 promoter. However, we were able to detect that when
wild type cells were transferred from glucose to galactose there
was induction of the genes regulated by Msn2/Msn4 (Fig. 6B).
Interestingly, when we transferred mtl1 cells from glucose to
galactose (as the sole carbon source), we did not observe any

FIGURE 3. The absence of either TOR1 or RAS2 restores cell viability, ribosomal gene expression, and transcriptional regulation dependent on Msn2
in the mtl1 mutant to wild type levels. A, cell viability was as in Fig. 1 but using the following strains: wt, mtl1, ras2, ras2mtl1, tor1, and tor1mtl1. B, shown are
Northern blot analyses of the above-mentioned strains growing exponentially and then starved of glucose or treated with either H2O2 (C) or rapamycin (D), as
described in Fig. 1. Histograms represent the -fold induction normalized with respect to the corresponding U1 value for each of the genes analyzed. E, the
schematic diagram shows two possible models, which could explain how Mtl1 signals to both TOR1 and RAS2 to regulate Msn2/Msn4 function in response to
various stresses. d, day.

FIGURE 4. Glycogen accumulation in the different strains: wt, wt�pRHO1*,
wt�pMsn2, ras2, tor1, mtl1�pRHO1*, mtl1�pMsn2, mtl1ras, and
mtl1tor1. Cells were grown on SD medium to logarithmic phase then
spotted onto SD medium plus amino acids to be grown for 5 days. A
solution of 0.2% iodine/0.4% potassium iodide (Swiegers et al. (40)) was
poured over the spots, and photographs were taken 3 min later. The
darker the color, the more glycogen was accumulated, and the lighter the
color, the less glycogen was present. Glycogen provides an indirect meas-
urement of cAMP/PKA activity.

FIGURE 5. Intracellular cAMP in different cultures. wt, mtl1, and ras2 strains
were grown either exponentially or to stationary phase (3 days of incubation
at 30 °C) in SD medium plus amino acids and harvested for cAMP extraction
and detection as described under “Experimental Procedures.” Values are the
average of three independent experiments (error bars represent the S.D.).
With respect to both conditions, exponential and stationary phases, the three
strains (wt, mtl1, and ras2) were significantly different from one another, with
a 0.01 � p � 0.02. These values were calculated upon performing two-tailed
t tests.
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significant induction of the genes used to report Msn2 activity
(CTT1 andHSP12) with respect to the wild type cells, in which
this shift induced the transcription of both genes. Importantly,
overexpression of the RHO1 hyperactive allele inmtl1 cells not
only rescued the transcriptional levels of Msn2-dependent
genes to almost wild type levels but also the hyperactivation of
theMAPK (Slt2) of the CWI pathway (Fig. 8A) when cells were
transferred from glucose to galactose-containing medium and
were subsequently treated with hydrogen peroxide. Further-
more, Rho1 also suppressed the deficiency in glycogen accumu-
lation in mtl1 cells (Fig. 4). Taking these results together, we
hypothesize that the signaling fromMtl1 to Tor1 and Ras2 that
we have characterized occurred through Rho1. In addition we
were able to observe that Rho1 presented stress specificity, as it
did not rescuemtl1 cell viability in response to rapamycin treat-
ment (Fig. 6A). We performed the same experiments by over-
expressing Rom2 (a GAP for Rho1) and obtained equivalent
results to those shown for Rho1 (data not shown).
To further analyze the role of the downstream elements in

the CWI pathway involved in this signaling process, we used a
constitutively activated allele of the MAPKKK (MAPK kinase
kinase) BCK1, the allele BCK1–20, and also checked for over-
expression of the last kinase in the pathway, Slt2 (data not
shown). The results shown in Fig. 7 indicate that upon treat-
ment with hydrogen peroxide or upon glucose depletion, nei-

ther the expression of the BCK1–20
allele nor Slt2 overexpression (data
not shown) was able to restore the
following functions in the mutant
mtl1; (i) cell viability (Fig. 7A), (ii)
Msn2/Msn4 transcriptional func-
tion (Fig. 7B), and (iii) repression of
ribosomal genes (Fig. 7B). More-
over, as in the case of the RHO1*
allele, the BCK1–20 allele did not
suppress the lethality caused by
rapamycin in mtl1 cells. All these
results indicate that there is cross-
talk betweenMtl1 and Tor1 and the
Ras-cAMP pathways through the
Rho1 protein. However, the other
elements in the CWI pathway
downstream of Rho1 did not seem
to play any significant role in the sig-
naling from Mtl1 to TOR and Ras/
cAMP. However, the constitutive
activation of the pathway at the level
of the kinase BCK1 did restore cell
viability in response to glucose
depletion (Fig. 7A). This result
stresses the role that the CWI path-
way plays in quiescence.
Mtl1 Is Required to Activate the

Pkc1-MAPk Pathway in Response to
Hydrogen Peroxide and Glucose
Starvation—As Mtl1 is a cell-wall
sensor and a component of the CWI
pathway, we decided to investigate

the role of this protein in signaling through this pathway in
response to hydrogen peroxide and glucose starvation. To
check this we checked the phosphorylation of the MAPK Slt2
by Western blotting in wild type and mtl1 cells treated with
hydrogen peroxide or starved of glucose. As detailed in Fig. 8,
theMAPK Slt2 became notably activated in wt cells in response
to both stresses. However, the hyperactivation of Slt2 was
clearly abrogated inmtl1-stressed cells.
To further demonstrate thatMtl1 transmits the signal to Slt2

through the Pkc1 pathway, these experiments were carried out
inmtl1 cells alternatively transformed with the RHO1 hyperac-
tive allele and the constitutively active BCK1–20 allele. As
shown in Fig. 8,A and B, hyperactivation of the pathway down-
stream fromMtl1 compensated for the absence of the receptor
in the activation of Slt2 upon both oxidative and glucose deple-
tion stresses. These results indicate that Mtl1 is involved in
signaling the absence of glucose or oxidative stress caused by
hydrogen peroxide and transmits it to Slt2 through the classical
elements of the CWI pathway.

DISCUSSION

Wehave used a genomic approach to identify other functions
in which the cell-surface proteinMtl1 could play a role. Having
observed a large cluster of genes that were potentially regulated
by Msn2 and down-regulated in the absence of Mtl1, we iden-

FIGURE 6. Hyperactivation of Rho1 restores mtl1 cell viability, transcriptional induction being depen-
dent on Msn2 and the ribosomal gene transcription in mtl1 cells in response to hydrogen peroxide but
not in response to rapamycin. A, serial dilutions of exponentially growing cultures of wild type, mtl1,
wt�pRHO1*, and mtl1pRHO1* were grown in SD plus amino acids at 25 °C. Half of the cultures were serial-
diluted and directly plated onto SD plates containing either hydrogen peroxide or rapamycin (first line in Fig.
5A). The other half was washed four times with two volumes of minimum medium containing galactose as the
sole carbon source and then transferred to minimum medium containing galactose to induce the expression
of RHO1* for 12 h of induction. After this period cells were serial-diluted and plated onto SD plates containing
hydrogen peroxide or rapamycin (second line in Fig. 5B). B, shown is a Northern blot analysis of the strains
growing logarithmically in SD minimum medium (wt and mtl1 strains) or in minimum medium containing
galactose as a carbon source, as described in A (wt�pRHO1*, mtl1�pRHO1*) and then treated with 1 mM

hydrogen peroxide. Samples were collected after the indicated times as in Fig. 2B. Histograms represent the
-fold induction normalized with respect to the corresponding U1 value for each of the genes analyzed.
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tified Msn2 as a possible target for Mtl1. The absence of Mtl1
makes cells sensitive to oxidizing agents, glucose starvation,
and conditions in which the TORC1 function is compromised.
This sensitivity is also associated with a notable defect in Slt2
activation. Msn2 overexpression was quite efficient at rescuing
the loss of viability caused by the absence of the Mtl1 function
in all the stress conditions studied here. It is very interesting to
observe that a significant number of the Msn2-dependent
genes that are down-regulated in themtl1mutant are related to
the oxidative stress response. This is perhaps not surprising as
Mtl1 has previously been characterized as an oxidative stress
sensor (1). However, how Mtl1 senses these stimuli currently
remains unknown. Some authors (28) have reported thatMsn2
transcriptional control is important for the response to hydro-
gen peroxide. This paper helps to extend our existing knowl-
edge of this field by attributing Mtl1, a sensor for oxidative
stress, with a novel and essential role in the transduction of the
oxidative signal to Msn2. One possible explanation for this is
that Msn2 controls the transcription of the genes required for
the oxidative stress response. This occurs, for example, with
GAD1, a gene required for cellular resistance to hydrogen per-
oxide, and with other oxidant agents (50).
Msn2 is known to be regulated by PKA activity (26, 45) and

the TOR pathway (17). It is also generally accepted that sensi-
tivity to rapamycin is specific to mutants in the TORC1 com-
plex but not in the TORC2 complex (13). The mutant mtl1 is

sensitive to rapamycin, which is what connects it to the TORC1
complex. The observation that TOR1 deletion restores the
Msn2/Msn4 function in mtl1 cells reinforces the hypothesis
that Mtl1 acts as a possible negative regulator of TOR1. How-
ever, if this were the case, we should not expect any ribosomal
gene repression to occur in the absence of Mtl1 as both TOR
andRas inhibition induce ribosomal gene repression (20, 34, 43,
51–53). The observation that rapamycin induced a marked
repression of the ribosomal genes inmtl1mutant cells was not
unexpected as rapamycin blocks the TORC1 function and not
only TOR1 activity. It has recently been reported that at least
two independent branches of TORC1 are involved in the con-
trol of ribosomal protein genes (54). The presence of the other
TORC1 components would be sufficient to signal to the ribo-
somal transcription independently of Mtl1. The synthetic
lethality observed in the doublemutant tor1mtl1 upon rapamy-
cin treatment suggests that the two proteins act in different
pathways but probably perform a common regulatory function
(see Fig. 3E). However, more studies will be required to eluci-
date the meaning of this genetic interaction.
Upon oxidative treatment or glucose starvation, Tor1 dele-

tion was required to restore ribosomal gene repression and the
Msn2/Msn4 function in mtl1 cells. We consequently con-
cluded that Mtl1 is a negative regulator ofTOR1 and acts specifi-
cally in response to glucose starvation and oxidative stress. We
wonderedwhetherMtl1alsonegatively regulatesotherTORread-
outs suchasGln3andRtg1/Rtg3 transcriptional functions (17, 55).

FIGURE 7. Constitutive activation of BCK1 only suppresses mtl1 cell
lethality upon glucose deprivation, but it does not suppress the tran-
scriptional regulation of ribosomal genes or of the Msn2 genes that are
dependent on mtl1cells in response to hydrogen peroxide or glucose
deprivation. A, shown are serial dilutions of exponentially growing cultures
of wild type, mtl1, wt�pBCK1-20, and mtl1�pBCK1-20 plated onto plates con-
taining either hydrogen peroxide or rapamycin as in Figs. 1, 2, and 5. As in Fig.
1B and 2A, aliquots were taken, washed four times with equivalent volumes of
SD minus glucose, and then incubated in fresh SD medium without glucose
for 1 day to be subsequently serial diluted and spotted onto YPD plates.
B, Northern blots with samples treated with hydrogen peroxide or starved of
glucose as in Figs. 1 and 2 are shown. Samples were harvested at the indicated
incubation times.

FIGURE 8. Mtl1 is involved in signaling both oxidative stress caused by
hydrogen peroxide and glucose starvation to the protein kinase Slt2
through elements of the Rho1 and Bck1 cell integrity pathways. A, West-
ern blot analysis of Slt2 activity using the p44/42 polyclonal antibody in
samples from wt, mtl1, wt�pRHO1*, mtl1�pRHO1*, wt�pBCK1-20, and
mtl1�pBCK1-20 growing exponentially and treated with 1 mM hydrogen per-
oxide for the indicated times. For pRHO1* overexpression we followed the
same procedure as described in the legend to Fig. 5A, the previous hydrogen
peroxide treatment. B, procedures were the same as in A, but the strains were
exponentially grown in SD, washed four times with minimum medium with-
out glucose, and then transferred to SD minus glucose to be incubated at
25 °C. Samples were collected at the indicated times for Western blot analysis.
Anti-GSTSlt2 antibody was used to detect total Slt2 protein (not shown).
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We observed, however, that Mtl1 was not involved in such regu-
lation in response to rapamycin (not shown).
It has been reported that RAS/cAMPmay be a TOR effector

branch (29). These authors reported that the activation of RAS
causes 1) a deficiency in HSP12 transcription in response to
rapamycin and 2) no ribosomal transcriptional repression in
response to TOR inactivation. One of our initial assumptions
was, therefore, that the RAS/cAMP pathway could be improp-
erly up-regulated in themtl1mutant.
Deletion of Ras2 caused a significant decrease in cAMP lev-

els, as expected, and as previously reported (by 56–58).We also
obtained clear results indicating that cAMP levels were higher
in mtl1 cells than in those determined in wild type cells. It has
been demonstrated that high PKA levels negatively regulate
MSN2 transcription. This could explain the lower transcription
levels determined in mtl1 mutants in comparison with wild
type cells, and this would also be in accordance with the
increase in the transcription of MSN2 observed in both the
mtl1tor1 and mtl1ras2 double mutants in the logarithmic
phase. Taking all of these results together, we conclude that
Mtl1 negatively affects cAMP levels through the regulation of
the RAS2 function and more specifically in response to both
oxidative stress and glucose deprivation (as depicted in Fig. 3E).
Glucose starvation induced a change froma fermentative to a

respiratorymetabolism in S. cerevisiae.This sudden shift to res-
piratory growthwould lead to the accumulation of reactive oxi-
dative species derived from the electronic chain in the mito-
chondria. It is not, therefore, surprising that both oxidative and
nutritional stresses induce a common pathway that is sensed
primarily by a common sensor,Mtl1, which would transmit the
signal for both Tor1 and Ras2 inactivation, thus reducing the
accumulation of cAMP. Inmammal cells, amino acid depletion
inhibits TORC1 (59). Unrestrained activity inmammals is asso-
ciated with several diseases such as inflammation, cancer, and
diabetes (60). Ras inhibition also increases resistance to oxida-
tive stress in neurons (61). The inhibition of Tor1 andRasmust,
therefore, be a common mechanism used by cells to survive
nutrient depletion and other specific types of stress. In this
context and because of the existence of either homologous
TOR or RAS in unicellular organisms, they constitute a good
cellular model for studying these signaling processes, stressing
the interest of the current study.
It was recently (62) proposed that the TOR and PKA signals

function independently of each other. However, other authors
(29) have proposed that nutrient availability signals to the TOR
function and that from there, the signal could diverge into two
separate branches, one of which is directed to Ras/cAMP,
whereas the other is related to ribosome biogenesis, stress
response, and glycogen accumulation. In our studies we
observed that in response to rapamycin, Mtl1 displayed an
independent genetic relationship with TOR. However, in
response to oxidative stress and glucose starvation, our data
support the hypothesis that a signal is transmitted from Mtl1
and Rho1 to Tor1 and Ras/cAMP, which converges (at least) on
the stress transcription factor Msn2/Msn4. Glycogen accumula-
tion is also controlled byTOR, PKA, andMsn2/Msn4. The obser-
vation that Rho1 activation,Msn2 overexpression, or the deletion

of eitherTor1 or Ras2 suppressed the deficiency in glycogen accu-
mulation inmtl1mutants also supports our model.
The findings from our study were in line with a previous

publication (63) that described a role for Rom2 in Ras2-cAMP
down-regulation in response to several types of stress, includ-
ing oxidative stress. These authors also indicate that this cross-
talk betweenRas-cAMP and the Pkc1-MAPKpathway could be
mediated by Rho1. In the present study we have extended this
information to Mtl1, as it is the cell-surface protein member of
the cell integrity pathway that transmits the signal to Tor1 and
Ras2 through Rom2 (data not shown) and Rho1. However,
downstream elements of the cell integrity pathway do not par-
ticipate in this cross-talk. This was deduced from the observa-
tion that the BCK1–20 allele did not restore the Msn2/Msn4
function inmtl1cells in response to oxidative stress and glucose
starvation. Moreover, and in accordance with Park et al. (63),
we also observed a certain specificity of stress in this signaling,
as the RHO1* and BCK1–20 alleles did not suppress the loss of
viability that the mtl1 cells experienced in response to other
stress-inducing agents such as rapamycin.
In general, the cellular responses to oxidative stress or glu-

cose starvation mediated by Mtl1 described in this paper were
common ones. With only one exception, the constitutive acti-
vation of the Pkc1-MAPK pathway at the level of BCK1 clearly
increased cell survival in mtl1 cells when they were starved of
glucose. This result underlines the importance of cell integrity
activity in quiescence (10, 34). The observation that Slt2 activa-
tion is not sufficient to recover cell viability in response to oxi-
dative stress in anmtl1mutant is in line with a previous publi-
cation (1). In it, we demonstrated that the elements of the
MAPK module of the CWI pathway are dispensable for cell
viability in response to oxidative stress. However, more studies
are required to lookmore deeply into the biological significance
of these divergences.
In conclusion, our results suggest that the essential functions

mediated by Mtl1 are to inactivate the Tor1 and Ras2 function
to repress ribosomal gene transcription, to induceMsn2/Msn4
gene transcription, and to reduce the cAMP cellular levels (see
Fig. 3E).Webelieve that theMsn2 functiondirectly contributes to
the maintenance of cell viability in mtl1 mutants in response to
oxidative stress,whereasSlt2 activity reflects anadaptive response.
However, in response to glucose starvation, both Slt2 and Msn2
activity help to increase cell survival in the absence ofMtl1.
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