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Ana Belén Sanz, Raúl Garcı́a, José Manuel Rodrı́guez-Peña, César Nombela and
Javier Arroyo*

Departamento de Microbiologı́a II, Facultad de Farmacia, Universidad Complutense de Madrid, IRYCIS, 28040
Madrid, Spain

Received August 13, 2015; Revised April 12, 2016; Accepted April 14, 2016

ABSTRACT

The transcriptional response of Saccharomyces
cerevisiae to cell wall stress is mainly mediated by
the cell wall integrity (CWI) pathway through the
MAPK Slt2 and the transcription factor Rlm1. Once
activated, Rlm1 interacts with the chromatin remod-
eling SWI/SNF complex which locally alters nucle-
osome positioning at the target promoters. Here
we show that the SAGA complex plays along with
the SWI/SNF complex an important role for elicit-
ing both early induction and sustained gene expres-
sion upon stress. Gcn5 co-regulates together with
Swi3 the majority of the CWI transcriptional pro-
gram, except for a group of genes which are only
dependent on the SWI/SNF complex. SAGA sub-
units are recruited to the promoter of CWI-responsive
genes in a Slt2, Rlm1 and SWI/SNF-dependent man-
ner. However, Gcn5 mediates acetylation and nucle-
osome eviction only at the promoters of the SAGA-
dependent genes. This process is not essential for
pre-initiation transcriptional complex assembly but
rather increase the extent of the remodeling medi-
ated by SWI/SNF. As a consequence, H3 eviction
and Rlm1 recruitment is completely blocked in a
swi3� gcn5� double mutant. Therefore, SAGA com-
plex, through its histone acetylase activity, cooper-
ates with the SWI/SNF complex for the mandatory
nucleosome displacement required for full gene ex-
pression through the CWI pathway.

INTRODUCTION

Adverse environmental conditions elicit in yeast cellular
stress responses mediated by specific signaling pathways,
most of them regulated through mitogen-activated protein
kinase (MAPK) cascades. The activation of the MAPK in-

duces changes in the global transcriptional pattern, generat-
ing efficient adaptive responses that guarantee cell survival.
In Saccharomyces cerevisiae, stressful conditions damag-
ing the cell wall, an essential structure for viability, trigger
the cell wall integrity (CWI) pathway coordinated by the
MAPK Slt2 (reviewed in (1)). CWI is sensed through cell
membrane proteins, mainly Mid2 and Wsc1. Under acti-
vation conditions, these sensors interact with the guanine
nucleotide exchange factor Rom2, activating the small GT-
Pase Rho1, which then interacts and activates Pkc1. The
main role of activated Pkc1 is to trigger a MAPK module
comprising the MAPKKK Bck1, the redundant MAPKKs
Mkk1/Mkk2 and the MAPK Slt2/Mpk1. Phosphorylation
of the MAPK Slt2 leads to the activation of the transcrip-
tion factors SCB-binding factor complex: Swi4/Swi6 (SBF)
(2) and Rlm1 (3). Slt2 regulates the Rlm1 transcriptional ac-
tivation function by phosphorylation of Ser427 and Thr439
(4), being this transcription factor responsible for most of
the transcriptional output of the CWI pathway upon cell
wall stress (5,6). Additionally, a non catalytic mechanism by
which Slt2 and its pseudokinase Mlp1 activate SBF to reg-
ulate the transcription of a small subset of CWI-responsive
genes has been described (7,8).

The high complexity of DNA packaged into chromatin
points the removal of nucleosomes at the promoter as an im-
portant step in transcriptional activation. Recently, we have
characterized the essential role of the SWI/SNF adeno-
sine triphosphate (ATP)-dependent chromatin remodeling
complex in developing adequate transcriptional responses
under cell wall stress conditions. Upon activation of the
MAPK Slt2, SWI/SNF is recruited to the CWI-responsive
gene promoters to locally alters nucleosome positioning, al-
lowing further Rlm1 binding at previously occluded Rlm1-
binding sites and accessibility of the RNA Pol II to DNA
(9).

Transcription initiation is therefore a complicated pro-
cess that requires the coordinated activities of not only one
co-activator but a large number of factors to ensure an
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appropriate regulation. In addition to ATP chromatin re-
modeling machinery, the activity of histone modifier com-
plexes, as the acetyltransferase SAGA complex, is also re-
quired. SAGA (Spt-Ada-Gcn5-acetyltransferase) is a multi-
subunit complex (18–20 proteins) that is conserved from
yeast to mammals (10) and has two known enzymatic mod-
ules that mediate acetylation (the histone acetyltransferase
(HAT) Gcn5 together with Ada2, Ada3 and Sgf29) (11–
13) and deubiquitination (the ubiquitin-specific protease
Ubp8, Sgf11, Sgf73 and Sus1) (14–18) of histones as well
as non-histone substrates. H3 acetylation by Gcn5 (primar-
ily at K14 andK9 (19)) has long been positively correlated
with transcription (20,21), indeed, Gcn5 is generally re-
cruited to the promoter of active genes (22). Acetylation
of histones neutralizes the positive charge of the histone
tails and decreases their affinity for the negatively charged
DNA affecting higher order packing of chromatin that
would otherwise be inhibitory for regulatory factors recruit-
ment and transcription (23,24). This modification also cre-
ate specific binding surfaces for bromodomain-containing
proteins, providing evidences that acetyl-lysines in histones
function to recruit or stabilize machinery involved in DNA-
mediated processes (25–27). However, other SAGA sub-
units, as Spt3 and Spt8, enhance pre-initiation complex as-
sembly by delivering TBP (TATA-binding protein) to pro-
moters, a mechanism that goes beyond HAT activity (28–
30) and that has been related to the expression of highly
regulated genes that are induced under stress conditions
(31,32).

In the context of stress, the role of the yeast SAGA com-
plex has been largely studied in the upregulation of gene
expression mediated by heat shock (31,33,34), acute glu-
cose limitation (35) and DNA-damage (36–38). Related to
MAPK-signaling pathways, SAGA also participates in the
response to osmotic stress through the MAPK Hog1, be-
ing targeted to the osmoresponsive genes to mediate RNA
Pol II recruitment and gene expression, independently of its
HAT activity (39,40). In contrast, under oxidative condi-
tions, Gcn5 is recruited to promoters by the MAPK Atf1 in
Schizosaccharomyces pombe to mediate the histone acetyla-
tion necessary for Pol II progression along genes, although
Pol II recruitment is not affected by the lack of Gcn5 dur-
ing the oxidative response (41). Accordingly, the expression
of specific groups of genes is more sensitive to the deletion
of subunits within one module versus another, making dif-
ferent the participation of SAGA complex in the regula-
tion of each stress response. Moreover, cooperation between
different chromatin modifying complexes seems to be nec-
essary for regulating chromatin structure and proper tran-
scriptional activation, without a concerted mechanism of
activation for the different environmental conditions (42).

Here, we show that the SAGA complex plays along with
the chromatin remodeling SWI/SNF complex a critical role
in orchestrating the transcriptional responses regulated by
Rlm1 and the MAPK Slt2 in response to cell wall stress.
Gcn5 co-regulates, together with Swi3, the majority of the
transcriptional response induced upon stress. Furthermore,
the SAGA complex enters on cell wall responsive gene pro-
moters under cell wall stress to mediate H3 acetylation co-
operating with the SWI/SNF complex for eliciting nucleo-

some reorganization and gene expression in response to cell
wall stress through the CWI pathway.

MATERIALS AND METHODS

Yeast strains, plasmids and growth conditions

Experiments were performed with the S. cerevisiae wild-
type (WT) strain BY4741 (MATa; his3Δ1; leu2Δ0;
met15Δ0; ura3Δ0) and mutant derivatives provided by
Euroscarf (Frankfurt, Germany). The tagged strains in
BY4741 background WT SPT20-13MYC::HIS3, WT
GCN5-13MYC::HIS3 and the corresponding rlm1�
SPT20-13MYC::HIS3, slt2� SPT20-13MYC::HIS3 and
snf2� SPT20-13MYC::HIS3 mutants were obtained using
the one-step polymerase chain reaction (PCR)-mediated
technique for gene modification (43). The fragment includ-
ing the 13Myc-His3 was amplified by PCR using primers
designed as described and the pFA6a-13Myc-His3MX6
plasmid as template (43). Primer sequences are available
upon request. The resulting fragment was integrated by
homologous recombination into the SPT20 and GCN5
locus. Correct integration was confirmed with a PCR-
based strategy. The strain SJ01 (WT RLM1-3HA::LEU2)
was described in (9). Mutant gcn5� RLM1-3HA::HIS3
was obtained as described above but using the pFA6a-3
HA-His3MX6 plasmid as template. The double mutant
swi3� gcn5� (swi3::KanR, gcn5::HIS3) was obtained
by sporulation and tetrad analyses using standard yeast
genetic techniques after generation of the corresponding
diploid heterozygous disruptant. Strains YJS6, YJS7 and
YKH100 (31) were kindly provided by B. Franklin Pugh
(Pennsylvania State University, PA, USA). The plasmid
YEp352-RLM1HA expressing the fusion protein Rlm1-
HA under the control of the native Rlm1 promoter was
previously described (9). Plasmid pRS416-RLM1HA was
constructed by digestion of plasmid YEp352-RLM1HA
with PvuII and SacI and cloning of the derived fragment
containing RLM1HA and its promoter into the vector
pRS416 using SmaI and SacI sites.

Routinely, cells were grown overnight in liquid YEPD
(1% yeast extract, 2% peptone and 2% glucose) or syn-
thetic defined (SD) (0.17% yeast nitrogen base, 0.5% am-
monium sulphate, 2% glucose, supplemented with the re-
quired amino acids) medium in the case of cells bearing
plasmids, at 220 rpm and 24◦C to an optical density of 0.8–
1 (A600). The culture was refreshed to 0.2 (A600) in YEPD,
grown for an additional 2 h 30 min and then divided into
two parts. One part continued growing under the same con-
ditions (non-treated culture), while the other one was sup-
plemented with Congo red (CR) (30 �g/ml; Merck, Darm-
stadt, Germany). Cells were collected at the indicated times
and processed depending on the experimental approach.

Phenotypic analyses

Yeast cells were grown at 24◦C in YEPD to mid-log phase
and sensitivity assays to the cell wall perturbing agent CR
were performed as previously described (44).
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Microarray experiments

Total RNA isolation and purification was carried out as de-
tailed elsewhere (6). Genome-wide transcriptional profiles
were obtained using AffymetrixGeneChip R© Yeast Genome
2.0 arrays. cDNA synthesis and chip hybridization, image
analysis, data processing and statistical analysis were basi-
cally carried out as described (45). The files generated from
the scanning (.CEL) were converted to gene expression sig-
nals using RMA algorithm included in Affymetrix R© Ex-
pression ConsoleTM (Affymetrix R©). For each experimental
condition, three microarray experiments corresponding to
three independent biological samples were processed and
analyzed. Fold changes between experimental conditions
under comparison were calculated as a ratio between the
mean of the gene expression signals. The genes were con-
sidered to be up- or down regulated when their expression
ratio under the conditions tested was ≥2 or ≤0.5, respec-
tively. Statistical analysis was performed with the Student
t-test. Those values with a P-value < 0.05 were considered
as significant and the corresponding genes considered for
further analysis.

To determine whether the gene induction observed in the
WT strain after CR treatment (30 �g/ml, 3 h) was signif-
icantly reduced in gcn5� mutant we used the relationship
between the response of the mutant (mutant ratio, +/−
CR treatment) versus the one of the WT strain (WT ra-
tio, +/− CR treatment). Thus, an arbitrary value of mu-
tant ratio/WT ratio of 0.65 was considered the threshold
for defining a significant reduction in gene induction (46). In
any case, genes whose mutant ratio was <1.6 were deemed
as not being upregulated. The same threshold for the rela-
tionship between mutant/WT versus WT ratio was used to
determine genes whose basal expression levels was depen-
dent on GCN5. Clustering analysis was performed using the
MeV MultiExperiment Viewer, version 4.9 (47).

The microarray data described here follow the minimum
information about a microarray experiment recommenda-
tions and have been deposited at the NCBI gene expres-
sion and hybridization array data repository with accession
number GSE71433.

Quantitative RT-PCR assays

Total RNA isolation and purification was carried out as de-
tailed elsewhere (6). Real-time quantitative RT-PCR (RT-
qPCR) assays were performed as previously detailed with
several modifications (6). In this case, real-time PCR was
performed using an 7900 HT Fast Real-Time PCR System
instrument (Applied Biosystems) in a final volume of 10.7
�l containing 4.5 �l of a 100-fold dilution of the RT re-
action, 5 �l of the Power SYBR Green PCR Master Mix
(Roche) and 0.6 �l of each 5 �M primer stock (Sigma).
Basic analysis was performed using the SDS 2.3 and RQ-
Manager 1.2 softwares (Applied Biosystems). For quantifi-
cation, the abundance of each gene was determined relative
to the standard transcript of ACT1 for input cDNA nor-
malization, and the final data on relative gene expression
between the conditions tested were calculated following the
2−��Ct method (48). Primer sequences are listed in Supple-
mentary Table S1.

Western blotting assays

The procedures used for immunoblot analyses, including
cell collection and lysis, collection of proteins, fractiona-
tion by sodium dodecyl sulphate-polyacrylamide gel elec-
trophoresis, and transfer to nitrocellulose membranes, have
been described previously (44).

Chromatin immunoprecipitation assays

ChIP was performed as described elsewhere (9,49). The
antibodies used in these experiments were: monoclonal
anti-Myc (9E10, Covance), polyclonal anti-HA (ab9110,
Abcam), monoclonal anti-Pol II (8WG16, Covance),
polyclonal anti-Snf2 antibody kindly provided by Joseph
C. Reese (Pennsylnania State University, USA), polyclonal
anti-H3 (ab1791, Abcam) and polyclonal anti-acetyl-
histone H3 (06-599, Millipore). The immunoprecipitated
DNA was quantified by qPCR using primers that am-
plified the following regions (locations are indicated by
the distance from the respective ATG initiation codon):
MLP1-BOX1 (RLM1 binding domain at the promoter),
−453/−313; MLP1-POLII (promoter/ORF), −143/+56;
MLP1-ORF2 (ORF), +555/+687; MLP1-ORF3 (3′ end
ORF), +1210/+1359; YLR194C-BOX (RLM1 binding
domains at the promoter), −254/−123; YLR194C-
POLII (promoter/ORF), −130/+60; YLR194C-ORF2
(ORF), +359/+520; YLR194C-ORF3 (3′ end ORF),
+666/+805; YPL088W-BOX1 (RLM1 binding domain
at the promoter), −573/−423; YPL088W-ORF2 (ORF),
+562/+712; YPL088W-ORF3 (3′ end ORF), +911/+1064;
and VMA8 (promoter), −321/−191. Primer sequences are
listed in Supplementary Table S1. The fold enrichment (FE)
at specific DNA regions was calculated using the Compara-
tive Ct Method (50) and the promoter region of the VMA8
gene, whose expression does not vary upon cell wall stress,
as a control sequence. Thus, the Ct of the input sample was
subtracted from the Ct of the immunoprecipitated sample
to calculate the �Ct, both in the control sequence (�Ctcont)
and in the target DNA (�Ctexp) for each condition. Finally,
FE was calculated by using the following formula: FE =
2–[�Ctexp-�Ctcont]. Data represent the mean and standard
deviation of at least three independent experiments.

RESULTS

Deletion of SAGA histone acetyltransferase module subunits
causes Congo red hypersensitivity

We had previously developed a large-scale screening using
the whole collection of haploid deletion strains transformed
with the CWI reporter system pSJ05 (pMLP1-NAT1) to
identify genes required for the transcriptional response trig-
gered by cell wall stress through the CWI pathway (9). In ad-
dition to the SWI/SNF remodeling complex, whose func-
tional relevance for the CWI transcriptional response was
described, several subunits of the SAGA complex were also
identified as defective in the induction of the cell wall stress
responsive gene MLP1/KDX1 (9), although its precise role
in transcription regulation was not established. To further
characterize the functional role of this complex in tran-
scription through the CWI pathway, we first analyzed the
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Figure 1. Deletion of genes that encode several SAGA subunits renders
cells sensitive to cell wall stress. The indicated strains were spotted on
YEPD plates without or with 100 �g/ml CR, and plates were incubated
for 48 h at 30◦C. Mutants underlined correspond to strains showing hy-
persensitivity to this compound.

importance of the SAGA complex in the maintaining of
the CWI. We performed a phenotypic analysis of a full set
of viable saga mutants growing in the presence of the cell
wall-interfering compound Congo red (CR, 100 �g/ml).
As shown in Figure 1, mutants in subunits related to the
acetyltransferase activity as Gcn5, Ada2 and Ada3, as well
as structural components, Spt7 and Spt20, were hypersensi-
tive to Congo red. However, deletion of those genes related
with ubiquitin modification (UBP8, SGF11 and SGF73)
and TBP recruitment (SPT3 and SPT8) did not have any
effect on yeast cell growth relative to the WT strain. These
phenotypes suggest that the disruption of the histone modi-
fying function of the complex results in the strongest defect
in the maintenance of a stable cell wall.

SAGA complex is required for the transcriptional response
mediated by the CWI pathway

In order to establish a role for the HAT SAGA module in
the transcriptional response dependent on the CWI path-
way, genome-wide expression profiles of WT and gcn5�
mutant strains under basal and cell wall stress (CR, 3
h) conditions were characterized. Microarray analyses re-
vealed that 98 genes were induced with ratios of transcript
levels ≥2 upon CR treatment in a WT strain. Comparison
of the transcriptional profiles of both strains revealed that

upregulation of gene expression was severely affected in the
gcn5� mutant. As a result, 73 out of the 98 genes of the
WT induction response (74.4%) depended on Gcn5 (Fig-
ure 2A), confirming an essential role of SAGA complex in
CWI-mediated gene expression. Moreover, comparison of
the transcriptional profiles of gcn5� cells generated in this
work to those of a swi3� mutant upon CR stress (9), re-
vealed that the majority of those genes dependent on Gcn5
were also dependent on Swi3 (Figure 2A and B), further
suggesting a cooperative function of both complexes in the
regulation of gene expression responses through the CWI
pathway.

These results were further confirmed by RT-qPCR. The
transcriptional activation of several of the genes identified
above, including both Gcn5 dependent and not-dependent
genes was analyzed not only in a gcn5� mutant but also
in ada1�, ada2�, ada3� and spt20� strains. As shown in
Figure 3 and in agreement with the genome-wide analysis,
induction of MLP1, YPL088W and CRG1 was severely im-
paired in ada2�, ada3�, spt20� and gcn5� strains. How-
ever, the induction of YLR194C and SRL3 was affected to
a lesser extent whereas induction of PRM5 was not altered.
It is worth to mention here that in the case of PRM5, and
also for AFR1 and CWP1, all of them included in the group
of Gcn5 not-dependent genes, their basal expression in the
absence of stress is highly affected by deletion of GCN5. Ad-
ditionally, the absence of ADA1 did not affect the transcrip-
tional output of any of these genes (Figure 3). Therefore,
there was a good correlation between phenotypes and tran-
scriptional profiles.

To rule out possible signaling alterations of the CWI
pathway as a consequence of SAGA deletion, we charac-
terized the activation of the MAPK Slt2 in a selection of
saga mutants. Importantly, these mutants showed similar
Slt2 phosphorylation levels than the WT (Supplementary
Figure S1A), indicating that the absence of SAGA does not
affect the functionality of the CWI pathway. In a previous
work, we had observed that Rlm1 protein levels were sig-
nificantly reduced in a swi3� strain with respect to the WT
(9). This is likely due to the lack of positive transcriptional
feedback mechanisms mediated by the transcription factor
Rlm1 on itself and on SLT2 (51). Both SLT2 and RLM1
are induced as consequence of cell wall stress in an Rlm1-
dependent manner (6). Since SWI/SNF complex is neces-
sary for chromatin remodeling at CWI-responsive genes (9),
this feedback mechanism should not be operative in swi/snf
mutants and probably nor in saga mutants. For this reason
we analyzed both Slt2 and Rlm1 protein levels in differ-
ent saga mutants, in the absence or presence of stress. As
expected, Slt2 and Rlm1 protein levels were also affected
in the ada2�, ada3�, gcn5�, spt7� and spt20� mutants
but not in ada1�, spt3� and spt8� (Supplementary Fig-
ure S1B and C). Equalizing the amount of Rlm1 protein
in a gcn5� strain, by overexpression of Rlm1, did not res-
cue the levels of expression of GCN5-dependent genes like
MLP1, CRG1, BAG7 and YPL088W upon stress (Supple-
mentary Figure S2), further demonstrating the importance
of the SAGA complex in cell wall stress-mediated transcrip-
tion of this group of genes. For this reason, oncoming ex-
periments were carried out in cells expressing RLM1 under
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Figure 2. Genome-wide expression profiles of wild-type and gcn5� strains after CR treatment. (A) The heat map obtained by the MeV 4.9 software
shows gene expression ratios comparing the transcriptional response to CR (3 h) (treated versus untreated) in WT and gcn5� strains (columns 1 and 2),
respectively. The degree of color saturation represents the expression log2 ratio value, as indicated by the scale bar. Numeric ratio values are also included
in additional columns. Those genes upregulated in the WT strain by CR treatment were grouped based on the dependence on Gcn5 (see ‘Materials and
Methods’ section for details): (I) genes whose induction was dependent on Gcn5 and (II) genes induced by cell wall stress independently on Gcn5. Swi3
dependence for all genes according to previously published data (9) is also indicated with a dot (hyphen represents no data available). (B) Schematic
representation of the comparison of the transcriptional profiles of gcn5� and swi3� (9) mutants after CR treatment respect to the WT strain. Data are
represented as the % of genes dependent on Swi3, Gcn5 or both.
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Figure 3. Gene expression analysis of CWI-responsive genes in WT and mutants in several subunits of the SAGA complex. mRNA levels of several
selected CWI-responsive genes, dependent (A) and not-dependent (B) on Gcn5 based on the gcn5� genome-wide transcriptional profile, were analyzed
by RT-qPCR in a WT strain and in the indicated saga mutants after 3 h of CR treatment. Values represent the ratio between CR-treated and non-treated
cells. Data correspond to the mean and standard deviation of at least three independent experiments.

the control of its own promoter from an episomal plasmid
to bypass the effect of low Rlm1 levels.

Trying to understand the temporal regulation of CWI-
responsive genes by the SAGA complex and to figure
out whether SAGA was required to turning on gene ex-
pression or to maintain a more sustained expression over
time, we first followed gene expression kinetics of MLP1,
YPL088W, YLR194C and SRL3 at different times of cell
wall stress in WT and gcn5� cells. As shown in Figure
4, for MLP1 and YPL088W, the expression both at early
or late post stress times was dependent on Gcn5, whereas
the temporal pattern of gene expression of YLR194C
and SRL3 in response to cell wall stress did not vary in
a gcn5� mutant compared to the WT (Figure 4). Our
previous studies showed that transcriptional induction of
the four genes (MLP1, YPL088W, YLR194C and SRL3)
by cell wall stress was highly dependent on SWI/SNF
(9). Therefore, MLP1 and YPL088W are SWI/SNF and
SAGA-dependent genes, whereas YLR194C and SRL3 are
SWI/SNF-dependent but SAGA-independent genes. Our
results indicate that SAGA complex is required for both
early induction and sustained expression of genes regulated
by cell wall stress, as it was previously described for the
SWI/SNF complex.

SAGA complex binds to DNA in response to cell wall stress,
and this requires Slt2, Rlm1 and SWI/SNF complex

The mechanisms by which Rlm1 induce the transcription
of CWI-responsive genes under cell wall stress is still not
completely understood. Upon cell wall stress, Slt2 phos-
phorylates the transcription factor Rlm1 that physically in-
teracts with SWI/SNF to direct its association with tar-
get promoters to finally mediate the chromatin remodel-
ing necessary for developing adequate transcriptional re-
sponses (9). However, the role of SAGA complex in this
context has yet to be defined. Using chromatin immunopre-
cipitation (ChIP) analysis, we first followed the binding ki-
netics of SAGA complex to MLP1 (SWI/SNF- and SAGA-
dependent gene) in the presence or absence of cell wall stress
at different times of treatment. Chromatin from a WT strain
expressing a functional myc epitope-tagged Spt20 was im-
munoprecipitated with anti-Myc antibody and analyzed by
qPCR to check occupation of the promoter of the MLP1
gene. As shown in Figure 5A (left panel), cell wall stress in-
duced Spt20 recruitment after 10 min of Congo red treat-
ment, rising maximum levels after 90 min of stress in the
region of the Rlm1 box 1 where the binding of Rlm1 and
SWI/SNF is also more pronounced (9). A similar recruit-
ment pattern was also observed for Gcn5 at MLP1 pro-
moter and for Spt20 at the promoter of YPL088W, the
other SWI/SNF- and SAGA-dependent gene (Supplemen-
tary Figure S3A). However, SAGA subunit Spt20 was not
found through the coding region of MLP1 (Supplemental
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Figure 4. Gene expression time course of CWI-responsive genes in WT and gcn5� strains. mRNA levels of Gcn5-dependent genes (MLP1 and YPL088W)
and Gcn5 not-dependent genes (YLR194C and SRL3) were analyzed by RT-qPCR in WT and gcn5� strains upon CR treatment. Values represent the
ratio between CR-treated and non-treated cells. Data represent the mean and standard deviation of at least three independent experiments.

Figure S3B). We further explored the recruitment of the
SAGA complex to the MLP1 promoter in the absence of
Rlm1 or Slt2. As shown in Figure 5B and similarly to Snf2
entry (9), Spt20 recruitment observed in a WT strain as a
consequence of cell wall stress was completely blocked in
slt2� and rlm1� mutants, indicating the requirement of an
active CWI pathway for SAGA recruitment.

ChIP assays revealed that SWI/SNF is also recruited into
the MLP1 promoter after 10 min of stress, rising maximum
levels after 90 min of CR addition (Figure 5A, right panel).
Thus, the temporal kinetics of Snf2 entry into the MLP1
promoter, as a consequence of the stress, was almost iden-
tical to that of the SAGA complex, in agreement with the
requirement of both complexes for the early induction and
sustained expression of genes regulated by cell wall stress.

To establish a separate or interdependent role of
SWI/SNF and SAGA complexes on initial recruitment of
each other, the kinetics of Spt20 and Snf2 recruitment to the
MLP1 promoter in a WT strain were compared to those of
snf2� and gcn5� strains, respectively. As shown in Figure
5C (left panel), binding of Spt20 to the SAGA-dependent
gene MLP1 clearly diminished in cells lacking Snf2 along
the CR treatment, further suggesting that recruitment of
SAGA subunits to the CWI promoters require the presence
of the SWI/SNF complex. In contrast, recruitment of Snf2
did not almost require Gcn5 (Figure 5C, right panel).

Entry of the transcriptional machinery to CWI-responsive
genes is slightly affected in a gcn5� mutant

To analyze whether SAGA complex was affecting recruit-
ment and assembly of other elements of the pre-initiation
transcriptional complex (PIC) upon cell wall stress, we mea-
sured what effect does loss of Gcn5 have on recruitment of
the transcription factor Rlm1 as well as Pol II in a time-
dependent manner. As shown in Figure 5D (left panel),
Rlm1 recruitment to the MLP1 promoter slightly decreased
through the time course and particularly at 90 and 180 min

of CR treatment in the absence of Gcn5. Moreover, initial
recruitment (10 min post stress) and later occupation (90
and 180 min post stress) of the MLP1 promoter by Pol II
was also partially affected (Figure 5D, right panel). Taken
together, these results suggest that Gcn5 is not essential for
PIC assembly, although facilitate this process.

What about genes like YLR194C and SRL3, whose in-
duction is SWI/SNF dependent but SAGA independent?
As expected for its dependence on SWI/SNF complex, Snf2
concentrates into YLR194C promoters as consequence of
the stress following a similar kinetics to that of MLP1 (Fig-
ure 6A, left panel). However, unexpectedly Spt20 was also
bound to the promoter region of YLR194C, following a
similar temporal profile to that of the SAGA-dependent
gene MLP1 (Figure 6A, right panel). Moreover, recruit-
ment of Rlm1, Snf2 and Pol II to the YLR194C promoter
was also slightly affected in a gcn5� strain (Figure 6B).

H3 acetylation by SAGA complex is necessary for gene in-
duction during cell wall stress

To verify whether the effect of SAGA complex over gene
transcription mediated by cell wall stress was due to its HAT
activity, we first performed ChIP experiments to study the
level of histone acetylation at the MLP1 promoter in a WT
strain before and after CR treatment. Since there is a dis-
placement of H3 under these circumstances (9), levels of
acetylated H3 were determined necessarily as the ratio of
acetylated H3 per total histone H3. Chromatin was isolated
at the indicated times and double immunoprecipitation was
performed, one using the anti-H3 antibody and the other
one with an anti-acetyl H3 antibody, to detect levels of total
H3 and diacetylated H3 K9/K14, respectively. As shown in
Figure 7A, the ratio of histone H3 acetylation significantly
increased upon stress, reaching a maximum value after 180
min. Moreover, this process was highly dependent on Gcn5
(Figure 7B, left panel).
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Figure 5. SAGA complex binds to MLP1 gene after CR treatment in a Slt2, Rlm1 and SWI/SNF-dependent manner and its absence slightly affects the
recruitment of Snf2, Rlm1 and Pol II. (A) The recruitment of Spt20 and Snf2 was analyzed by ChIP in a WT strain expressing Spt20-myc in the absence
and presence of CR (CR 30 �g/ml, 3 h) at the indicated times. A schematic representation of the MLP1 gene is depicted above, where Rlm1 binding
sites are denoted by the small white boxes and the regions analyzed for ChIP experiments are shown as horizontal lines. (B) Recruitment of Spt20 was
determined by ChIP in WT, rlm1� and slt2� strains expressing Spt20-myc, in the absence and presence of CR at the indicated time. (C) Spt20 binding was
determined by ChIP in WT and snf2� strains expressing the Spt20-myc tagged protein (left panel). Snf2 binding was analyzed by ChIP in WT and gcn5�

strains exposed to cell wall stress at the indicated times (right panel). (D) Rlm1-HA (left panel) and RNA Pol II (right panel) recruitment were analyzed
by ChIP experiments in WT and gcn5� strains exposed to cell wall stress. The regions analyzed were MLP1-BOX1 and MLP1-POL II (only for RNA Pol
II). Data represent the mean and standard deviation of at least three independent experiments.

We have previously shown a decrease in H3 occupancy
at different regions of MLP1 promoter, with a peak of H3
eviction after 3 h of CR treatment (9). As a next step, we
wanted to know if acetylation mediated by Gcn5 was affect-
ing chromatin remodeling at MLP1 promoter upon stress.
We measured H3 displacement at the MLP1 promoter after
CR treatment, both in WT and gcn5� strains. The results in
Figure 7B (right panel) show a substantial reduction in H3
eviction in the gcn5� respect to the WT strain, suggesting a
dependence on Gcn5 for chromatin remodeling at the pro-
moter of this gene. Moreover, the levels of MLP1 mRNA

upon cell wall stress were recovered in a gcn5� strain by
expression of a WT copy of GCN5 but not by a gcn5hat al-
lele (possessing the KQL HAT mutation) (Figure 7C), in-
dicating that the HAT activity of Gcn5 is required for an
adequate MLP1 transcriptional response.

Interestingly, in contrast to SAGA-dependent genes, lack
of Gcn5 did not affect H3 eviction at SAGA-independent
genes, as shown in Figure 7D (right panel) for the YLR194C
promoter. Moreover, the increase in acetylated H3 levels at
this promoter in a WT strain upon stress was independent
on Gcn5 (Figure 7D, left panel). All these results indicate
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Figure 6. Recruitment of SWI/SNF and SAGA complexes to YLR194C and effect of GCN5 deletion on Rlm1, Snf2 and Pol II binding. (A) Snf2 (left
panel) and Spt20 (right panel) binding were determined by ChIP in a WT strain expressing the Spt20-myc tagged protein during CR treatment. A schematic
representation of the YLR194C gene is depicted above, where Rlm1 binding sites are denoted by the small white boxes and the regions analyzed for ChIP
experiments are shown as horizontal lines. (B) Rlm1-HA (left panel), Snf2 (central panel) and RNA Pol II (right panel) recruitments were analyzed by
ChIP experiments in WT and gcn5� strains exposed to cell wall stress. YLR194C-BOX region was analyzed in all cases, except for RNA Pol II whose
entry was analyzed at YLR194C-POL II region. Data represent the mean and standard deviation of at least three independent experiments.

that Gcn5 mediates H3 acetylation and nucleosome evic-
tion at the promoters of SAGA-dependent genes but not
at SAGA-independent genes. Therefore, although SAGA
complex is binding to the promoters of the latter genes upon
stress, H3 acetylation and chromatin remodeling is not de-
pendent on this complex.

Since we had only found slight differences on Rlm1 and
Pol II assembly in a gcn5� strain respect to the WT and
these differences were found in both, SAGA-dependent and
-independent genes (Figures 5 and 6), all these results sug-
gest that chromatin remodeling mediated by Gcn5 is im-
portant to control binding of other PIC elements or post
recruitment mechanisms necessary to regulate gene expres-
sion. In agreement, binding of Pol II at the coding regions
of MLP1 and particularly YPL088W, upon cell wall stress,
was clearly impaired in cells lacking Gcn5 during the whole
time-course (Figure 8). In contrast, Pol II association with
the coding regions of YLR194C was very similar in WT and
gcn5� cells (Figure 8).

SWI/SNF and SAGA complex cooperate for eliciting gene
expression in response to cell wall stress

All the results shown above, together with the fact that the
SWI/SNF chromatin remodeling complex function is very
important for the transcription mediated by the yeast CWI
pathway, prompted us to investigate a potential cooperation

between SWI/SNF and SAGA complexes in response to
cell wall stress. To this end, we constructed a swi3� gcn5�
double mutant strain lacking one of the most important
subunits of each complex. As shown in Figure 9A, this mu-
tant is viable but it exhibits a severe cell growth phenotype
as deduced from its growth in YEPD compared to the WT
and single swi3� and gcn5� strains. Deletion of GCN5 ren-
dered cells hypersensitive to CR, but less hypersensitive than
SWI3 deletion. Moreover, similarly to the strain lacking
Slt2 (MAPK of the pathway), the swi3� gcn5� double mu-
tant was unable to growth at the same concentration of CR.
These results suggest a cooperative functional role for Swi3
and Gcn5 to overcome cell wall damage.

To better understand this cooperation, we characterized
the binding of Rlm1 at MLP1 promoter (Gcn5- and Swi3-
dependent gene) by ChIP assays in the corresponding sin-
gle and double mutants in the presence or absence of cell
wall stress. As shown in Figure 9B, Rlm1 binding decreased
in both single strains being more affected in a swi3� than
in gcn5�, whereas it was completely blocked in the swi3�
gcn5� double mutant both under basal and stress condi-
tions (3 h of CR treatment). Moreover, the induction of
MLP1 expression by cell wall stress was totally abolished
in the absence of both complex subunits, showing an addi-
tive effect respect to the alteration of MLP1 mRNA levels
in the single mutant strains (Figure 9C).
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Figure 7. Gcn5 promotes histone H3 acetylation and H3 eviction at MLP1
but not at YLR194C gene. (A) H3 acetylation was determined by ChIP
analysis in a WT strain treated with CR for the indicated time points at
MLP1-BOX1 region, using antibodies specific for diacetylated H3 (K9 and
K14) (acH3) and against total H3 (H3). Values are expressed as the ra-
tio of acetylated H3 versus total H3 enrichment. (B) H3 acetylation (left
panel) and H3 eviction (right panel) was determined at MLP1-BOX1 re-
gion in WT and gcn5� strains after 3 h of CR addition. (C) mRNA levels
of MLP1 were analyzed by RT-qPCR in YJS6 (GCN5), YKH100 (gcn5�)
and YJS7 (gcn5hat) strains after 3 h of CR addition. Values represent the
ratio between CR-treated and non-treated cells. (D) H3 acetylation (left
panel) and H3 enrichment (right panel) were analyzed in YLR194C-BOX
region as in (B). Data represent the mean and standard deviation of at least
three independent experiments.

To further support cooperation between these complexes
for chromatin remodeling, we evaluated histone H3 evic-
tion upon cell wall stress either in the absence of SAGA,
SWI/SNF or both complexes. The kinetics of H3 enrich-
ment at MLP1 promoter in WT, gcn5�, swi3� and swi3�
gcn5� strains under basal growth conditions and in the
presence of cell wall stress are shown in Figure 9D. Looking
at H3 levels in the absence of stress, similar values of H3 en-
richment (around 0.7-fold) were found in WT, gcn5� and

swi3� strains, whereas the double mutant showed higher
levels, suggesting that simultaneous abrogation of Swi3 and
Gcn5 mediated activities conduct to a more static chro-
matin in this strain. High levels of H3 eviction were detected
in a WT strain upon stress. This eviction was reduced in
the gcn5� strain, more reduced in a swi3� strain and com-
pletely lost in a swi3� gcn5� double mutant strain (Figure
9D), demonstrating the cooperative effect of SWI/SNF and
SAGA complexes in chromatin remodeling upon cell wall
stress.

DISCUSSION

Upon cell wall stress, S. cerevisiae elicits an adaptive tran-
scriptional response to overcome damage in this essential
structure. This response is mediated by a MAPK signal-
ing cascade coordinated by the MAPK Slt2. The activa-
tion of Slt2 triggers direct phosphorylation of the transcrip-
tion factor Rlm1 that is recruited to CWI-responsive genes
upon stress. Assembly of a preinitiation complex near the
transcriptional start site of CWI-responsive genes, leading
to Pol II recruitment, requires the participation of protein
complexes that remodel and modify chromatin. Thus, once
Rlm1 is activated, interacts with the chromatin remodeling
complex SWI/SNF to direct its association with the spe-
cific binding sites at the promoters of the genes transcrip-
tionally induced upon CWI pathway activation. The activ-
ity of the SWI/SNF complex is necessary to displace nu-
cleosomes positioned at the occluded Rlm1-binding sites
and surrounding regions to permit Rlm1 and Pol II as-
sembly (9). In addition, we have established here an addi-
tional role for the acetyltransferase SAGA complex to elicit
adequate transcriptional responses upon cell wall stress.
Genome-wide gene expression analysis revealed that a high
percentage of the CWI transcriptional response is depen-
dent on Gcn5. The majority of these genes, i.e MLP1 and
YPL088W, are also dependent on the SWI/SNF complex
for their induction. Both complexes are required not only
for early induction but also for sustained expression of these
genes upon cell wall stress. Additionally, we identified a
group of genes, represented by YLR194C and SRL3, whose
induction is SWI/SNF dependent but SAGA independent.

Under cell wall stress, we show here that entry of SAGA
complex into MLP1 promoter was dependent on Slt2 and
Rlm1. In this context, SAGA could be recruited to target
promoters by Rlm1, as deduced by the stress-induced inter-
action between Gcn5 and Ada2 with the MAPK Slt2 in an
Rlm1-dependent manner (52). Consistent with this, we have
detected a major enrichment of SAGA subunits within the
Rlm1-binding sites at the promoter regions of the activated
genes. As suggested for Rlm1, which would be able to tar-
get SWI/SNF and SAGA complexes, other transcriptional
activators as Gcn4, Swi5 or Gal4 were also found to recruit
a large number of co-activators (53–56). However, it is im-
portant to note that the order of events in the recruitment
of these different factors is not universal, but rather depends
on the transcription factor itself, the nature of promoter and
the chromatin structure in which it resides and also the cel-
lular demand for gene products, making necessary to study
specific genes at specific times (reviewed in (57)).
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Figure 8. Deletion of GCN5 affects Pol II progression at MLP1 and YPL088W but not at YLR194C. Pol II association was measured by ChIP at ORF2
and ORF3 coding regions of the indicated genes in a WT and gcn5� strains at the indicated times after CR addition. Data represent the mean and standard
deviation of at least three independent experiments.

To delineate a separate or interdependent role of
SWI/SNF and SAGA complexes in CWI-mediated gene ex-
pression, we have characterized the interdependence on re-
cruitment of each other as well as the temporal kinetics of
entry for both complexes upon cell wall stress. SAGA en-
try depends on SWI/SNF complex whereas Gcn5 is almost
not required for Snf2 recruitment. In consequence, it is pos-
sible that SWI/SNF complex could be recruited by Rlm1
before SAGA, being SWI/SNF recruitment in this case nec-
essary for the later entry of SAGA. However, it is also pos-
sible that a simultaneous entry of both complexes occurs.
In this case, the dependency on the SWI/SNF for SAGA
recruitment and not the opposite could be explained by a
more important role in chromatin remodeling for the for-
mer complex. The fact that no temporal differences in the
recruitment of both complexes were observed would be in
agreement with a simultaneous recruitment, although sub-
tle differences in the times of entry, not observable with
our approach, could also exist. Parallel recruitments of dif-
ferent co-activators have been observed in the transcrip-

tional initiation of stress-inducible genes, probably to sup-
port the rapid upregulation required during adverse con-
ditions. For example, simultaneous recruitment of SAGA
and SWI/SNF has also been observed at osmotic stress-
inducible genes (39) and at the glucose-repressed SUC1
gene (35).

We have previously demonstrated that the SWI/SNF
complex mediates nucleosome eviction at the promoter re-
gion of CWI-responsive genes to regulate gene expression.
How is SAGA complex affecting the upregulation of cell
wall stress genes? SAGA and TFIID are the two major com-
plexes that deliver TBP to promoter in yeast. Genome-wide
studies reveal that SAGA regulates highly inducible stress
responsive genes, whereas TFIID regulates housekeeping
genes. At some promoters, the contribution of both com-
plexes is more or less equivalent (31). SAGA mediates this
process through Spt3 and Spt8 subunits although we found
that deletion of both subunits does not render cell wall
stress hypersensitivity. Thus, our results suggest that SAGA
is probably not the factor that delivers TBP to MLP1 or
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Figure 9. SWI/SNF and SAGA complexes cooperate to displace H3 his-
tone at MLP1 and regulate gene transcription in response to cell wall stress.
(A) The indicated strains were spotted on YEPD plates without or with 100
�g/ml of CR and plates were incubated for 48 and 72 h at 30◦C. (B) Rlm1
enrichment at MLP1 promoter (MLP1-BOX1) was analyzed by ChIP in
the indicated strains exposed to cell wall stress (CR 30 �g/ml, 3 h). (C)
mRNA levels of MLP1 were analyzed by RT-qPCR in the same strains
and growth conditions indicated in (A). Values represent the ratio between
CR-treated and non-treated cells. Data represent the mean and standard
deviation of at least three independent experiments. (D) The kinetics of
histone H3 binding to MLP1 promoter (MLP1-BOX1) was determined
by ChIP in WT, swi3�, gcn5� and swi3� gcn5� strains under CR treat-
ment at the indicated times. ChIP assays were performed using an anti-
body against total H3. Data represent the mean and standard deviation of
at least three independent experiments.

at least, not exclusively as in other stress-responsive genes.
Phenotypic assays prompted us to study in detail the HAT
activity of SAGA complex due to the observation that dele-
tion of ADA2, ADA3 and GCN5 genes caused hypersensi-
tivity to CR and serious impairment of the transcriptional
reprogramming under cell wall stress.

Here we show that SAGA acetylates histone H3 at the
promoters of CWI-responsive SAGA-dependent genes like
MLP1. HAT activity of Gcn5 is essential, cooperatively
with the SWI/SNF complex, to mediate the chromatin-
remodeling activity necessary for regulation of gene expres-
sion through the CWI pathway. Acetylation of histones can
mediate different actions. On one hand, this modification
can create a target for proteins containing bromodomains,
including Gcn5 and Spt7 of SAGA complex (58,59) and
Snf2 of SWI/SNF complex. Thus, the interaction between
SAGA and chromatin is stabilized by its own HAT activ-
ity (60), and also, acetylation of lysine residues by SAGA
stabilizes SWI/SNF binding in vitro to promoter nucleo-
somes (60–62). However, a role for the Snf2 bromodomain
mediating the HAT-facilitated SWI/SNF association in re-
sponse to cell wall stress is unlikely since the recruitment of
Snf2 is almost not affected in gcn5� strain. On the other
hand, the acetylated nucleosomes by SAGA are more easily
displaced by the SWI/SNF complex, increasing the rate of
gene expression (63,64). Interestingly, the SAGA complex
is recruited not only to the promoters of SAGA-dependent
genes but also to SAGA-independent genes. However, Gcn5
mediates acetylation and nucleosome eviction at the pro-
moters of the former genes, like MLP1, whereas in the latter
ones (i.e YLR194C), H3 acetylation and chromatin remod-
eling is not dependent on this complex.

Pol II, Snf2 and Rlm1 recruitment to the promoters
of CWI genes upon stress is only slightly dependent on
Gcn5, suggesting that acetylation by Gcn5 is not essen-
tial for nucleosome eviction necessary for PIC assembly,
but rather increase the extent of the remodeling mediated
by SWI/SNF. In addition, the effect on chromatin remod-
eling mediated by Gcn5 at the promoters of MLP1 and
YPL088W genes, also affects Pol II progression whereas
this progression is almost not affected in genes not depen-
dent on SAGA. In S. pombe, upon oxidative stress con-
ditions, Gcn5 facilitates Pol II progression rather than its
recruitment to nucleosome-depleted stress promoters (41).
However, in that case, Gcn5 mediates the eviction of nu-
cleosomes downstream of the promoters, whereas we have
shown here that Gcn5 is not recruited to the coding regions
of CWI-responsive genes. Our results suggest that the re-
modeling mediated by SAGA at the MLP1 and YPL088W
gene promoters would be required for the recruitment of
additional elements necessary for Pol II progression and ef-
fective production of mRNA transcripts.

As deduced from the results shown here and those pre-
viously published (9), SWI/SNF would have a more im-
portant effect on chromatin remodeling at CWI promoters.
However, cooperation between both complexes, SWI/SNF
and SAGA, is necessary to obtain a complete nucleosome
remodeling of those genes transcriptionally induced in re-
sponse to cell wall stress, as deduced by the analysis of the
MLP1 promoter in the swi3� gcn5� double mutant. In-
deed, the loss of both proteins, in addition to block chro-
matin remodeling and completely abrogates Rlm1 bind-
ing and gene expression in the corresponding single mu-
tants, it leads to an increased hypersensitivity to cell wall
stress. Therefore, upon cell wall stress, the MAPK Slt2 me-
diates through Rlm1, complete nucleosome rearrangements
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at CWI-responsive genes by selective targeting and cooper-
ative action of SAGA and SWI/SNF complexes.
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