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Abstract
The ability of cells to respond to changes in their environment is mediated by transcription factors
that remodel chromatin and reprogram expression of specific subsets of genes. In Saccharomyces
cerevisiae, changes in carbon source lead to gene induction by Adr1 and Cat8 that are known to
require the upstream function of the Snf1 protein kinase, the central regulator of carbon
metabolism, to exert their activating effect. How Snf1 facilitates transcription activation by Adr1
and Cat8 is not known. Here we show that under derepressing conditions, deletion of SNF1
abolishes the increase of histone H3 acetylation at the promoter of the glucose-repressed ADY2
gene, and as a consequence profoundly affects the chromatin structural alterations accompanying
transcriptional activation. Adr1 and Cat8 are not required to regulate the acetylation switch and
show only a partial influence on chromatin remodelling at this promoter, though their double
deletion completely abolishes mRNA accumulation. Finally, we show that under derepressing
conditions the recruitment of the histone acetyltransferase Gcn5 is abolished by SNF1 deletion,
possibly explaining the lack of increased histone H3 acetylation and nucleosome remodelling.

The results highlight a mechanism by which signalling to chromatin provides an essential
permissive signal that is required for activation by glucose-responsive transcription factors.
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1. Introduction
The influence of the environment on gene expression is mediated by evolutionary conserved
epigenetic mechanisms. Among the various stress conditions requiring cell adaptation, much
attention has been recently focused on nutrient/metabolism-induced differentiation.
Understanding the molecular mechanisms behind these transcriptional changes, by
exploiting simple model systems such as yeast, will help to provide clues to cope with
disease-related alterations of these processes [1].

In Saccharomyces cerevisiae, glucose depletion causes a coordinated transcriptional
response consisting of a change in the mRNA level of more than one fourth of the genes
[2,3]. The main glucose repression pathway was studied extensively for many years and is
responsible for negative control - when glucose is available - of genes involved in
respiration, gluconeogenesis and the metabolism of alternative carbon sources [4]. Central
components of the pathway are the Snf1 protein kinase, the Mig1 DNA binding repressor
and the Mig1-interacting co-repressor complex Cyc8(Ssn6)-Tup1 [5]. Snf1, a founding
member of the Snf1/AMPK (AMP-activated protein kinase) family is required for
adaptation to glucose limitation and the use of alternative carbon sources less preferred than
glucose, such as sucrose, galactose, and ethanol [6–8]. In addition to its primary role in
response to nutrient stress, Snf1 is involved in cell adaptation to many other environmental
stresses, including osmotic stress, heat shock, alkaline pH, oxidative stress, and genotoxic
stress [9]. Growing evidence suggests a much broader role of Snf1 as a master regulator of
carbon and energy metabolism [1].

Snf1 affects cellular regulatory processes by a variety of mechanisms, including the control
of genomic transcriptional programs and direct effects on the activity of metabolic enzymes
[8]. Mechanisms of transcriptional control include phosphorylation and translocation of the
Mig1 repressor [10,11], interaction with the activator Sip4 [12], phosphorylation and
activation of Cat8 [13,14], regulation of the binding of the activator Adr1 [15], and
interaction with the transcriptional apparatus [16,17]. Moreover, Snf1 was shown to have a
role in histone acetylation at the INO1 promoter [18], although this finding is controversial
[17], and recent evidence underlines direct regulation of Gcn5 transcriptional activity [19].

To understand whether Snf1 controls nucleosome structure and remodelling we analysed the
phenotypic consequences of SNF1 deletion on the glucose-regulated ADY2 promoter during
activation, and found that the absence of Snf1 affects Gcn5 recruitment and completely
abolishes the increase in H3 acetylation occurring at the −1 and +1 nucleosomes, thus
impairing their remodelling. In the same conditions, the absence of either Adr1 or Cat8
activators or both does not influence histone H3 acetylation and only partially affects
chromatin remodelling, suggesting that the major role of Snf1 at this promoter is to control
histone acetyltransferase function to drive nucleosome changes.

2. Material and methods
2.1 Yeast strains and media

Saccharomyces cerevisiae strains used in this work are all derived from W303-1A (MATa
ade2 can1–100 his3–11, 15 leu2–13, 112 trp1–1 ura3–1), or W303-1B (MATα ade2 can1–
100 his3–11, 15 leu2–13, 112 trpl-1 ura3–1), or W303-CH1a (MATa ade2-1 can1–100 his3–
11, 15 leu2–3, 112 ssd1-d2 trp1–1 ura3–1 rho+): KVRY9 (wild type), W303-1B with
ADR1-HA(3X)∷KAN; KVRY9–1 (snf1), same as KVRY9 except snf1Δ∷URA3 [15];
CKY19–1 (wild type), W303-1A; CKY13-1 (adr1), same as CKY19-1 except
adr1Δ∷kanmx; CKY15-1 (cat8), same as CKY19-1 except cat8Δ∷kanmx; CKY23-1 (adr1
cat8), same as CKY19-1 except adr1Δ∷natmxcat8Δ∷kanmx [20,21]; ADR1, GCN5 and
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RPD3 were tagged with 13MYC epitopes in W303-CH1a using the pFA6a-13MYC-natmx6
tagging vector [22] to generate KBY91, KBY95 and KBY97, respectively. GAL83 and
SNF1 were tagged with 6HA epitopes in KBY91 (ADR1-13MYC∷natmx) using the pYM3
(6HA-klTRP1) tagging vector [23] to generate KBY98 and KBY100, respectively. SNF1
was deleted from KBY95 (GCN5-13MYC∷natmx) and KBY107 (RPD3-13MYC∷natmx) by
replacing the SNF1 ORF with the kanmx cassette amplified from pUG6 [24] to generate
KBY105 and KBY107, respectively.

Yeast strains were grown in YPD medium (1% yeast extract, 2% bacto peptone, 3%
glucose). To derepress the analysed genes, the cells were collected by centrifugation,
washed twice with water, and resuspended in the same volume of fresh YP medium
containing 0.05% glucose for the appropriate time.

2.2 Enzymes
All nucleases were purchased from Roche. Zymolyase 100T was purchased from Seikagaku
Corp.

2.3 RNA analysis
Aliquots containing the same number of cells were collected by centrifugation, and total
RNA was prepared as previously described [25]. After spectrophotometric determination of
the RNA amount present in each aliquot, 10 μg of RNA were loaded onto 1.2% agarose-
MOPS gels containing formaldehyde and ethidium bromide. Northern blot analysis was
performed by standard procedures. Probes were prepared as follows: to detect ADY2 mRNA
oligonucleotides used were Fw 5′GTACCATGAAATCCACTGTTATG3′ and Rev
5′CTGCATATGCGTTGTACCAA3′ (starting positions 610 and 755 respectively); to detect
U3 snoRNA oligonucleotides used were Fw
5'TTTGAAGGGATAGGGCTCTATGGGTGGGT3' and Rev
5'TCGGTTTCTCACTCTGGGGTACAAAGGT3'; to detect ADH2 mRNA a 5′-end-labelled
oligonucleotide was used (5′GTTGGTAGCCTTAACGACTGCGCTAAC3′ from +710 to
+684 of the coding region).

2.4 ChIP with anti-acetylated histone antibody and real time PCR analysis
ChIP was carried out with a specific antibody raised against acetylated lysines K9 and K14
of histone H3 (Upstate, Catalogue N. 06-599), as described previously [26], with some
modification: both dimethyladipimate (Thermo SCIENTIFIC) and formaldehyde were used
as crosslinking agents. Immunoprecipitations were performed using 2 μg of anti-acetyl-
histone H3 per 220 μg of cell lysate. Concentration of cell lysates was determined using the
Bradford protein assay reagent (Bio-Rad) with bovine serum albumin (Roche) as standard.
Control immunoprecipitations without antibody (No Ab) were also performed, in order to
evaluate and subtract the background. Input, immunoprecipitated and No Ab DNA were
analysed by real time PCR. For real time PCR 1 μl of input, immunoprecipitated DNA or No
Ab were used as template in 20 μl reactions containing 1× Power SYBR Green PCR Master
Mix (Applied Biosystems) and 15 pmol of each primer. PCR amplification was performed
on ABI-PRISM, Applied Biosystems 7500 adopting the following conditions: initial
denaturation was at 95°C for 5 min, followed by 40 cycles of: 95°C for 15 sec and 58°C for
60 sec. The promoter primers used in real-time PCR assays were as follows: Fw
5'AACCACAAAACAACTCATATACAAACAA3' and Rev
5'TAAATCTTGCCCAACGAATCATGAG3' to detect ADY2 nucleosome −1 and +1 H3
acetylation levels; as normalization control we used Fw
5'CTTCTTGGTTTGAGTAGAAAG3' and Rev 5'AACCGTTTTGAAACCAAACTC3' to
detect ACT1. Biological replicates of samples were run in triplicate and data were analyzed
using the Fast System SDS 1.4 Software (Applied Biosystems) which relies on the
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comparative Ct method of quantification [27]. Statistical analysis was carried out by
Student's t test. Differences were considered significant when p< 0.05.

2.5 ChIP with anti-PolII, anti-c-Myc and anti-HA antibodies and quantitative real time PCR
analysis

To detect PolII occupancy at the ADY2 promoter, ChIP was performed using a monoclonal
antibody against the CTD of PolII (8WG16: Abcam ab817). To detect Snf1-HA and Gal83-
HA occupancy, a sequential ChIP was done starting with a ChIP for PolII followed by a
ChIP using a monoclonal antibody to the HA epitope (F-7: Santa Cruz sc-7392). To detect
Gcn5-myc and Rpd3-myc occupancy, ChIP was performed with a monoclonal antibody to
the c-myc epitope (9E10; Santa Cruz Biotechnology sc-40). Cells were crosslinked with 3
mM Ethylene glycol bis[succinimidylsuccinate] for 45 minutes followed by 1%
formaldehyde for 15 minutes. Immunoprecipitations were performed using 6 μg of anti-c-
myc or 2 μg anti-HA per 1 mg of cell lysate. Concentration of cell lysates was determined
using the Bradford protein assay reagent (Bio-Rad) with bovine serum albumin (Sigma) as
the standard. Input and immunoprecipitated DNA were analysed by quantitative real time
PCR: immunoprecipitated DNA and different dilutions of input DNA were used as the
template in 10 μl reactions containing 1X SsoFast EvaGreen SuperMix (Bio-Rad) and 3
pmol of each primer. PCR amplification was performed on a MJReasearch Chromo 4
System using the following temperature cycle: 95°C for 30 sec, followed by 40 cycles of
95°C for 5 sec and 60°C for 25 sec. The primers used in qPCR assays were as follows: Fw
5'GCACCTTGGTTGGATCGTAT3' and Rev 5'GTGTTTCCGCTCGTTTGTTC3' to detect
Gcn5 and Rpd3 occupancy on ADY2 TSS; Fw 5'CCCCGCAACTTTCCTTATTT3' and Rev
5'ATCTCGCTGCAGATGACCTT3' to analyse Snf1, Gal83 and PolII occupancy; as a
normalization control we used Fw 5'GCGTAACAAAGCCATAATGCCTCC3' and Rev
5'CTCGTTAGGATCACGTTCGAATCC3' to detect TEL06R. Biological triplicates were
run and the Ct values were determined using the Opticon Monitor 3 software and the ChIP
values were calculated using the Pfaffl method [28]. Statistical analysis was carried out by
Student's t test. Differences were considered significant when p< 0.05.

2.6 Chromatin analysis
The analysis of nucleosome positioning was performed by using MN digestion of
spheroplasts coupled with the indirect end labelling procedure [29]. Cells exponentially
growing (A600 0.3 OD ml−1) in repressing (3% glucose) or derepressing (0.05% glucose)
conditions were washed twice with water and then resuspended in Zymolyase buffer (1 M
sorbitol, 50 mM Tris-HCl pH 7.5, 10 mM β-mercaptoethanol). Incubation with Zymolyase
(0.01 mg OD−1) was for 20 min at room temperature. The resulting spheroplasts were
collected by centrifugation and resuspended in Nystatin buffer (1 M sorbitol, 20 mM Tris-
HCl pH 8.0, 1.5 mM CaCl2, 50 mM NaCl, 100 μg ml−1 Nystatin) in order to permeabilize
cell membranes for the subsequent treatment with MN [30]. Incubation with MN was for 15
min at 37°C and the reaction was stopped with 5 mM EDTA, 1% SDS final concentrations.
The samples were then treated with proteinase K for 2 h at 56°C and purified by phenol-
chloroform extraction and ethanol precipitation. After secondary digestion with the
appropriate restriction endonuclease the samples were run on 1.5% agarose gels in TBE 1×
buffer and transferred to nitrocellulose filters. Southern blot and hybridization were
performed by standard procedures. Probes for the indirect end-labelling analysis were
prepared as follows: to prepare the ADH2 3' probe, pFA plasmid DNA was digested with
HindIII and TaqI [31] and the fragment eluted by agarose gel; to prepare the ADY2 3' probe,
yeast genomic DNA was subjected to PCR amplification with the oligonucleotides Fw
5′GTACCATGAAATCCACTGTTATG3′ and Rev 5′CTGCATATGCGTTGTACCAA3′
(starting positions 610 and 755 respectively) and the fragment was eluted by agarose gel.
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3. Results
3.1 ADY2 promoter structure

The ADY2 gene belongs to the class of glucose-regulated genes and functions as an acetate
transporter and is involved in nitrogen utilisation [32,33]. The chromatin organisation of its
promoter in both repressing and derepressing conditions has already been described [34]. A
schematic representation of the promoter structure with the positions of the relevant
regulatory nucleosomes and transcription factor binding sites is reported in Fig. 1. The
TATA box-containing nucleosome −1 and ATG containing nucleosome +1 are remodelled
between 30 min and 1 h after the shift to low glucose conditions, concomitantly with
transcription activation. Alteration in the level of the core histones H3 and H4 N-terminal
acetylation affects chromatin remodelling and transcription [34,35]. Among the regulators of
ADY2 promoter function, the transcriptional activator Adr1 is only partially required for
nucleosome destabilisation [34], suggesting that other factors could be more relevant to
drive this event. We therefore investigated the role in chromatin conformational change of
the transcriptional activator Cat8, which is known to bind the Carbon Source Responsive
Element (CSRE), and the protein kinase Snf1, which is known to regulate the function of
both Adr1 and Cat8.

3.2 ADY2 mRNA accumulation is strongly impaired in the absence of Snf1 or both Adr1
and Cat8

First, we analysed by Northern blotting the dependence of ADY2 mRNA accumulation on
Adr1 and Cat8 in two sets of isogenic strains (wild type and snf1; wild type, adr1, cat8, and
adr1cat8, see Material and methods for genotypic details). Fig. 2A shows the results
obtained by comparing wild type and snf1 strains. A peak of mRNA accumulation is visible
in the wild type strain after 1 h of growth in the presence of low glucose, whereas in the
snf1-deleted strain transcription appears to be abolished. Fig 2B shows the results obtained
by comparing wild type, adr1, cat8 and adr1cat8 strains. ADY2 mRNA accumulation in this
wild type strain peaks at 30 min, with the earlier timing of activation, similar to the wild
type strain shown in Fig. 2A. Evaluation of ADY2 mRNA level relative to U3 snoRNA
levels (Fig. 2C) reveals reduced activation in strains lacking either Adr1 or Cat8
transcription factors. Interestingly, the peak of this reduced transcription is delayed to 1 h in
the absence of Cat8. When both factors are lacking transcription is abolished.

Taken together the results indicate that Snf1 plays a major role in ADY2 mRNA
accumulation, presumably by controlling the function of the two activators Adr1 and Cat8,
whose simultaneous absence cause the same transcriptional phenotype as SNF1 deletion.

3.3 Chromatin remodelling is only partially affected in the absence of either or both Adr1
and Cat8

We next analysed by Micrococcal Nuclease (MN) digestion of nystatin permeabilised
spheroplasts nucleosome destabilisation occurring at the ADY2 promoter during activation in
low glucose conditions. Fig. 3 shows the results obtained by comparing wild type, adr1,
cat8 and adr1cat8 deletion strains. MN accessibility inside nucleosome −1, and more
precisely at the TATA box (black arrowhead), is strongly increased after 30 min in
activating medium in the wild type strain, at the time of maximal mRNA accumulation (Fig.
2B), and slightly decreases at 1 h (see Fig. 3, lower panel for quantification). Deletion of
ADR1 partially reduces this accessibility, as already described [34], and the same holds true
when CAT8 is deleted alone. When CAT8 is deleted in combination with ADR1 chromatin
remodelling is still observed.
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These results indicate that efficient chromatin remodelling requires the activity of either
Adr1 or Cat8, but remodelling can still occur even in the absence of both activators,
suggesting they have a stronger effect on RNA polymerase function, rather than nucleosome
rearrangement.

3.4 Adr1 and Cat8 are not required for the increase of histone H3 acetylation level
concomitant with chromatin remodelling

Because of the tight link between chromatin remodelling and histone acetylation observed at
a group of co-regulated genes including ADY2 [34,35], we investigated the role of the two
transcription factors Adr1 and Cat8 in the increase of histone H3 acetylation normally
observed when glucose is lowered in a wild type strain, in the promoter region spanning part
of the −1 and part of the +1 nucleosomes. Fig. 4A shows the results obtained by comparing
wild type, adr1, cat8 and adr1 cat8 deletion strains in chromatin immunoprecipitation
(ChIP) experiments with an antibody against acetylated H3 K9 and K14. Surprisingly, the
increase of acetylation level occurring at 30 min and 1 h of growth in derepressing
conditions (0,05% glucose) is not abolished by either ADR1 or CAT8 single deletion, nor by
the double deletion. The results indicate that Adr1 and Cat8 are not involved in the specific
histone H3 acetylation events taking place during activation of ADY2.

3.5 SNF1 deletion abolishes the increase of histone H3 acetylation level in activating
conditions

We previously described that the increase of histone H3 acetylation level, required for
activation of the ADY2 promoter, depends on the function of the acetyltransferase Gcn5
[35], as shown by using a point mutation in the Gcn5 catalytic site. Since Adr1 and Cat8 are
not relevant for the induction of this specific histone modification in derepressing
conditions, we argued that a more direct role could be played by Snf1 protein kinase. We
therefore investigated by ChIP in both repressing and activating conditions the same
promoter region spanning part of the −1 and part of the +1 nucleosomes, in wild type and
isogenic snf1 deletion strains, and the results are shown in Fig. 4B. We observed that the
increase in histone H3 acetylation was completely abolished in the absence of Snf1,
implying a major role for this protein kinase in driving chromatin modifications required for
promoter remodelling and transcriptional activation.

3.6 Snf1 plays a major role in chromatin remodelling at the ADY2 promoter
The results shown so far indicate that the absence of both Adr1 and Cat8 activators do not
strongly compromise chromatin remodelling at the ADY2 promoter (Fig. 3), whereas their
most relevant role is played at a step subsequent to nucleosome rearrangement, presumably
to drive RNA polymerase II recruitment, as previously demonstrated [36] and as indicated
by the loss of mRNA accumulation in the double deletion mutant (Fig. 2B). We therefore
performed chromatin analysis by MN to assess the role of Snf1 in promoter structural
remodelling. Fig. 5 shows the results obtained by comparing wild type and snf1 deletion
strains. Three features indicative of chromatin remodelling can be observed in the wild type
strain: i) MN accessibility at the TATA box level inside nucleosome −1 (arrowhead) is
strongly increased after 30 min in activating medium; ii) the intensity of the MN bands
corresponding to the upstream and downstream borders of nucleosome −1 (asterisk)
decreases, as expected by a more dynamic chromatin configuration; iii) accessibility inside
the ATG-containing nucleosome +1 is visible. Some of these features are not observed in the
absence of Snf1: in fact, the intensity of the MN bands corresponding to nucleosome −1
borders (asterisk) remains constant, and the accessibility inside nucleosome +1 is abolished,
suggesting a much more static chromatin structure lacking H3 tail acetylation. Even though
MN accessibility of the TATA region appears to increase under derepressing conditions in
the absence of Snf1, the ratio between the relative MN accessibility of the TATA box (black
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arrowhead) and of the upstream border (higher asterisk), that we consider as indicative of
the extent of remodelling of the −1 nucleosome during activation, is much higher in the wild
type strain (see quantitative analysis in Fig. 5, bottom panel).

We therefore assign to Snf1 a role in driving the chromatin conformational changes
necessary to allow the start of mRNA accumulation at the ADY2 promoter, because in this
specific instance, we were able to rule out the involvement of the two main activators Adr1
and Cat8 in histone acetylation.

We also analysed the effects of deleting SNF1 on chromatin remodelling at the well
characterized ADH2 promoter and the result is shown in Fig. 6, panel A. Chromatin
remodelling, slightly visible after 30 min in derepressing conditions in the wild type strain,
became prominent after 3 h, involving several nucleosomes including −1 and +1. In the
same conditions, no remodelling (Fig. 6, panel A) and no transcription (Fig. 6, panel B) was
observed in the snf1 deletion mutant. This phenotype was already observed in the case of the
adr1 deletion mutant [37], and histone H3 acetylation was also shown to depend on ADR1 at
this promoter [35].

We conclude that a major role of Snf1 is to control chromatin structure and function at
glucose-repressed promoters, and whether this role is played directly or through the activity
of DNA binding factors apparently depends on the specific promoter architecture.

3.7 Snf1 is required to recruit Gcn5 at the ADY2 promoter
In order to understand the mechanism by which Snf1 regulates histone H3 acetylation and
chromatin remodelling at the ADY2 promoter, we asked whether Snf1 plays any role in
recruitment of co-activators or co-repressors such as Gcn5 or Rpd3. We have already shown
that both enzymes regulate ADY2 mRNA accumulation [35]. First we analysed Snf1
occupancy at the ADY2 promoter region, by performing a ChIP with anti HA antibodies to
detect either Snf1-HA or its nuclear regulatory subunit, Gal83-HA, in the corresponding
tagged strains. The signal was very weak for both Snf1 and Gal83 at the ADY2 promoter
(data not shown). To enrich for chromatin bound Snf1, we performed an initial ChIP with a
specific antibody to the PolII enzyme and subsequent re-ChIP with anti HA antibodies to
detect either Snf1-HA or Gal83-HA. The results are shown in Fig. 7: when the glucose
content in the medium is lowered to 0.05% (derepressing conditions) for 1 h, occupancy of
Snf1, Gal83, and PolII increases at the ADY2 promoter, indicating that these factors are
involved in the assembly of an activating complex that should be able to both remodel
chromatin and initiate mRNA synthesis.

The increase in occupancy for these factors was also demonstrated at two other Snf1-
dependent promoters, ADH2 and ACS1 (Supplementary Fig. S1 and Fig. S2).

Next, we analysed by anti c-myc antibodies the occupancy of Gcn5-myc and Rpd3-myc in
both SNF1 and snf1 deletion mutant, and the results are shown in Fig. 8: when the cells are
shifted to derepressing conditions (0.05% glucose) for 1 h, the occupancy of the
acetyltransferase Gcn5 at the ADY2 promoter strongly increases in the SNF1 strain, whereas
in the snf1 deletion mutant no increase is observed, indicating a role of Snf1 in the
recruitment of this histone acetylating enzyme.

In the same conditions, the occupancy of the deacetylase Rpd3 increases in the SNF1 strain,
and this effect is still observed, although less pronounced, in the snf1 deletion mutant,
suggesting Snf1-independent recruitment of this histone deacetylating enzyme in
derepressing conditions. The same results were obtained with two additional Snf1-dependent
promoters, ADH2 and ACS1 (Supplementary Fig. S3 and S4).
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We conclude that the mechanism by which Snf1 plays its role in the control of histone
acetylation and chromatin remodelling at the glucose-repressed ADY2 promoter, is exerted
at the level of recruitment of the histone acetyltransferase Gcn5.

4. Discussion
Chromatin modifications play a crucial role in the activation of gene expression in response
to external stimuli [38], including nutrient availability [39]. Relevant molecular events
taking place at the promoter level are due to the combined effects of nucleosome positioning
signals, ATP-dependent nucleosome remodellers, post-translational modifications and
histone variants exchange, allowing activator binding and/or repressor removal [40].

Yeast cells obtain energy through fermentation of sugars such as glucose or galactose, or
through oxidation of a variety of fermentation products, such as glycerol or ethanol [39].
The Snf1 protein kinase complex is primarily required for the adaptation of yeast cells to
glucose limitation, but also affects cellular processes, such as ageing, meiosis, and
pseudohyphal growth [8]. Many different mechanistic roles were assigned to Snf1, including
phosphorylation and translocation of the Mig1 repressor [10,11], interaction with the
activator Sip4 [12], phosphorylation and activation of Cat8 [13, 14], regulation of the
binding of the activator Adr1 [15], and interaction with the transcriptional apparatus [16,17].

Interestingly, the Snf1 protein kinase was shown to drive histone acetylation at the INO1
promoter [18], and more recently to regulate Gcn5 transcriptional activity [19].
Nevertheless, a direct involvement of Snf1 in the control of chromatin structure has not been
previously reported. We therefore investigated the phenotypic consequences of SNF1
deletion on the glucose-regulated ADY2 promoter during activation, and found that the
absence of Snf1 impairs the remodelling occurring at the TATA box-containing nucleosome
−1 and ATG containing nucleosome +1, by completely abolishing the increase in H3
acetylation observed in the wild type.

Our results reveal that, in the absence of both Adr1 and Cat8, H3 acetylation and
remodelling can occur, suggesting that at this particular promoter Snf1 plays a prominent
role in the control of chromatin structure and function, whereas the two transcription factors
are required to recruit or stabilise transcription initiation complex components, such as PolII
and TBP as previously shown [36].

In the case of the well characterised ADH2 promoter, Snf1 was shown to be required for
Adr1 binding to chromatin [15], and Adr1 was in turn found to be responsible for the
increase in H3 acetylation and remodelling at −1 and +1 nucleosomes in derepressing
conditions [35,37]. Therefore, at the ADH2 promoter Snf1 regulates chromatin structure
through the activity of Adr1, whereas in the case of ADY2, Snf1 presumably plays a more
direct role.

We think that the specific promoter architecture of each gene is a key element in
determining the exact mechanism of transcription activation. Promoter chromatin
organisation is strictly dependent on nucleosome positioning that in turn is influenced by
intrinsic DNA sequence features [41,42]. In addition to these sequence determinants,
binding of various protein complexes [43] contributes to the shaping of each specific
promoter, and as a consequence to the requirements of activators and co-activators
necessary, as proposed [36,44]. The different localisation of histone variants could also have
a role: for example, histone H2A.Z is present in the promoter nucleosomes −1 and +1 in the
case of ADH2, whereas in the case of ADY2 it is found in the coding region at the level of
nucleosomes +1, +2, +4 and +7 [45,46].
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The results obtained at the ADY2 promoter provide the opportunity to better understand the
mechanism by which Snf1 regulates chromatin function. Since we know that the catalytic
activity of the acetyltransferase Gcn5 is required for the ADY2 promoter H3 acetylation
increase in derepressing conditions [35], we hypothesize that one relevant target of Snf1
activity is Gcn5 itself, and that this protein kinase is required for the recruitment of Gcn5 (or
the whole SAGA complex), as demonstrated in the case of HTX2 and HTX4 promoters
[47]. By demonstrating that Snf1 plays a role in the recruitment of the histone
acetyltransferase Gcn5 (Fig. 8A), we propose that this is the main mechanism by which Snf1
regulates histone acetylation and chromatin remodelling at the glucose-repressed ADY2
promoter. Moreover, we show Snf1-independent recruitment of the histone deacetylase
Rpd3 in derepressing conditions (Fig. 8B): we think that the increased occupancy of Rpd3 at
the ADY2 promoter during activation, coupled with the loss of Gcn5 recruitment, are
actually responsible for the complete loss of histone H3 acetylation in the snf1 deletion
mutant. Rpd3 activity was already shown to influence chromatin structure and transcription
at Snf1-dependent promoters, including ADY2, by using histone deacetylase deletion mutant
[35,48,49]. Interestingly, Rpd3 was shown to regulate transcriptional activation of other
genes, such as DNA damage-inducible genes, presumably by orchestrating multiple rounds
of transcription [50]. The fact that Rpd3 occupancy in the snf1 mutant under repressed
conditions appears enhanced relative to wild type, could be the consequence of a genome-
wide re-distribution of chromatin regulatory protein complexes among promoters in the
absence of stimuli [43].

Since we show that Snf1 occupancy increases concomitantly with the shift to derepressing
conditions, one question that needs to be answered is how does Snf1 get to the ADY2
promoter without being recruited by an activator. One possibility is that glucose signalling
to chromatin initially involves recruitment of remodelling complexes, such as SWI/SNF,
causing a change in chromatin conformation which allows increased occupancy of the Snf1
complex during activation. One alternative challenging possibility entails a reverse
recruitment mechanism involving re-localization of the Snf1 complex to the nuclear
periphery as shown for another glucose repressed gene [51].

Recently, Snf1 was shown to regulate Gcn5 transcriptional activity by removing the
inhibition caused by Spt3 at the HIS3 promoter [19]. SPT3 encodes a subunit of SAGA, and
was shown to either activate or inhibit transcription of some RNA polymerase II-dependent
genes, by functionally interacting with several factors including the TATA-binding protein,
Mot1, and the Not complex [52–55]. As a whole, these lines of evidence support a model in
which TBP is the critical target of transcriptional regulation by Spt3. Therefore, the function
of Snf1 in promoting Gcn5-dependent histone acetylation at the ADY2 promoter could be
aimed at modifying nucleosome accessibility to facilitate dynamic and productive TBP
interaction with the TATA box.

Snf1 could also affect histone acetylation by an independent pathway, involving
metabolism: by inhibiting Acetyl Coenzyme A Carboxylase, a key enzyme catalyzing the
entry into lipid metabolism [56,57], activation of Snf1 in low glucose conditions could keep
high the acetyl CoA content, thus stimulating the activity of Gcn5 and other HATs.

Finally, a recent report points to a direct role of mammalian AMPK in stress-promoted
transcription via histone H2B phosphorylation [58]. It will be interesting to determine
whether this epigenetic modification is conserved in yeast by Snf1-dependent stress-induced
transcription.
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Highlights

The main role of Snf1 is to control chromatin structure and function

The specific promoter architecture of each gene is a key element in determining the
exact mechanism of transcription activation.

Cell metabolism is controlled by epigenetic mechanisms
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Fig. 1.
ADY2 promoter structure. The drawing shows the 3 nucleosomes spanning the regulatory
region of the ADY2 promoter. Their positions were previously mapped [41] and are as
follows: nucleosome −2, −438 −308; nucleosome −1, −178 −18; nucleosome +1, −18
+172. The relevant regulatory sites are shown with symbols. Chromatin remodelling
occurring when cells are shifted to low glucose conditions involves nucleosomes −1 and +1
as already described [35]
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Fig. 2.
Kinetics of ADY2 mRNA accumulation in wild type, snf1, adr1, cat8 and adr1 cat8 deletion
strains. (A) Northern analysis for the wild type and snf1 deletion strains. Cells were
collected in repressing conditions (R = 3% glucose) and at 30 min, 1 h, 2 h and 3 h after the
shift to derepressing conditions (0.05% glucose). 10 μg of total RNA were loaded on 1.2%
formaldehyde-agarose gel, transferred to a nylon membrane and hybridized with a probe
specific for ADY2 gene, as described in Material and methods. 25S and 18S indicate the two
major yeast rRNA species. (B) Northern analysis for the wild type (CKY19–1), adr1
(CKY13–1), cat8 (CKY15–1) and adr1 cat8 (CKY23–1) strains. Cells were collected in
repressing conditions (R = 3% glucose) and at different times (30 min, 1 h and 2 h) after the
culture was shifted to derepressing conditions (0.05% glucose). 25S and 18S indicate the
two major yeast rRNA species. Normalisation was obtained by probing for U3 snoRNA. (C)
Histograms represent the densitometric evaluation of ADY2 mRNA level relative to U3
snoRNA level. Error bars indicate the standard deviation of data obtained by two biological
replicates.
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Fig. 3.
Analysis of chromatin remodelling at the ADY2 promoter in strains carrying deletion of
ADR1, CAT8 or ADR1 CAT8. Top panel: nystatin treated spheroplasts from wild type
(CKY19–1), adr1 (CKY13–1), cat8 (CKY15–1), and adr1 cat8 (CKY23–1) cells growing
in repressing (R = 3% glucose) or derepressing (0.05% glucose, for 30 min and 1 h)
conditions were digested with MN (1.2 units 400 ml−1 for each condition). After secondary
digestion with EcoRI restriction enzyme the samples were transferred to a nitrocellulose
filter and hybridized with a probe 3' (see Material and methods). Nucleosomes are
represented by ovals. C, control sample not treated with MN but digested with EcoRI; N,
purified genomic DNA treated in vitro with MN and digested with EcoRI; M, molecular
weight marker, 1 kb DNA ladder (Invitrogen); nfr, nucleosome free region. Bottom panel:
histograms show the relative MN accessibility of the −1 nucleosome. The MN band
corresponding to chromatin remodelling in the −1 nucleosome (black arrowhead) was
quantified relative to an unrelated MN band (white arrowhead) present in a chromatin region
not expected to be affected by the conditions tested, and therefore considered indicative of
the actual amount of digested DNA loaded in the lane. For the repressing (R) conditions the
value of the ratio black/white arrowheads has been fixed to 1.
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Fig. 4.
Kinetics of increase in histone H3 acetylation levels at the ADY2 promoter in wild type and
mutant strains. (A) Chromatin immunoprecipitation was performed on wild type (CKY19–
1), adr1 (CKY13–1), cat8 (CKY15–1) and adr1 cat8 (CKY23–1) mutant strains. Cells were
collected in repressing conditions (R = 3% glucose) and at 30 min and 1 h after the shift to
derepressing conditions (0.05% glucose). Cross-linked protein–DNA complexes were
immunoprecipitated using antibody against acetylated lysines K9 and K14 of histone H3.
Control material was without antibody (No Ab). DNA was amplified by real-time PCR
using primer pairs as described in Material and methods. A primers pair for ACT1 promoter
was used as control. The acetylation value of ADY2 promoter obtained by RT-PCR was
corrected subtracting first the No Ab value, and then the input value. The same elaboration
was performed for ACT1 used as reference gene. The final value of ADY2 acetylation level
was calculated subtracting ACT1 value from ADY2 value. Histograms show the relative H3
acetylation enrichment during activation, obtained by dividing the value at 30 min and at 1 h
of derepression by the value in repressing conditions (R value ~1). Error bars indicate the
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standard deviation of data obtained from biological replicates of samples analyzed in
triplicate. *p<0.05; **p<0.001; ns, not significant. (B) Chromatin immunoprecipitation was
performed as in (A) but on wild type and snf1 deletion strains.

Abate et al. Page 19

Biochim Biophys Acta. Author manuscript; available in PMC 2013 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5.
Analysis of chromatin remodelling at the ADY2 promoter in wild type and snf1 deletion
strains. Nystatin treated spheroplasts from wild type and snf1 cells growing in repressing (R
= 3% glucose) or derepressing (0.05% glucose, for 30 min and 1 h) conditions were digested
with MN (0.6 and 1.2 units 400 ml−1 for each condition). After secondary digestion with
EcoRI restriction enzyme the samples were transferred to a nitrocellulose filter and
hybridized with a probe 3' (see Material and methods). Nucleosomes are represented by
ovals. C, control sample not treated with MN but digested with EcoRI; N, purified genomic
DNA treated in vitro with MN and digested with EcoRI; M, molecular weight marker, 1 kb
DNA ladder (Invitrogen); nfr, nucleosome free region. Bottom panel: histograms show the
extent of remodelling of the −1 nucleosome, represented as the ratio between the relative
MN accessibility of the TATA box (black arrowhead) and of the upstream border (higher
asterisk), measured in the samples treated with 1.2 MN units. Each value was normalized
relative to an unrelated MN band (white arrowhead) present in a chromatin region not
expected to be affected by the conditions tested, and therefore considered indicative of the
actual amount of digested DNA loaded in the lane.
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Fig. 6.
Analysis of chromatin remodelling at the ADH2 promoter in wild type and snf1 deletion
strains. (A) Nystatin treated spheroplasts from wild type and snf1 cells growing in repressing
(R = 3% glucose) or derepressing (0.05% glucose, for 30 min and 3 h) conditions were
digested with MN (0.6 and 1.2 units 400 ml−1 for each condition). After secondary digestion
with HindIII restriction enzyme the samples were transferred to a nitrocellulose filter and
hybridized with a probe 3' (see Material and methods). Nucleosomes are represented by
ovals. M, molecular weight marker, 1 kb plus DNA ladder (Invitrogen); nfr, nucleosome
free region; RIS, RNA Initiation Sites. (B) Northern analysis of ADH2 mRNA
accumulation. Total RNA was prepared from aliquots of cells growing in repressing (R =
3% glucose) or derepressing (0.05% glucose, for 30 min, 1 h, 2 h, 3 h, 4 h, 5 h, and 6 h)
conditions. 25S and 18S indicate the two major yeast rRNA species.
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Fig. 7.
Analysis of Snf1, Gal83 and PolII occupancy at the ADY2 promoter. Chromatin
immunoprecipitation was performed with Snf1-HA (KBY100) and Gal83-HA (KBY98)
tagged strains. Cells were collected in repressing conditions (R = 3% glucose) and at 1 h
after the shift to derepressing conditions (0.05% glucose). Cross-linked protein–DNA
complexes were immunoprecipitated using first antibody against PolII enzyme (1st ChIP),
followed by immunoprecipitation with antibody against HA (2nd ChIP). DNA was amplified
by real-time PCR using primer pairs as described in Material and methods. Histograms show
the occupancy of each protein at the ADY2 promoter relative to a control telomeric
sequence, both in repressing (white) and derepressing (black) conditions. Error bars indicate
the standard deviation of data obtained from 3 biological replicates of samples. *p<0.05;
**p<0.001
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Fig. 8.
Analysis of Gcn5 and Rpd3 occupancy at the ADY2 promoter. (A) Chromatin
immunoprecipitation was performed with Gcn5-myc tagged SNF1 and snf1 deletion mutant
strains (KBY95 and KBY105, respectively). Cells were collected in repressing conditions (R
= 3% glucose) and at 1 h after the shift to derepressing conditions (0.05% glucose). Cross-
linked protein–DNA complexes were immunoprecipitated using antibody against c-myc.
DNA was amplified by real-time PCR using primer pairs as described in Material and
methods. Histograms show the occupancy of each protein at the ADY2 promoter relative to a
control telomeric sequence, both in repressing (white) and derepressing (black) conditions.
Error bars indicate the standard deviation of data obtained from 3 biological replicates of
samples. (B) Chromatin immunoprecipitation was performed as in (A) except with Rpd3-
myc tagged SNF1 and snf1 deletion mutant strains (KBY97 and KBY107, respectively).
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