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Background: The role of Snfl in Adrl-dependent transcription is incompletely understood.
Results: Adrl and RNA pol II remain at the promoter but are inactive, and mRNA decay is accelerated when Snf1*® is inhibited

after glucose depletion.

Conclusion: Snfl is important for Adr1 binding, RNA pol II activity, and mRNA stability.
Significance: Snfl has an unanticipated role in promoting mRNA stability.

AMP-activated protein kinase, the “energy sensor of the cell,”
responds to low cellular energy stores by regulating enzymes
and transcription factors that allow the cell to adapt to limiting
nutritional conditions. Snfl, the yeast ortholog of AMP-acti-
vated protein kinase, has an essential role in respiratory metab-
olism in Saccharomyces cerevisiae that includes activating the
transcription factor Adrl. How Snfl regulates Adrl activity
is poorly understood. We used an analog-sensitive allele,
SNF1%(1132G), that is inhibited by 2-naphthylmethyl pyrazol-
opyrimidine 1 to study the role of Snfl in transcriptional regu-
lation of glucose-repressible genes. When Snf1*® was inhibited
at the time of glucose depletion, there was a promoter-specific
response with some Snfl-dependent genes being activated by
low levels of inhibitor, whereas all Snfl-dependent genes were
inhibited at high levels. Transcript accumulation was more sen-
sitive to Snfl1*® inhibition than Adr1 or RNA polymerase (pol) II
binding or acetylation of promoter nucleosomes. When Snf1**
was inhibited after gene activation, Adrl and RNA pol II
remained at promoters, and RNA pol II remained in the ORF
with associated nascent transcripts. However, cytoplasmic
mRNAs were lost at a rapid rate compared with their decay fol-
lowing chemical or genetic inactivation of RNA pol II. In con-
clusion, Snfl appears to affect multiple steps in gene regulation,
including transcription factor binding, RNA polymerase II
activity, and cytoplasmic mRNA stability.

Yeast cells respond to altered levels of glucose in their envi-
ronment by dramatic changes in their transcriptional program.
Glucose represses the expression of genes required for oxida-
tive metabolism during the fermentative phase of yeast growth,
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a phenomenon called glucose catabolite repression or simply
glucose repression. During the diauxic transition, a switch from
fermentative to oxidative metabolism occurs and is accompa-
nied by a major re-programming of gene expression at both the
transcriptional (1) and post-transcriptional levels (2). Oxidative
metabolism requires increased synthesis of mitochondrial res-
piratory chain and tricarboxylic acid cycle enzymes, as well as
activation of gluconeogenesis and the glyoxylate cycle. In addi-
tion, genes are activated that encode enzymes required for
breakdown of fatty acids and uptake and metabolism of amino
acids, ethanol, acetate, lactate, and glycerol.

The AMP-activated protein kinase (known as Snfl in yeast)
is an important regulator of metabolism (3) and plays a major
role in the release from glucose repression (4 —7). SNFI encodes
the catalytic subunit of the trimeric kinase complex that
responds to glucose starvation by phosphorylating key enzymes
in metabolism and transcription. In the presence of glucose,
Snfl is maintained in a mostly nonphosphorylated inactive
form by the Glc7 protein phosphatase in association with its
regulatory subunit Regl (8). When glucose is exhausted, Snfl is
activated by phosphorylation of Thr-210 by three upstream
kinases (9) and the down-regulation of Regl-Glc7 protein
phosphatase activity (10). Recent evidence suggests that Snfl
activation may also involve ADP (11-13).

Snfl regulates transcription in numerous ways, including
transcription factor activation and inactivation (14-19), mod-
ification of chromatin (20-22), and perhaps by acting directly
on the transcription apparatus (23). Snfl also has a role in post-
transcriptional regulation of gene expression. Snfl transcrip-
tionally down-regulates expression of genes encoding amino
acid biosynthetic enzymes (24) by inhibiting translation of the
master regulator Gen4 (14).

Adrl and Cat8 are DNA binding transcription factors that
are activated by Snfl when glucose is exhausted (7). Snfl acti-
vates Cat8 by direct phosphorylation but activates Adr1 by pro-
moting its dephosphorylation (6, 18). Together they activate
over 300 target genes involved in metabolic pathways that allow
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TABLE 1
Saccharomyces cerevisiae strains

W303-1a also known as CKY19 MATa ade2-1 canl-100 ura3-1 leu2-3,112 trp1-1 his3-11,15 K. Dombek
CKY20 MATa ade2-1 canl-100 ura3-1 leu2-3,112 trpl-1 his3-11,15 K. Dombek
CKY18 CKY20 snflA:kanmx K. Dombek
TYY923, TYY924, TYY925 CKY18 ura3-1:pSH47:SNF1** (LIRA3) This work
TYY1077, TYY1078 TYY923 ADRI-Myc,, This work
CKY10 CKY19 suflA::kanmx regl A:natmx This work
TYY1085 CKY10 ura3-1:pSH47:SNF1** (LIRA3) This work
KBY108 MATa rpbl-1 ura3-1:pSH47:SNF1* (URA3) snflA::kanmx ADRI-Myc, ;::natmx This work

growth in the absence of a fermentable carbon source (25-27).
Many of these genes are regulated directly by binding of Adrl
and/or Cat8 to their promoters (28).

ADRI regulation is primarily post-translational. ADRI is
transcribed constitutively, and the Adrl protein is present but
inactive during growth in the presence of high levels of glucose
or other fermentable sugars (29, 30). Relief from glucose repres-
sion (derepression) is accompanied by promoter binding of
Adrl in a Snfl-dependent fashion (31) and requires Snfl-de-
pendent histone H3 hyperacetylation of promoter nucleosomes
(20, 32). Chromatin remodeling precedes and is required for
gene activation and requires Snfl, Adrl, and Cat8, which
recruit the Swi/Snf chromatin remodeling complex as well as
the SAGA (Spt-Ada-Gcen5 acetyltransferase), and NuA4 his-
tone acetyltransferase complexes (33, 34). Impaired histone
deacetylase activity or deletion of the histone H3 or histone H4
tail allows Adrl binding and preinitiation complex (PIC) for-
mation in the presence of glucose (32, 35, 36). However, tran-
scription is defective in the zdacA mutant despite the presence
of a PIC, suggesting that a step subsequent to PIC formation is
inhibited by the presence of glucose. Activating Snfl and the
presence of a constitutive nonphosphorylatable allele of Adrl
(ADRIS, e.g ADRI-Ser-230A) can activate the “poised” and
inactive PIC in the presence of glucose (35). Activation by
Adr1€ is due to the inability of 14-3-3 (known as Bmbh in yeast)
proteins to inhibit the constitutive activators, presumably
because Bmh binding requires phosphorylation of Ser-230 (37).
Snfl has a role in overcoming Bmh-mediated inhibition
because it promotes dephosphorylation of Ser-230 (18). How-
ever, Snfl has a second role in activating the poised complex
because the two effects, constitutively active Adr1® and acti-
vated Snfl, are synergistic with regard to gene expression (38).

Activation of the glucose-inhibited PIC by Snfl in an hdacA
mutant suggests that Snfl might also have a role in gene acti-
vation subsequent to promoter binding. However, because
Adrl does not bind target promoters in the absence of Snfl,
whether Snfl has a role in PIC formation or activation inde-
pendent from activator binding or in post-transcriptional pro-
cesses of gene regulation has not been investigated.

The development of conditional kinase alleles that are spe-
cifically and efficiently inhibited by ATP analogs has greatly
facilitated the study of protein kinases in yeast (39). Analog-
sensitive (as) alleles have mutations in the gatekeeper residue of
the active site that allow binding of nonhydrolyzable ATP ana-
logs and block the kinase activity. A SNF1** allele, 1132G, has
been used to identify an inhibitory role of Snfl in Gen4-depen-
dent gene activation (24) and to study the interaction of Snfl
with other nutrient-regulated pathways in yeast (40). If there
were multiple inter-dependent steps in a pathway, such as we
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envision for Snfl, chemical inhibition would allow the individ-
ual steps to be distinguished. Specifically, chemical inhibition
can be used to investigate whether Snfl has a role in gene
expression subsequent to transcription factor binding.

We used an analog-sensitive allele of Snfl to study the regu-
lation of expression of glucose-repressible genes, particularly
those that are targets of Adrl and Cat8. Inhibiting Snf1 before
derepression had an unexpected promoter-specific effect on
gene expression. Derepression of weakly expressed genes was
enhanced at low concentrations of the inhibitor, although the
expression of highly expressed genes was inhibited at all con-
centrations. When Snfl was inhibited during derepression,
mRNA accumulation immediately ceased, and the level of Snfl-
dependent mRNAs decreased at a rapid rate. In contrast, Adrl
and RNA pol” II binding, as well as hyperacetylation of histone
H3, persisted. Thus, Snfl appears to have an epigenetic effect,
due to Snfl-dependent histone hyperacetylation, that allows
Adrl and RNA pol II to remain associated with DNA at the
promoter after Snfl®*® is inactivated. Even though RNA pol II
persists in the ORF with associated nascent transcripts, tran-
scription appears to be inhibited, and the loss of Snf1** activity
is associated with rapid cytoplasmic decay of transcripts from
glucose-repressible genes.

EXPERIMENTAL PROCEDURES

Yeast Strains and Growth of Cultures—Saccharomyces
cerevisiae strains used in this study are listed in Table 1. S.
cerevisiae cultures were grown with shaking at 30 °C in either
yeast extract/peptone medium (YP) or in synthetic medium
lacking the appropriate amino acid or nucleotide for plasmid
selection (SM (41)). To maintain selection for plasmids con-
taining TRPI, the synthetic selective medium contained 0.2%
casamino acids rather than the standard dropout solution.
Deletion and tagging of chromosomal genes used published
methods and plasmids (42, 43). For growth in repressing con-
ditions, with high glucose, the medium contained 3% glucose.
Derepressing (DR) medium contained 0.05% glucose. In a typ-
ical experiment, the cells were grown in repressing medium to
anAgqy, = 0.7-1.0, pelleted by centrifugation in a Sorvall RC3B-
plus centrifuge at 3000 rpm at room temperature, resuspended
atan Agy, = 1.0 in derepressing medium containing 0.05% glu-
cose, and aerated by vigorous swirling at 250 rpm.

Chromatin Immunoprecipitation (ChIP)—Protein extracts
from yeast cells were prepared following the procedure

2The abbreviations used are: pol, polymerase; qPCR, quantitative PCR;
2NM-PP1, 2-naphthylmethyl pyrazolopyrimidine 1; CTD, C-terminal
domain; PIC, preinitiation complex; as, analog-sensitive; DR, derepress-
ing; IP, immunoprecipitation; ChIP, chromatin immunoprecipitation.
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described in Parua et al. (37). Chromatin immunoprecipitation
was performed as described in Biddick et al. (34). In brief, cells
from a 50-ml culture at an A4y, ~1 were pelleted at 3000 rpm at
room temperature in a Sorvall RC3B-plus centrifuge and resus-
pended in 8.75 ml of phosphate-buffered saline (PBS). Ethylene
glycol bis(succinimidylsuccinate) (Thermo Scientific, catalog
no. 21565) cross-linker dissolved in DMSO was added to a final
concentration of 3 mM, and the sample was swirled at room
temperature for 45 min. The ethylene glycol bis(succinimidyl-
succinate) cross-linked cells were pelleted at room temperature
and resuspended in 25 ml of 1X PBS supplemented with 1%
formaldehyde. After shaking gently for 15 min at room temper-
ature, 2.5 ml of 2.5 m glycine was added, and the cells were
pelleted. The cell pellet was washed once with 10 ml of tris-
buffered saline (TBS) containing 125 mm glycine and resus-
pended in 1 ml of a cold TBS-containing protease inhibitor
mixture (Sigma, catalog no. S8830) and a mixture of phospha-
tase inhibitors. The phosphatase inhibitors were prepared in
two 100-fold concentrated solutions. Solution 1 contained 200
mwMm imidazole, 100 mm NaF, 400 mm sodium tartrate, 115 mm
disodium molybdate, and 100 mm B-glycerol phosphate. Solu-
tion 2 contained sodium orthovanadate prepared as a separate
solution because a basic pH (~10) is required to maintain the
active form of orthovanadate. After transfer to a microcentri-
fuge tube, the cells were pelleted by brief centrifugation, frozen
on dry ice, and stored at —80 °C. For cell breakage, the pellet
was thawed on ice; 0.40 ml of ChIP lysis buffer (50 mm Hepes-
KOH, pH 7.5, 140 mMm NaCl, 1% Triton X-100, 0.1% sodium
deoxycholate) containing protease and phosphatase inhibitors
was added, and the cells were broken with glass beads in a Fast-
Prep machine with two disruption cycles of 45 s at a speed
setting of 4.5. The unbroken cells and debris were pelleted by
centrifugation at 4 °C in a microcentrifuge at 13,000 rpm for 10
min. The clarified extract was collected in a fresh microcentri-
fuge tube containing 1 mm PMSF. Immunoprecipitation (IP)
was performed for 4—16 h in ChIP lysis buffer containing 0.5-2
mg of protein extract (35) with constant nutation at 4 °C. In
some experiments, denatured salmon sperm DNA at a final
concentration of 10 ug/ml was included. The antibodies used
were anti-c-Myc (9E10; Santa Cruz Biotechnology, Sc40), anti-
pol IT (8WG16; ChIP grade, Abcam, Ab817), anti-pol II C-ter-
minal domain (CTD) Ser(P)-2 (Abcam, Ab5095), anti-pol II
CTD Ser(P)-5 (Abcam, Ab5195), and anti-histone H3-K9,14
(Millipore, 06599). After IP, 20—60 ul of protein A-coated
MagSepharose beads from GE Healthcare (catalog no. 28-9670-
62) were added, and nutation was continued for 2—4 h at 4 °C.
After separating the beads, 10 ul of the supernatant was added
to 150 ul of ChIP elution buffer (50 mm Tris-HCI, pH 8.0, 1%
SDS, 10 mm EDTA) for measuring the amount of input DNA.
The beads were processed by washing twice with ChIP lysis
buffer containing 10 ug/ml denatured salmon sperm DNA,
twice with high salt ChIP lysis buffer (ChIP lysis buffer with 0.5
M NaCl), twice with ChIP wash buffer (10 mm Tris-HCI, pH 8.0,
250 mMm LiCl, 10 mm EDTA, 0.5% Nonidet P-40, 0.5% sodium
deoxycholate), and twice with ChIP TE (0.01 m Tris-HCI, pH
7.5,0.1 mM EDTA). The bound DNA was eluted at 65 °C for 10
min with 50 ul of elution buffer. The eluted and input DNAs
were incubated for 12-16 h at 65 °C and then purified using a
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PCR purification kit according to the manufacturer’s protocol
(Qiagen). The eluted and input DNAs were diluted 10- and
100-fold, respectively, and quantification of specific sequences
was performed by qPCR using Power SYBR Green master mix
(Applied Biosystems) in a PTC-200 thermocycler coupled to a
Chromo 4 continuous fluorescence detector (MJ] Research).
Opticon 3 software (M] Research) was used for the data analy-
sis. Occupancy of a protein is expressed as fold-increase of the
IP to input ratio of the amount of the specific amplicon for the
gene sequence over the IP to input ratio corresponding to
the amplicon for the telomeric sequence TEL-VI-R. Primers
used for ChIP analysis are available on request.

mRNA Isolation and Quantitative Real Time Reverse Tran-
scriptase PCR (RT-gPCR)—mRNA was isolated from strains
grown in either repressing or derepressing medium using the
acid phenol method described by Collart and Oliviero (44) or
using an RNeasy kit from Qiagen. Residual DNA in the RNA
preparation was reduced by treatment with DNase I (Ambion)
following the manufacturer’s recommendations. cDNA syn-
thesis was performed using 1 ug of total RNA with SuperScript
III (Invitrogen) following the manufacturer’s protocol. In most
experiments, oligo(dT) alone was used as a primer; in later
experiments, both oligo(dT) and random hexamer primers
were used. RT-qPCR was performed using a 1:50-1:300 dilu-
tion of the cDNA, depending on the experiment. A standard
curve was generated using ACT1 primers and was used to quan-
tify all of the RNA levels. Specific mRNA levels are expressed as
a ratio to the amount of ACTI mRNA present. ACTI mRNA
levels are relatively insensitive to the carbon source in the
medium and were unaffected by inhibiting Snf1** (supplemen-
tal Fig. 2). Samples were prepared from biological duplicate or
triplicate cultures and analyzed by qPCR in duplicate or tripli-
cate. Primers used for RNA expression analysis are available
upon request.

Measurement of mRNA Half-lives—RNA synthesis was
inhibited either with 1,10-o-phenanthroline (0.1 mg/ml final
concentration) or by raising the temperature of a culture of a
strain containing the rpb1-1 allele of the largest subunit of RNA
pol IT (45). 1,10-0-Phenanthroline was dissolved at 100X con-
centration in 95% ethanol and used the same day. The temper-
ature of arpbI-1 culture was raised rapidly from 25 to 36.5 °C by
adding the desired volume of culture to a flask immersed in a
beaker of 70 °C water and swirling vigorously until the temper-
ature reached 37 °C as measured by a thermometer in the flask.
Subsequently, the culture flask was agitated in a water bath at
36.5°C. mRNA was quantitated by RT-qPCR as described
above and plotted after normalization to the amount of an 18 S
ribosomal RNA reference. The ribosomal RNA was converted
to ¢cDNA using random hexamers. The 50% intercept of the
decay curve, log(%mRNA) versus time, was taken as the half-
life. To determine the apparent half-lives of mRNAs after add-
ing glucose or the Snf1** inhibitor 2NM-PP1 to a culture grow-
ing in derepressing conditions, the same procedure was
followed except ACT1 was generally used as a reference.

B-Galactosidase Assays—[3-Galactosidase assays were per-
formed as described by Guarente (46) after growing the cells at
30 °C in selective medium containing 3% glucose for repressing
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FIGURE 1. Inhibition of gene expression by the Snf1?° inhibitor 2NM-PP1. Cultures of strains TYY923, TYY924, and TYY925 (all SNF 1) were grown in 200 ml
of YPD medium to an A4y, = 0.8 at 30 °C. Duplicate samples of 10 ml were removed for RNA isolation, and the cells in the remainder of the culture were pelleted
and resuspended in 200 ml of YP medium containing 0.05% glucose and subsequently treated as described below. Each culture was divided into six equal
portions after resuspension in low glucose and agitated vigorously at 30 °C. One portion received DMSO, the solvent for 2NM-PP1 as a control. The remaining
five cultures received an amount of 2NM-PP1 to make the final concentration shown in the figure. Triplicate samples of 10 ml were collected for RNA isolation
4 h after resuspending the cells in low glucose medium (derepressing conditions). A, differential effects of Snf1?® inhibition on gene expression. mRNA levels
were measured by RT-gPCR and normalized against ACTT mRNA, which was unaffected by the inhibitor (supplemental Fig. 2B), and are expressed as the
percentage of the mRNA amount measured in the absence of inhibitor. The control culture is represented in the figure as having 0.01 um 2NM-PP1 to display
the dataon alog scale. The error bars represent the standard deviation from three biological replicates. The experiment was repeated twice with similar results.
B, Snf1®* inhibition is correlated with promoter strength. The concentration of 2NM-PP1 that caused a 50% reduction in mRNA levels at 4 h was plotted against

the relative level of MRNA (normalized to ACTT1) at 4 h in the absence of inhibitor. The data are from supplemental Fig. 3 and similar data.

cultures and 0.05% glucose for DR cultures. The values in Miller
units are the averages of three transformants.

RESULTS

2NM-PP1 Is a Potent and Specific Inhibitor of Snfl** (SNF1I-
1132G)—To determine the concentration of 2NM-PP1 needed
to inhibit expression of a highly transcribed Adr1- and Snfl-de-
pendent gene, we measured derepression of an ADH2-lacZ
reporter gene containing the ADH2 regulatory region and pro-
moter with the first 23 amino acids of the ADH2 ORF fused to
the Escherichia coli lacZ gene encoding B-galactosidase
(pBGM23 (47)). Inhibition of B-galactosidase activity was
detected at 0.1 um 2NM-PP1, and greater than 97% inhibition
occurred at 10 um so this concentration range was used for
subsequent experiments (supplemental Fig. 1). Shirra et al. (24)
used a concentration of 25 um 2NM-PP1 in their studies and
found a strong reduction of SUC2 mRNA levels after 40 min of
treatment of S. cerevisiae strain S288C.

To test for nonspecific effects in our strain, we assayed the
expression of several Snfl-independent genes in a SNFI“° strain
(TYY1077) treated with 2NM-PP1 (ADHI, ACT1, and TAFI),
and we also measured the expression of Snfl-dependent genes
ina WT SNF1I strain treated with 2NM-PP1(ADH2, ADY2, and
CTA1I). We did not detect any off-target effects of the inhibitor
on the expression of Snfl-dependent or Snfl-independent
genes (supplemental Fig. 2).

Snfl** Inhibitor 2NM-PP1 Has a Differential Effect on Gene
Expression—We analyzed the dose-response curve of 2NM-
PP1 inhibition of Snf1** using quantitative RT-qPCR to analyze
expression of Snfl-dependent genes. 2NM-PP1 was added to
separate cultures at the time of glucose depletion to provide a
200-fold range of final concentrations, and mRNA levels were
determined 4 h later. Expression of all the Snfl-dependent
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genes we assayed was strongly inhibited at 20 um 2NM-PP1. At
intermediate concentrations, we found a surprisingly large var-
iation in the response to 2NM-PP1, ranging from strong inhi-
bition to 10-fold activation of gene expression. Fig. 14 shows
the data for ADH2, ICL1,and POX1 mRNAs, and supplemental
Fig. 3 shows the mRNA levels of these and 17 additional Snfl-
dependent genes.

There was a positive correlation between sensitivity to the
inhibitor and the level of a Snfl-dependent mRNA in its
absence (Fig. 1B). The expression of the most active genes, such
as ADH2 and ALD4, was inhibited at the lowest concentration
of 2NM-PP1, whereas the least active genes such as FAA2, POX1,
and FOX2 were the most resistant to inhibition and were activated
up to 10-fold at low concentrations of inhibitor. Genes involved in
gluconeogenesis and the glyoxylate cycle, such as FBP1, ICLI1, and
MLS1, had an intermediate sensitivity. The differential sensitivity
to Snfl* inhibition might explain why Zaman et al. (40) found
relatively few transcripts that were Snfl-dependent in their
microarray analysis of nutrient-regulated genes compared with
earlier work (25). The differential response to Snf1*® inhibition was
unexpected and suggests that different genes require different lev-
els of Snfl for optimal expression.

In summary, the response to Snf1** inhibition under DR con-
ditions did not produce a simple dose-response relationship as
expected. ADH2, ACSI1, and POX1 represent Adrl-bound and-
dependent genes spanning this spectrum of sensitivities. There-
fore, we assayed expression and binding of these three genes in
most of the subsequent studies.

Low Levels of Active Sufl* Suffice for Adrl Binding—One
possible explanation for the differential effect of inhibiting
Snf1® on gene expression is that Adr1 binding at different pro-
moters may require different levels of Snfl activity. Adrl was
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FIGURE 2. Chromatin immunoprecipitation analysis of Adr1 and RNA pol Il binding and histone H3-K9,14 acetylation. Triplicate cultures of Snf1%° strain
TYY1077 were grown in YPD containing 3% glucose. At Ago, ~ 1.0, the cells were pelleted and resuspended in YP plus 0.05% glucose with the indicated amounts
of 2NM-PP1 or with DMSO (final concentration 0.05%) in the control culture lacking 2NM-PP1. After 4 h of derepression, samples were collected for ChIP and
RNA analysis. A, Adr1-Myc binding. Adr1-Myc binding was measured by qPCR after ChIP was performed as described under “Experimental Procedures.” The
binding value represents the ratio of (ChIP(geneX)/input(geneX))/(ChIP(tel)/input(tel)). The control sample lacking 2NM-PP1 was set to 100%. The error bars
represent the standard deviation of three biological replicates. B, RNA pol Il binding. ChIP was performed using the extracts described above. ChIP grade
anti-pol Il antisera 8WG16 was used, and binding was determined as described under “Experimental Procedures.” C, histone H3-K9,14 acetylation. Strain
TYY1077 was grown in YPD and derepressed in the presence of the indicated concentrations (in um) of the Snf1®* inhibitor 2NM-PP1 or 0.05% DMSO (0
inhibitor) for 4 h. Another culture was derepressed for 3.5 h in the absence of inhibitor, and then inhibitor was added for 30 min before a sample was prepared
for ChlIP. Levels of histone H3-K9,14 acetylation were measured by ChIP as described under “Experimental Procedures.” H3-K9,14 acetylation at the indicated
genes (transcription start sites) is expressed relative to acetylation at the ACTT transcription start sites. D, comparison of Adr1 and RNA pol Il binding, histone
H3-K9,14 acetylation, and transcript levels of ADH2. The data are from A-C. The transcript levels for ADH2 were determined using aliquots from the same

cultures that were sampled for ChIP analysis.

tagged with 13 Myc epitopes in a SNFI* strain (TYY1077), and
binding was measured by ChIP followed by qPCR. Surprisingly,
Adr1-Myc binding was relatively resistant to inhibition of
Snf1?*® (Fig. 2A). The level of binding of ADR1 showed a poor
correlation with the mRNA levels for ADH2, ACS1, and POX1.
For example, at the ADH2 promoter (ADH2prm) Adrl binding
was reduced only 40% at 1 um 2NM-PP1, but ADH2 mRNA
levels had been reduced to 1% at the same concentration of
inhibitor. This discrepancy was also observed for CTAI, ICLI,
and POT1 (data not shown).

Adrl was detected at ADH2prm, ACS1prm, and POX1prm at
the highest concentration of Snfl*® inhibitor used, but in a
snfIA strain the binding cannot be detected (31). This result
suggests either that a low level of active Snfl in repressed cells
allows Adrl to bind during derepression in the presence of
2NM-PP1 or that inhibition is incomplete and that Snf1 is acti-
vated during derepression in the presence of 2NM-PP1. The
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latter explanation is probably correct. When Snf1*® was inhib-
ited before glucose depletion and the cells were derepressed in
the presence of inhibitor for 4 h, there was a higher level of Adr1
binding than in repressed cells (supplemental Fig. 4). Thus, it
appears that a small amount of Snf1**, activated after derepres-
sion despite the presence of the inhibitor, suffices for binding of
Adr1 after glucose is depleted. In addition the amount of active
Snf1*® required for Adrl binding was promoter-dependent,
being higher for ADH?2 than for POX1. Both experiments (Fig.
2A and supplemental Fig. 4) suggest that promoter-bound Adr1
is unable to efficiently activate transcription when Snfl** is
inhibited, and there is a subsequent Snfl-dependent step(s) in
gene expression that requires a higher level of Snfl activity than
Adr1 binding.

RNA pol II Recruitment Is More Sensitive to Suf1* Inhibition
than Is Adrl Binding—Although Adrl is associated with pro-
moter DNA after inhibiting Snf1®, it may be unable to recruit
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RNA pol I, and this may explain the low level of target mRNAs.
To determine the importance of Snf1** activity for RNA pol II
recruitment, we used ChIP to measure RNA pol II occupation
of Snfl-dependent promoters at different inhibitor concentra-
tions (Fig. 2B). RNA pol II binding was more sensitive to Snf1**
inhibition than was Adr1 binding, but it was less sensitive than
ADH?2 mRNA accumulation. This can be seen by comparing
the data in Figs. 14 and 2, A and B. For example, when an
intermediate concentration of inhibitor was added (1.0 um) at
the time of glucose depletion, the amount of RNA pol II at the
ADH?2 promoter was reduced about 10-fold. At this concentra-
tion of inhibitor ADH2 mRNA levels and Adrl binding were
reduced about 30- and ~2-fold, respectively.

Snfl-dependent Histone H3-K9,14 Hyperacetylation Is Par-
tially Refractory to Snfl® Inhibition—Adrl binding requires
Snfl-dependent hyperacetylation of promoter nucleosomes.
Therefore, we performed ChIP for histone H3 acetylated on
Lys-9 and Lys-14 to assess the possible involvement of acetyla-
tion on Adrl and RNA pol II binding at the ADH2, POX1, and
ACS1 promoter regions when Snf1*® was inhibited (Fig. 2C). All
three promoters had a low level of H3-K9,14 acetylation in
repressing growth conditions that increased dramatically after
derepression in the absence of inhibitor. The response to 2NM-
PP1 addition was complex. At 10 um 2NM-PP1, acetylation was
reduced nearly to the level observed in repressed cells at all
three promoters. However, at 0.1 um 2NM-PP1, acetylation
increased at ADH2prm and ACSIprm. There was a reduced
level of acetylation at 1 uM 2NM-PP1 at all three promoters.
When the inhibitor was added 3.5 h after glucose depletion and
H3-K9,14 levels were measured 30 min later, acetylation at sev-
eral Adrl-dependent promoters was unchanged compared
with the untreated culture (Fig. 2C). Therefore, continuous
Snfl*® activity is not needed to maintain a high level of
H3-K9,14 acetylation at these promoters.

Fig. 2D compares the relative level of Adrl and RNA pol II
binding, gene expression, and H3-K9,14 acetylation for ADH2
(data from Figs. 14 and 2, A-C). Adrl binding and H3-K9,14
acetylation had similar responses to Snfl*® inhibition, suggest-
ing that high acetylation levels are important for binding and
that a low level of active Snfl®*® suffices for histone acetylation
and for Adrl binding. RNA pol II binding is more sensitive to
Snf1?® inhibition than is Adr1 binding or H3-K9,14 acetylation,
and all three processes are more resistant to Snfl1*® inhibition
than is target mRNA accumulation. Based on these observa-
tions, Snfl* appears to be important for a step or steps in
mRNA accumulation that occurs after formation of a PIC. In
addition the gene expression and histone H3 acetylation data
suggest that the normal level of Snfl may not be optimal for
maximum activation and H3 acetylation of some promoters.
However, the increased mRNA levels that were observed at
intermediate levels of Snf1*® inhibition for the peroxisomal and
B-oxidation genes, such as CTA1, POT1, and POX1, was not
associated with increased Adrl or RNA pol II binding to those
promoters. Instead, it seems likely that the increased mRNA
levels are due to post-transcriptional processes, as described
below.
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Snfl Activity Is Needed Continuously for mRNA Accumula-
tion during Derepression—Because Snfl is essential for pro-
moter binding of Adr1 (31), whether it has a role subsequent to
activator binding, has not been investigated. Chemical inhibi-
tion of Snf1** allowed us to assess the importance of Snfl activ-
ity after transcription had commenced by depleting cells of
glucose to allow derepression to occur and then by adding
2NM-PP1 to inhibit Snf1** activity. We first measured 3-galac-
tosidase activity derived from an ADH2-lacZ gene fusion 9 h
after depleting the cells of glucose. Inhibitor was added at var-
ious times between glucose depletion (0 h) and 9 h. Accumula-
tion of B-galactosidase activity ceased abruptly when 2NM-PP1
was added (supplemental Fig. 5) indicating that Snf1 activity is
needed continuously for expression of ADH2-lacZ but does not
distinguish which step(s) in gene expression is Snfl-dependent,
continued activator binding, PIC formation, or mRNA stability.

To determine which step(s) in gene expression was inhibited,
we first measured mRNA levels during derepressing growth
conditions after adding 2NM-PP1 at 4 h. As shown in Fig. 34,
accumulation of ADH2 and POXI mRNAs stopped abruptly,
and the amount of mRNA began to decline rapidly after Snf1**
was inhibited. The amount of FBPI mRNA was already
decreasing, and its decline was accelerated by inhibiting Snf1*°.
A similar effect was observed for 12 other SNFI-dependent
transcripts (data not shown). These genes were transcribed by
various transcription factors, including Adrl, Cat8, Hapl,
Oafl/Pip2, and Ino2/4, so the effect was not restricted to any
one activator. As a control, the effect of inhibiting Snf1*® on
ADHI1 expression was measured. Rather than being inhibited,
ADH]1 expression was stimulated by inhibiting Snf1** 4 h after
glucose depletion (supplemental Fig. 2D), as occurs for many
genes expressed in glucose-replete conditions (24, 25, 40). The
positive effect on ADH1 expression confirms that inhibiting
Snfl1** does not cause a global inhibition of transcription in
glucose-depleted conditions.

Re-establishing glucose repression had a similar effect as
inhibiting Snf1*°. As shown in Fig. 3B, when 2NM-PP1, glucose,
or 2NM-PP1 plus glucose was added, a similar rapid decrease in
ADH?2 mRNA accumulation was observed in all three situa-
tions, suggesting that glucose addition and inhibiting Snf1®
may affect the same process leading to rapid disappearance of
ADH2 mRNA. Glucose-triggered mRNA decay has been
reported for several glucose-repressible genes (2, 48, 49), but
the involvement of Snfl in the mechanism of glucose-induced
decay has not been reported.

Snfl Activity Is Not Needed to Maintain Promoter Occupancy
of Adr1—The cessation of target mRNA accumulation and its
subsequent decrease could be due to dissociation of Adrl and
RNA pol II from the promoter with attendant arrest of tran-
scription and normal mRNA decay. To see if Adrl requires
continuous Snfl® activity to remain promoter-bound, 2NM-
PP1 or glucose was added 2 h post-glucose depletion, and sam-
ples were taken for ChIP and mRNA analyses at the same time
and 0.5, 1, and 2 h later. Surprisingly, Adrl remained at
ADH2prm for up to 2 h post-Snf1*® inhibition (Fig. 4A4). Similar
Adr1 occupancy was observed four other Adrl-dependent pro-
moters (POX1, ACS1, ADY2, and POT1; supplemental Fig. 6A
and data not shown). In striking contrast, glucose addition
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FIGURE 3. Snf1 activity is needed continuously during derepression to
maintain high transcript levels for ADH2, FBP1, and POX1. A, mRNA accu-
mulation stops abruptly when Snf1as is inhibited. Strain TYY925 (SNF1) was
grown in 200 ml of YPD with 3% glucose. After removing 2-10-ml aliquots for
RNA isolation representing repressing growth conditions, the remaining cells
were collected by centrifugation and resuspended in 200 ml of YP with 0.05%
glucose. After a subsequent 4-h incubation in derepressing conditions with
vigorous shaking, 2NM-PP1 was added to a final concentration of 10 um to a
100-ml portion of the culture. Another 100-ml portion of the culture received
DMSO, the 2NM-PP1 solvent, at a final concentration of 0.05% to serve as the
“no inhibitor” control. Samples of 10 ml were pipetted into 50-ml Falcon cen-
trifuge tubes containing 10 g of ice at 0, 20, 30, 45, and 60 min after inhibitor
(or DMSO) addition, and the cells were collected for RNA isolation and analy-
sis. Triplicate samples were collected at 4 h, and the average of these values
was used to calculate the relative mRNA level for each gene (compared with
ACT1), expressed as the percentage of the transcript level present at 4 h.
B, glucose addition and Snf1** inhibition affects ADH2 mRNA levels similarly.
Strain TYY1077 was grown and derepressed as described above. After 4 h of
derepression, cultures received 2NM-PP1 (I, final 10 um), glucose (D, final 3%),
or 2NM-PP1 and glucose (10 um and 3% final concentrations, respectively) or
DMSO (0.05% final concentration). Samples of 10 ml were removed at the
indicated times, and RNA was isolated and analyzed by RT-qPCR. Duplicate
samples were prepared after 4 h of derepression, and the average of these
values was used to calculate the relative mRNA level (compared with ACT1)
after inhibitor addition, expressed as the percentage of the transcript level
present at4 h.

caused a complete loss of Adrl occupation at all of these pro-
moters within 30 min (Fig. 44, supplemental Fig. 64, and data
not shown). Analysis of mRNA levels in this experiment con-
firmed that accumulation was arrested by inhibiting Snf1** and
by adding glucose (data not shown). Thus, mRNA accumula-
tion but not Adrl binding requires continuous Snfl activity
during glucose-depleted derepressing growth conditions, and
glucose can rapidly reverse the function of Snfl that is needed
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for Adrl binding. These data demonstrate that glucose repres-
sion of gene expression is not equivalent to inhibiting Snf1*°.

Persistent Histone H3-K9,14 Hyperacetylation Is More Re-
fractory to Snfl® Inhibition than to Glucose Addition—A pos-
sible explanation for the loss of promoter-bound Adrl after
addition of glucose to derepressed cultures is that histone
H3-K9,14 hyperacetylation has been reversed. ChIP analysis for
acetylated histone H3-K9,14 at ADH2prm confirmed this
explanation (Fig. 4B). Similar results were observed for four
other Adrl-dependent promoters (POX1, ACSI, ADY2, and
POTI) (supplemental Fig. 6B and data not shown). After glu-
cose depletion, H3-K9,14 acetylation increased 8- and 25-fold
at the ADH2 and POX1 promoters, respectively, and within 30
min after adding glucose back it had decreased nearly to the
level observed in the repressed cells. H3-K9,14 acetylation in
DR cultures decreased more slowly in the culture treated with
2NM-PP1 than in the glucose-treated culture and more slowly
still in the untreated (no glucose, no inhibitor) control culture.
Thus, the epigenetic mark on the nucleosomes that is Snfl-de-
pendent can be erased in 30 min of glucose repression but is
more stable when Snfl*® is inhibited.

In conclusion, although Snfl is required for the initial bind-
ing of Adrl, its activity is dispensable once Adr1 has bound to
the promoter, apparently because H3-K9,14 acetylation is rela-
tively stable in the absence of active Snfl. In contrast, glucose
leads to rapid H3-K9,14 de-acetylation and Adrl eviction,
showing that nutrient conditions, specifically low glucose, can
lead to rapid loss of an epigenetic mark. Moreover, rapid
deacetylation in the presence of glucose does not appear to act
through inactivation of Snfl.

RNA pol II Remains at the Promoter and in the ORF after
Inhibiting Snfl**—Although Adrl remains bound to the pro-
moter after inhibiting Snf1®, its ability to retain or recruit RNA
pol II might be lost, resulting in an arrest of transcription. The
ChIP data, however, appear to refute this interpretation. RNA
pol Il remained bound at ADH2prm and POX1prm and in their
OREFs for at least 2 h post-2NM-PP1 addition, whereas it was
reduced to a very low level 1 h post-glucose addition (Fig. 4,
C-F; supplemental Fig. 6, C-F).

Analysis of ADH2 mRNA levels after Snf1*® was inhibited
following 2 h of derepression indicated that transcription had
been inhibited before a significant amount of mRNA had accu-
mulated (data not shown). Thus, RNA pol II was more abun-
dant than would be predicted by the level of ADH2 mRNA,
suggesting that the polymerase was either inactive or that
inhibiting Snf1*® had enhanced mRNA decay, or both.

Ser-5 and Ser-2 phosphorylations of the CTD of RNA pol II
are associated with promoter escape and elongation, respec-
tively. To see if these modifications were still present after
inhibiting Snf1*, promoter occupancy by CTD-Ser-5- and
CTD-Ser-2-phosphorylated RNA pol II was investigated by
ChIP. A strong signal at ADH2prm and POXIprm and in their
ORFs was observed in DR cells 4 h after inhibiting Snf1** (Fig. 4,
E and F; supplemental Fig. 6, E and F). After inhibiting Snf1*°,
there was a 2-fold depletion of Ser-5- and Ser-2-modified RNA
pol Il in the 3’ region of the ORF compared with the transcrip-
tion start site, but the decrease was no greater than when total
RNA pol II was assayed by ChIP in the same samples (data not
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FIGURE 4. Continuous Snf1 activity is not needed for Adr1 and RNA pol Il binding, histone H3-K9,14 acetylation, or RNA pol Il CTD phosphorylation.
A, Adr1-Myc binding after inhibiting Snf1** and adding glucose. Adr1-Myc binding in strain TYY1077 was measured by ChlIP after derepression as described in
thelegendto Fig. 2, but the cultures were derepressed for only 2 h in low glucose medium. The final concentration of 2NM-PP1 was 10 um. Duplicate 60 samples
were removed at the times indicated. A 10-ml portion of this sample was used for RNA preparation and analysis. The remaining 50 ml was used for ChIP analysis
for Adr1-Myc13 as described under “Experimental Procedures.” ChIP-grade monoclonal antibody 9E10 from Santa Cruz Biotechnology (anti-Myc) was used.
The data are expressed as binding (ChIP/input) for ADH2prm relative to ChIP/input at the TEL region used as a reference. B, histone H3-K9,14 acetylation after
inhibiting Snf1®* or adding glucose. Strain TYY1077 was grown and treated as described in the Fig. 2 legend. ChIP for K9,14-acetylated histone H3 was
performed using anti-histone H3-K9,14 antisera from Santa Cruz Biotechnology as described under “Experimental Procedures.” The data are expressed as the
ratio of ChIP/input without normalizing to the level of acetylation at the TEL region that changed less than 2-fold with any of the treatments. C and D, RNA pol
Il remains bound to the ADH2 transcription start sites (tss) and ORFs after inhibiting Snf1%°. Growth and treatment of the cells is described in the Fig. 2 legend.
RNA pol Il binding was measured by ChIP as described under “Experimental Procedures” using ChIP-grade Abcam anti-pol Il antibody 8WG16. The data are
expressed as binding (ChIP/input) for ADH2tss and POX1tss relative to ChIP/input at the TEL region used as a reference. E and F, RNA pol Il CTD associated with
ADH2 is phosphorylated on Ser-2 and Ser-5 after Snf1%* inhibition. The cultures for ChIP analysis were derepressed for 6 h (none), and 2NM-PP1 (+/) or glucose
(+D) was added after 2 h of derepression. Abcam anti-pSer-5 and anti-pSer-2 polyclonal antisera were used as described under “Experimental Procedures.” The
data are expressed as binding (ChIP/input) for ADH2tss and ORF relative to ChIP/input at the TEL region used as a reference.

shown), indicating that RNA pol II that is present in the ORF
has the same relative level of CTD modification as in the unin-

tion, it should have nascent transcripts associated with it. To
detect such transcripts, ChIP for RNA pol II was performed

hibited control. As a negative control, extracts were prepared
from cells that had been derepressed for 2 h and then shifted to
high glucose medium. The ChIP signal was near the back-
ground level using these extracts (Fig. 4, E and F; supplemental
Fig. 6, E and F). In summary CTD-phosphorylated RNA pol II
was still present at ADH2prm and POXI1prm and in their ORFs
after Snfl* was inhibited, indicating that an apparent ab-
sence of mRNA synthesis was not due to lack of CTD
phosphorylation.

RNA pol Il Has Nascent Transcripts Associated with It after
Inhibiting Snfl**—If the RNA pol II that is associated with Snfl-
dependent genes is transcriptionally active after Snf1*® inhibi-
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followed by extensive DNase treatment of the purified DNA,
removal of the DNase, and cDNA synthesis using reverse tran-
scriptase and random primers. Specific cDNAs were assayed by
qPCR using gene-specific primers. Nascent ADH2 and ACSI
transcripts were detected using this approach (data not shown).
The signal was reduced about 5-fold when reverse transcriptase
was not included during cDNA synthesis, showing that 80% of
the templates were derived from ADH2 mRNA, not from
genomic ADH2 DNA. These results demonstrate that RNA pol
II in the ADH2 and ACS1 ORFs have nascent transcripts asso-
ciated with them after inhibiting Snfl1** and suggest that they
are, or were, transcriptionally active. However, whether the
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transcripts were initiated and elongated before or after Snf1**
inhibition is not distinguished by this experiment.

Inhibiting Sufl* Enhances the Rate of mRNA Decay Uniquely
from Glucose-repressible Genes—The abrupt cessation of
mRNA accumulation and its rapid decline after inhibiting
Snf1* could involve enhanced mRNA decay, analogous to the
glucose-induced mRNA decay that has been documented for
SDH2 (50), JENI (48), GAL (2), and PCKI (49) mRNAs. The
apparent half-life of an mRNA can be estimated by the time
required to reach a new steady state level (51). Based on this
calculation and previous studies of ADH2 derepression (30),
the half-life for ADH2 mRNA is 1-2 h. Its apparent half-life
after adding glucose or inhibiting Snf1*%, assuming that tran-
scription had been arrested, was about 5 min (Fig. 3, A and B). If
transcription continues after inhibiting Snf1?®, the actual half-
life would be even shorter. Thus, it appears that ADH2 is also
subject to glucose-induced mRNA decay and that inhibiting
Snfl1* causes a similar effect.

To serve as a base line for subsequent analysis of mRNA
stability in the absence of active Snfl, we measured the mRNA
half-lives of 30 glucose-repressible mRNAs after inhibiting
transcription with 1,10-o-phenanthroline or by shifting a tem-
perature-sensitive RNA pol Il mutant, rpbI-1, to the restrictive
temperature. The cultures were derepressed for 4 h before adding
1,10-0-phenanthroline (strain TYY1077) or before shifting the
rpbl-1 strain (KBY108) to the restrictive temperature. Samples
were removed, and RNA was prepared 20, 40, and 60 min after
inhibitor addition or inactivation of RNA pol II at 36.5°C. No
inhibitor of Snf1* was added to these cultures, so the values rep-
resent the half-lives of mRNAs that were synthesized and
degraded in the presence of active Snfl. These results showed an
average half-life of 12 and 16 min after RNA pol II inhibition by
1,10-0-phenanthroline or inactivation by shifting the rpb1-1 strain
to the restrictive temperature, respectively (supplemental Table 1).

We also attempted to measure half-lives of Snfl-dependent
transcripts by inhibiting transcription with 1,10-o-phenanthro-
line or by inactivating RNA pol II in the £s mutant in the pres-
ence of the Snf1** inhibitor. For reasons that are not understood
when both Snf1*® and RNA pol II were inhibited, ADH2 mRNA
levels failed to show the rapid decline associated with inhibition
of Snf1** alone (data not shown). In other words, mRNA insta-
bility in the absence of active Snfl appeared to depend on tran-
scription. Therefore, other less invasive methods for measuring
mRNA half-lives, such as labeling with 4-thiouracil (2, 52), will
be used to pursue this question in future studies.

Adding glucose to a derepressed culture resulted in a dra-
matic reduction of RNA pol II from glucose-repressible genes
(Fig. 4, C—F; supplemental Fig. 6, E and F). Thus, these condi-
tions should be equivalent to inhibiting transcription in the
absence of active Snfl** because glucose rapidly inactivates
Snfl (51). Adding glucose or inhibiting Snf1** during derepress-
ing growth conditions caused a decrease of mRNA levels at a
more rapid rate than inhibiting transcription with 1,10-0-phe-
nanthroline or by inactivating RNA pol II in the rpbI-1 ts
mutant, yielding half-lives averaging 4—6 and 6—8 min after
glucose addition or Snfl®* inhibition, respectively, assuming
that transcription had been completely inhibited (supplemen-
tal Table 1). Importantly, the average half-lives of Snfl-depen-
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dent mRNAs in transcription-inhibited DR cultures in the pres-
ence of active Snf1*® was significantly longer than the apparent
half-lives measured after inhibiting Snf1** or adding glucose to
DR cultures.

Inhibiting Snfl** enhanced the average rate of decay of 30
glucose-repressible gene transcripts 2—4-fold, but the effect
was more dramatic for some mRNAs. Fig. 5 compares the
mRNA levels of YILO57C, FDH, PCK1, and FBP1 in DR cultures
after RNA pol Il inactivation (in the rpbI-1 ts strain) with their
levels after Snf1*® inhibition or glucose addition without inhib-
iting RNA pol II. FDH mRNA, for example, had a half-life of
greater than 60 min when measured by RNA pol Il inactivation
but an apparent half-life of only 5 min after Snf1*® inhibition or
addition of glucose. However, for some glucose-repressible
genes, such as FBPI, the rate of decay after RNA pol II inacti-
vation was similar to the rate of decay after glucose or Snfl®*
inhibition. Several Snfl-independent, non-glucose-repressible
mRNAs were analyzed as well, including ACT1, ADHI, TAFI,
and BAP2. Their stability was unaffected by inhibiting Snf1**
(supplemental Table 1).

Active Snfl Increases ADH2 and POX1 mRNA Levels after
Addition of Glucose to a Derepressed Culture—If the absence of
active Snfl enhances mRNA decay when glucose is added to a
derepressed culture, providing active Snfl in these conditions
might ameliorate the effect. We tested this hypothesis using a
regl A SNFI* strain. Regl is part of the Glc7 protein phospha-
tase complex that dephosphorylates Snfl-pT210 and inacti-
vates Snfl in the presence of glucose. Thus, in the absence of
Regl, dephosphorylation of Snfl is incomplete, and it retains
partial activity (53).

The results were consistent with our expectation. When glu-
cose repression was re-established, there was a slower loss of
mRNAs from three SNFI-dependent genes, ADH2, POX1, and
ACS1, in the regIA SNFI*® strain compared with the REGI
SNFI1* strain (Fig. 6 and supplemental Fig. 7). This effect is
likely due to the presence of active Snf1*® in the regIA SNFI*
strain because adding 2NM-PP1 in addition to glucose
enhanced the apparent rate of decay. The apparent rate of
mRNA decay when only 2NM-PP1 was added was similar to
that observed when glucose was present, although for ADH2
and ACSI mRNAs there was a lag before rapid decay occurred,
for unknown reasons.

One contributing factor to the slower decline in mRNA levels
after glucose addition in the regI A SNFI1* strain could be con-
tinued transcription. However, when transcription was inhib-
ited by adding 1,10-0-phenanthroline to the regl A SNFI1** cul-
ture, there was a slower loss of mRNA than when Snfl* was
inhibited by adding 2NM-PP1, glucose, or both (Fig. 6 and sup-
plemental Fig. 7), suggesting that transcription plays a minor
role in regulating the level of these mRNAs after inhibiting
Snf1%.

In the REG1 SNFI* strain in DR conditions, the apparent
half-lives of ADH2, ACS1, and POX1 mRNAs were 16, 10, and
10 min, respectively, when transcription was inhibited with
1,10-0-phenanthroline (supplemental Table 1). In the regiA
SNFI1 strain, their apparent half-lives were 30, 20, and 60 min,
respectively, when transcription was inhibited in the same way.
Slower mRNA turnover in the reglA SNFI*® strain provides
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FIGURE 5. Stability of selected glucose-repressible mRNAs in derepressing growth conditions after inhibiting Snf1?*, addition of glucose, or inacti-
vating RNA pol Il (rpb1-1) at 36.5 °C. Strain TYY1077 (SNF1%) was grown in YPD medium and derepressed in YP containing 0.05% glucose as described under
“Experimental Procedures.” Either glucose (D, final concentration 3%) and 2NM-PP1 (|, final concentration 10 um) was added 4 h after initial glucose depletion,
and samples were removed 5 and 15 min after glucose addition or 7.5 and 22 min after 2NM-PP1 addition. For inactivation of RNA pol I, strain KBY108 (rpb1-1
SNF1%) was grown a 25 °C, and the temperature was rapidly raised to 36.5 °C as described under “Experimental Procedures.” Aliquots were removed for mRNA
analysis 20, 40, and 60 min later. RT-qPCR was performed as described under “Experimental Procedures.” The RNA was converted to cDNA using random
hexamers and quantified by gPCR. The mRNA values were normalized to the amount of 18 S ribosomal RNA (measured as cDNA) and are expressed relative to the
amount of mRNA present in the absence of 2NM-PP1 or glucose for TYY1077 or relative to the amount of mRNA present immediately before heat inactivation of RNA

pol Il for strain KBY108 (rpb1-1 ts).

additional evidence that increased levels of active Snfl** can
decrease mRNA turnover.

The analysis of mRNA stability suggests that post-transcrip-
tional regulation of glucose-repressible genes is a common
occurrence and implicates Snfl in the process. In addition, the
data suggest that Snf1* inhibition blocks transcription as com-
pletely as adding glucose to a derepressed culture without evict-
ing Adrl and RNA pol II, as occurs when glucose repression is
imposed.

DISCUSSION

Snfl1 Is Essential for the Initial but Not for the Persistent Bind-
ing of Adrl—Our results indicate that Snfl regulates the
expression of glucose-repressed genes at both transcriptional
and post-transcriptional levels. A model depicting our inter-
pretation of these studies is presented in Fig. 7. At the transcrip-
tional level, promoter binding of Adr1 is regulated by Snfl-de-
pendent histone hyperacetylation that occurs when glucose is
depleted (20, 32). Adrl binding is also regulated by inhibitory
phosphorylation of Ser-98 within its DNA binding domain, the
reversal of which is Snfl-dependent (18). Together, these Snfl-

29030 JOURNAL OF BIOLOGICAL CHEMISTRY

dependent modifications allow Adr1 to bind the promoter and
recruit RNA pol II when glucose is depleted.

After a PIC has been formed, histone acetylation may be less
important because histone H3-K9,14 acetylation decreased
when Snf1*® was inhibited without a concomitant loss of Adrl
or RNA pol II from the promoter. In contrast, glucose-induced
deacetylation was more rapid and was associated with loss of
Adrl from the promoter and loss of RNA pol II from the pro-
moter and the ORF. Because inactivating Snf1** did not lead to
as rapid a loss of acetylation as was observed when glucose was
added, and Adr1 and RNA pol II remained bound, glucose must
act through a Snfl-independent pathway to stimulate histone
H3 deacetylation, as well as Adr1 and RNA pol II eviction.

The addition of glucose to a yeast culture growing in its
absence activates the GLC7- and SIT4-encoded protein phos-
phatases (54). The effect of glucose on their activation is rapid,
occurring in less than 1 min and acts through a G-protein-
coupled receptor. An equally rapid inactivation of Snfl occurs
(54). However, inactivating Snfl does not explain the loss of
Adrl binding when glucose was added because inhibiting
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FIGURE 6. Active Snf1?* protects glucose-repressible mRNAs from glu-
cose-induced rapid decay. Strain TYY1085 (reg 1A SNF1%*) was grown in YPD
medium and derepressed in YP containing 0.05% glucose as described under
“Experimental Procedures.” Additions were made 4 h after initial glucose
depletion, and samples were removed for RNA preparation 7.5, 30, and 60
min later. The additions were 2NM-PP1 (/, 10 um final concentration), glucose
(D, 3% final concentration), 2NM-PP1 plus glucose (10 um and 3%, final con-
centrations, respectively), 1,10-o-phenanthroline (100 pg/ml final concentra-
tion), or DMSO (0.05% final concentration). Messenger RNAs were quantified
by RT-qPCR as described under “Experimental Procedures.” Triplicate 0-min
samples were prepared, and their average was used as the initial time point.
The decay of ADH2 mRNA in a REGT SNF1% strain after depletion and subse-
quent re-addition of glucose at 4 h in a separate experiment is shown for
reference. The error bars represent the standard deviation from five separate
experiments for the REGT SNF1% strain. The data are expressed relative to
ACT1 mRNA levels.

Snf1?® does not result in rapid Adr1 eviction. Our hypothesis is
that a protein phosphatase, activated by glucose addition, rap-
idly dephosphorylates a Snfl substrate that is required for Adrl
binding. The phosphatase could be Glc7, Sit4, both, or another
unidentified enzyme. When that substrate was dephosphory-
lated, Adrl was evicted from the promoter, resulting in loss of
RNA pol IT and cessation of transcription. Our data predict that
inactivation of Snf1** leads to a slower loss of phosphorylation
of the putative substrate(s) than glucose addition, and thus it
leads to a slower loss of Adrl from the promoter. A histone
acetyltransferase is shown in the model as the activity activated
by Snfl. Alternatively, a histone deacetylase could be inacti-
vated by Snfl-dependent phosphorylation, or the histones
themselves could be the putative Snfl-regulated substrate (22,
55).

Snfl May Inhibit Transcription at a Step Subsequent to PIC
Recruitment—Snf1 appears to influence the activity of RNA pol
I ata step after its recruitment by Adr1. The evidence for this is
the observation that RNA pol II is found at Adr1l-dependent
promoters and at the 3’ end of the ORFs after inhibiting Snf1*°,
and it has nascent transcripts associated with it, yet transcript
accumulation is not observed. It is possible that accelerated
mRNA decay alone accounts for the rapid decline in transcript
levels and that transcription is continuing after inhibiting
Snf1%*. We think that this is unlikely, however, because mRNA
levels decline at about the same rate as after glucose addition,
which causes RNA pol II loss from the promoter and ORF. In
particular, in Fig. 3B the absolute value of the rate of accumu-
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lation of ADH2 mRNA in the absence of inhibition is about the
same as the absolute value of the rate of ADH2 mRNA loss in
the presence of either glucose or 2NM-PP1. Therefore, the rate
of synthesis in the presence of glucose or 2NM-PP1 must be
much smaller than it is in the absence of inhibition. However,
we have been unable to resolve this issue experimentally, and
further work is needed to confirm the level of transcription
after inhibiting Snf1**. Thus, in our model a question mark
depicts a hypothetical activating phosphorylation of the PIC by
Snfl.

Snfl Promotes mRNA Stability— Another level of Snfl regu-
lation of gene expression is post-transcriptional and appears to
stabilize Snfl-dependent mRNAs against cytoplasmic decay.
Addition of a fermentable carbon source to cells growing oxi-
datively leads to the rapid decay of transcripts derived from the
glucose-repressible genes CYCI (56), SUC2, SDHI1, SDH2 (50,
57-60), FBP1, PCK1 (49, 61), and JENI (48). In addition GAL
mRNAs respond to a shift from galactose-to-glucose metabo-
lism by a dramatic shortening of their half-lives (2, 62). GAL7
mRNA made in the presence of glucose (using a constitutive
promoter) was as stable as that made in the presence of the
inducer galactose, suggesting that mRNA stability is influenced
by an acute change in carbon source rather than by the growth
medium itself. The authors suggested that this result implied
“...the existence of a coupling mechanism between transcrip-
tion inhibition in the nucleus and enhanced decay in the cyto-
plasm” (2). Our experiments demonstrate that inhibiting Snf1*
induces a rapid and specific enhanced decay of mRNAs repre-
senting 30 glucose-repressible SNFI-dependent genes. Snfl
was previously indirectly implicated in regulating gluconeo-
genic and SDHI mRNA levels post-transcriptionally because
they were stabilized when REGI was deleted (57). However,
SDHI gene expression was reported to be Snfl-independent,
implying that REG1 was acting in a Snfl-independent pathway
to stabilize its mRNA (57).

How might Snfl enhance mRNA stability in a transcript-
specific manner? Because constitutive mRNAs such as those
derived from ACT1, TAFI, and ADHI were not affected, Snfl
must exert its protective effect in a sequence-specific manner.
The 5'-UTRs of the affected mRNAs are possible targets. How-
ever, a search of the 5'-UTRs of SDHI, SDH2, and SUC2
mRNAs did not identify a common sequence that might be
responsible for their enhanced decay after glucose addition
(59). Our identification of a large number of Snfl-dependent
transcripts whose degradation was enhanced by imposing glu-
cose repression might aid in identifying common features of the
5'-UTRs.

Recent studies have identified antisense noncoding regula-
tory RNA expressed throughout the yeast genome (63). Inter-
estingly, a coding-strand transcript was implicated in regulat-
ing the stability of the glucose-repressible JENI mRNA (48).
Thus, both sense and antisense transcripts have been impli-
cated in control of mRNA stability. However, the promoters of
many glucose-repressible genes have been extensively charac-
terized and shown to be necessary and sufficient for glucose-
regulated expression. In particular, as illustrated in supplemen-
tal Figs. 1 and 5, an ADH2-lacZ gene fusion, which lacks the
ADH?2 OREF, is regulated appropriately. This observation sug-
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FIGURE 7. Model of Snf1 regulation of Adr1-dependent gene expression. Activation of and by Snf1 is indicated by green arrows; red arrows indicate
pathways or functions that inactivate Snf1 and Snf1-dependent functions. In brief, activation of Snf1 occurs through phosphorylation of Snf1 on Thr-210, a
process that is reversed in the presence of glucose through the action of two protein phosphatases, Glc7 and Sit4. The model depicts active Snf1 stimulating
acetylation of nucleosomal histones, a process that could occur by directly stimulating a histone acetyltransferase (as shown), by inactivating a histone
deacetylase, or by phosphorylation-dependent acetylation of histones. Once bound, Adr1 and Cat8 stimulate promoter nucleosome remodeling and PIC
recruitment. A subsequent step in PIC activation is Snf1-dependent as is stabilization of cytoplasmic mRNA stability. The latter process could occur through
protection of the 5" end of glucose-repressed mRNAs, by altering cytoplasmic mRNA decay processes, or through some other unknown mechanism. The
protection is represented by a phosphorylated diamond protecting the 5’ cap of a mRNA. Snf1 may also affect transcription elongation because RNA pol Il is
engaged in the ORF, but transcript accumulation is not observed after Snf1 is inhibited. The green arrow showing Snf1 affecting this process has a question mark

(?) because we have not directly demonstrated an effect on transcript elongation.

gests that if antisense noncoding regulatory RNA plays a role in
glucose repression of ADH2 expression it must be subsidiary to
or in addition to the regulation that is promoter-dependent.

An alternative possibility is promoter-mediated mRNA
decay. Recent studies have suggested that transcription in the
nucleus can be coupled with mRNA decay in the cytoplasm.
Rapl-binding sites in a promoter were shown to be sufficient to
enhance mRNA decay in the cytoplasm (64). The same group
reported that cytoplasmic mRNA decay is accelerated by asso-
ciation with a subcomplex of RNA pol II. This subcomplex,
Rpb4/7, shuttles with mRNAs between the nucleus and cyto-
plasm, thus apparently linking transcription with mRNA stabil-
ity (65-68). Another study reported that glucose sensing
involves coordinated transcriptional repression and mRNA
decay (69). A recent report found that cell cycle regulation of
SWI5 and CLB2 involves transcription-coupled mRNA decay
in the cytoplasm (70). In this case, it appears that the mRNAs
are bound by a protein kinase, Dbf2, during transcription, and
this association marks the mRNAs for cell cycle-regulated deg-
radation in the cytoplasm.

Transcription-coupled mRNA degradation might explain
the rapid decay of Snfl-dependent transcripts. We hypothesize
that Snfl-dependent transcription factors such as Adrl and
Cat8 recruit a protein complex to promoters of glucose-repres-
sible genes. The putative complex could either remain associ-
ated with the transcript or modify it in an unknown manner,
and thus allow the cytoplasmic mRNA to be recognized as Snfl-
dependent and confer protection from decay. In our model this
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activity is represented by a phosphorylated diamond protecting
the 5’ cap on the mRNA, although we have no evidence that this
occurs. Alternatively, Snfl-dependent phosphorylation could
inactivate a component of the cytoplasmic mRNA decay path-
way that specifically recognizes and degrades glucose-re-
pressed mRNAs in an unknown manner. The model further
assumes that the putative Snfl-dependent alteration is unstable
because inactivating Snfl1** leads to rapid decay of the mRNA.
The recent finding that glucose addition to a derepressed cul-
ture very rapidly activates the PP1 and PP2A protein phospha-
tases suggests that the latter assumption is plausible (54).

We have identified a new mechanism of Snfl-dependent
gene regulation that acts at the post-transcriptional level to
specifically stabilize transcripts made from glucose-repressible
genes. This mechanism is superimposed on Snfl-dependent tran-
scriptional processes that include regulation of Adr1 binding and
activation of RNA pol II activity. Snfl enhances histone H3 acety-
lation, allowing Adr1 binding and recruitment of RNA pol II. The
histone modification is more stable than the post-transcriptional
alteration that stabilizes mRNAs. Thus, Adrl and RNA pol II
remain at the promoter after inactivation of Snfl, but mRNA sta-
bility is immediately compromised. Together, these mechanisms
ensure that expression of glucose-repressible genes will be rapidly
shut off when the activity of Snfl is reduced but allows the pro-
moter to be held in a state of readiness for the next round of nutri-
ent starvation. Important future goals are to identify Snfl sub-
strates that influence these activities and to determine the
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molecular mechanisms underlying Snfl-dependent mRNA stabi-
lization and its reversal by glucose.
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