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In the yeast Saccharomyces cerevisiae, the switch from respiratory metabolism to fermentation causes rapid decay of transcripts
encoding proteins uniquely required for aerobic metabolism. Snf1, the yeast ortholog of AMP-activated protein kinase, has been
implicated in this process because inhibiting Snf1 mimics the addition of glucose. In this study, we show that the SNF1-depen-
dent ADH2 promoter, or just the major transcription factor binding site, is sufficient to confer glucose-induced mRNA decay
upon heterologous transcripts. SNF1-independent expression from the ADH2 promoter prevented glucose-induced mRNA de-
cay without altering the start site of transcription. SNF1-dependent transcripts are enriched for the binding motif of the RNA
binding protein Vts1, an important mediator of mRNA decay and mRNA repression whose expression is correlated with de-
creased abundance of SNF1-dependent transcripts during the yeast metabolic cycle. However, deletion of VTS1 did not slow the
rate of glucose-induced mRNA decay. ADH2 mRNA rapidly dissociated from polysomes after glucose repletion, and sequences
bound by RNA binding proteins were enriched in the transcripts from repressed cells. Inhibiting the protein kinase A pathway
did not affect glucose-induced decay of ADH2 mRNA. Our results suggest that Snf1 may influence mRNA stability by altering the
recruitment activity of the transcription factor Adr1.

The regulation of gene expression by nutritional conditions in
Saccharomyces cerevisiae yeast, particularly the availability of

glucose, has been a paradigm of transcriptional control (1–7).
Glucose deprivation leads to a global reorganization of transcrip-
tion (8). Numerous genes are upregulated to allow the cell to
switch to a respiratory mode of metabolism, and a large number of
genes are downregulated as the cells adapt to a lower rate of
growth. Snf1, the yeast ortholog of AMP-activated protein kinase
(AMPK) (6), is responsible for upregulating the expression of over
400 genes after glucose depletion (9). Snf1, together with the cyclic
AMP (cAMP)-dependent protein kinase A (PKA) and target of
rapamycin (TOR) pathways, coordinates many of the nutrient-
responsive metabolic pathways in yeast (10). Despite the prepon-
derance of evidence indicating altered transcription as the major
factor determining the increase in mRNA abundance when yeast
cells are depleted of glucose, there is considerable evidence indi-
cating that posttranscriptional changes, particularly an increase in
mRNA stability, are also important in determining gene expres-
sion levels (11–15). A recent study demonstrated that promoter
sequences influence the subcellular location and efficiency of
translation of transcripts upregulated by glucose starvation (16).
Thus, promoter sequences appear to have a role in gene expression
that includes both transcriptional and posttranscriptional pro-
cesses.

Glucose-induced mRNA decay is a process that leads to rapid
loss of mRNAs encoding enzymes required for efficient aerobic
respiration when glucose is replenished. Evidence derived from
yeast nuclear genes encoding mitochondrial proteins, particularly
SDH1 and SDH2 (17), suggested that this was an example of post-
transcriptional regulation of gene expression (18). This is a gen-
eral process affecting mRNAs encoding gluconeogenic and
glyoxylate enzymes (12), enzymes required for the metabolism of
nonfermentable carbon sources (19), alternative sugars like malt-
ose (20), galactose (14), and sucrose (21), enzymes of �-oxidation
and peroxisome biogenesis, and transporters of amino acids and
alternative carbon sources like lactate (19, 22). Regulation of the

process may involve multiple signaling pathways, because differ-
ent genes are affected at different glucose concentrations. For ex-
ample, the transcripts encoding gluconeogenic enzymes are sub-
ject to rapid decay at much lower glucose concentrations than
transcripts from genes encoding mitochondrial proteins (13). The
biological significance of the decrease in mRNA stability is to en-
sure a rapid decrease in the synthesis of enzymes involved in aer-
obic metabolic pathways once the ability to ferment glucose is
restored. The rapid clearance of the potential to synthesize these
enzymes avoids futile cycling of metabolites.

Transcriptional regulation of SDH1 and SDH2 did not seem
sufficient to explain their activation after glucose depletion, and
further analyses suggested that an increase in the stability of these
mRNAs occurred after the shift from fermentative to respiratory
metabolism (11, 17, 21). Lombardo and colleagues concluded that
their low abundance during fermentative growth was due to their
rapid turnover (11). Thus, these genes seemed to represent a ma-
jor departure from the regulation of many glucose-repressible
genes, whose increased expression can be fully explained by tran-
scriptional upregulation when glucose is exhausted (2, 3, 7).

RNA binding proteins (RBPs) play an important role in post-
transcriptional regulation of gene expression (23–25). In the case
of nuclear transcripts encoding mitochondrial proteins, the role
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of the RBP Puf3 is one of the best understood in Saccharomyces
cerevisiae. The activity of Puf3, but not its expression, localization,
or RNA binding, is regulated by carbon source to ensure that
transcripts encoding mitochondrial proteins important for aero-
bic metabolism have a longer half-life when a fermentable carbon
source is absent (15).

Although the mechanism of glucose-induced mRNA decay is
poorly understood, analysis of SDH2 suggested that sequences in
the 5= untranslated region (5=-UTR) of the transcript, specifically,
the sequences just preceding the translation start site, were neces-
sary to mediate glucose-induced mRNA decay (26). In contrast,
studies of glucose-induced decay of JEN1 transcripts suggested an
RNA-mediated mechanism (22). Glucose-induced decay of GAL
transcripts was attributed not to the presence of glucose per se but
to the transition from a respiratory to a fermentable carbon source
(14). Thus, there may be multiple, gene-specific mechanisms that
participate in glucose-induced mRNA decay.

Signaling pathways that might influence glucose-induced
mRNA decay were sought by screening yeast genes whose deletion
affected glucose repression or that were known components of
mRNA decay pathways (21). Deletion of REG1, encoding an in-
hibitor of Snf1, or XRN1, encoding a major cytoplasmic exoribo-
nuclease, dramatically increased the stability of SDH2 mRNA dur-
ing glucose-induced mRNA decay. Although these results
suggested a role for Snf1 signaling in glucose-induced mRNA de-
cay, the authors reported that SDH2 expression was SNF1 inde-
pendent and suggested that REG1 might be acting through a
SNF1-independent pathway to influence the process. Deletion of
CYC8 (also known as SSN6) and SSN3 (also known as UME5,
SRB10, or CDK8), encoding an important transcriptional repres-
sor and a component of yeast Mediator complex, respectively, also
stabilized SDH2 mRNA during glucose-induced mRNA decay
(21), implicating a role for transcription.

Snf1 was linked to glucose-induced mRNA decay by the obser-
vation that inhibiting an analog-sensitive allele of SNF1 (SNF1as)
led to instability of the same transcripts that were destabilized by
the addition of glucose (19). Inhibiting Snf1 and simultaneously
adding glucose had the same effect as either perturbation alone,

suggesting that glucose-mediated decay might be due solely to
inhibiting Snf1. This conclusion was consistent with the earlier
observation that deleting REG1 prevented glucose-induced
mRNA decay of SDH2 transcripts (21). SNF1-dependent phos-
phorylation of components of a cytoplasmic mRNA decay path-
way might regulate their activity toward specific transcripts dur-
ing glucose-induced mRNA decay (19). Xrn1 might be one such
component, because mutation of the SNF1-dependent phosphor-
ylation sites in its carboxy-terminal region alleviated glucose-in-
duced decay of several SNF1-dependent mRNAs (27). To explore
the mechanism of SNF1-dependent mRNA stabilization, we asked
whether there was a link between SNF1-dependent transcription
and mRNA stability.

MATERIALS AND METHODS
Yeast strains, plasmids, and growth media. The S. cerevisiae strains used
in this study are listed in Table 1. Strains containing the SNF1as allele
(encoding a change of I to G at position 132 [I132G]) were made by
integrative transformation (28) at the ura3-1 locus by cutting plasmid
pSH47 (URA3) with EcoRV. Strains containing fusions of the ADH2 pro-
moter gene to MAP2 and IDP1 were constructed as follows. The NatMX
cassette was amplified from pAG25 using primers KB146-MX-F and
KB147-MX-R, and the ADH2 promoter, with a 22-bp region homologous
to the 3= end of NatMX, was amplified from pBGM18 (29) [ADH2(�806
to �109)-lacZ CEN-URA3] using KB148-ADH2-F and KB149-ADH2-R
[ADH2(�591 to �101)] or KB148-ADH2-F and KB154-ADH2-R2
[ADH2(�509 to �49)]. The NatMX and ADH2 PCR products were de-
natured, mixed, and annealed, and the ligated product was amplified after
annealing to oligonucleotides complementary to either MAP2 [KB150-
MAP2-F and KB151-MAP2-R for ADH2p(�591 to �101)-MAP2 or
KB150-MAP2-F and KB155-MAP2-R2 for ADH2p(�591 to �49)-
MAP2] or IDP1 [KB152-IDP1-F and KB153-IDP1-R for ADH2p(�591 to
�101)-IDP1] and IDP1 [KB152-IDP1-F and KB156-IDP1-R2 for
ADH2p(�591 to �49)-IDP1]. Each resulting PCR product was integrated
into the wild-type (WT) strain W303-1a and an SNF1as strain (KBY77)
upstream from the 5=-UTR of the targeted open reading frame (ORF). All
oligonucleotides are listed in Table S1 in the supplemental material. The
chimeric ADR1 gene, ADR1-EV, was constructed by gap repair cloning
(28). The GAL4 DNA binding domain of pRS313-ADH1pr-Myc-
GAL4DBD-ERLBD-VP16-Flag (30), a derivative of the original

TABLE 1 Yeast strains

Strain(s) Genotype Reference or source

W303-1a MATa ade2-1 can1-100 his3-11,15 leu2-3,112 trp1-1 ura3-1 28
CKY27 CKY20 adr1�::natMX snf1�::kanMX K. Dombek
CKY18 CKY20 snf1�::kanMX K. Dombek
CKY19 W303-1a K. Dombek
CKY20 W303-1a MAT� K. Dombek
KBY77 CKY19 ura3::YIpSNF1as URA3 snf1�::kanMX This study
KBY127 CKY19 map2::natMX-ADH2p(�591 to �101)-MAP2 This study
KBY131 CKY19 idp1::natMX-ADH2p(�591 to �101)-IDP1 This study
KBY137 KBY77 map2::natMX-ADH2p(�591 to �49)-MAP2 This study
KBY140 KBY77 idp1::natMX-ADH2p(�591 to �49)-IDP1 This study
KBY108 MATa rpb1-1 (ts) snf1�::kanMX ADR1-13MYC::natMX ura3::SNF1as-URA3 LEU�

(mixture of W303 and S288C backgrounds)
This study

JBY3622 TPK1as TPK2as TPK3as his3�::HIS3 GAL1-ras2-val19 trp1 ura3 ade2 76
TYY1077, TYY1078 CKY20 snf1�::kanMX ura3::YIpSNF1as::URA3 ADR1-Myc13::natMX This study
TYY203 W303-1a YIpADH2-lacZ 9
TYY204 W303-1a YIpADH2-lacZ adr1�::URA3 9
BY4741 MATa his3�1 leu2�O met15�O ura3�O Research Genetics
BY4741 vts1� BY4741 vts1� Research Genetics
BY4742 vts1� MAT� vts1� Research Genetics
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pGAL4.ER.VP16 (31), was replaced by the DNA binding domain of Adr1
(amino acids 1 to 166). Plasmids pKD16 (32), pKD16H (33), pKD17 (32),
pHDY10 (34), pBGM18 (29), and pLGADH2 (35) have been described
previously. S. cerevisiae cultures were grown in yeast extract peptone (YP)
or in synthetic medium (SM) containing 5% glucose (repressing condi-
tions) and lacking the appropriate amino acid or uracil for plasmid selec-
tion. For derepression in low glucose, mid-log-phase cells from repressing
medium were harvested by centrifugation, and the pellets were drained
well, resuspended in either YP or SM having 0.05% glucose and the re-
quired supplements, and allowed to grow for the times indicated in the
figure legends. To maintain selection for plasmids containing TRP1
and/or URA3, the synthetic selective medium contained 0.2% Casamino
Acids rather than the standard dropout solution. All S. cerevisiae strains
were grown at 30°C unless stated otherwise. When cultures containing the
plasmid bearing the chimeric ADR1-EV were analyzed, induction was
initiated by adding �-estradiol dissolved in dimethyl sulfoxide (DMSO)
to a final concentration of 1 nM.

mRNA isolation and qRT-PCR. Total cellular RNA was isolated from
yeast cultures using either the hot acidic phenol method described in
Collart and Oliviero (36) or an RNeasy kit (Qiagen). Residual DNA in the
RNA preparation was reduced by using the Turbo DNA-free kit (Ambion
RNA Life Technologies) according to the manufacturer’s recommenda-
tions. cDNA was synthesized using an iScript cDNA synthesis kit (Bio-
Rad), following the manufacturer’s protocol. Reverse transcription quan-
titative real-time PCR (RT-qPCR) was performed for measuring mRNA
levels using SsoFast EvaGreen supermix (Bio-Rad), diluted cDNA, and
specific primer pairs. A standard curve was generated with specific primer
pairs and used to quantify the mRNA levels.

Analysis of mRNA decay. The decrease in mRNA abundance was
measured after adding glucose (final concentration of 5%), 1,10-o-phe-
nanthroline (final concentration of 100 �g/ml in 100% ethanol), or
2-naphthylmethyl pyrazolopyrimidine (2NM-PP1; final concentration of
10 �M in 100% DMSO) to a 4-h derepressed cell culture. Cells in 10-ml
aliquots were collected at the times indicated in the figures into 50-ml
Falcon tubes containing 20 g of ice and 200 �g of cycloheximide to
stabilize mRNA on the ribosomes. Total RNA isolation and mRNA
analysis were performed as described above. Apparent half-lives were
calculated from the slope of a graph of log(mRNA) versus time (37).
The half-life was calculated from the linear portion of the curve, usu-
ally following a 5-min lag.

Labeling and purification of 4-thiouracil-labeled RNA. The basic
protocol for 4-thioruacil labeling of yeast RNA, modification of the thiol
group by biotinylation, and purification by streptavidin affinity chroma-
tography was followed (38). 4-Thiouracil (Sigma) was used at a final con-
centration of 0.2 mM in SM medium containing 0.05% glucose and sup-
plemented with Casamino Acids (0.2%), adenine, tryptophan, and 1/5 the
normal concentration of uracil (final concentration, 10 �M). After 60 min
in the presence of 4-thiouracil, a 50-fold excess of uracil was added from a
20-mg/ml stock (dissolved by heating) to give a 50-fold excess over the
4-thiouracil. RNA isolated from a 50- to 100-ml culture was purified by
hot phenol extraction (36) and biotinylated, and 4-thiouracil-containing
RNA was purified by streptavidin affinity chromatography on GE Health-
care magnetic beads and converted to cDNA as described above. Total
Escherichia coli 4-thiouracil-containing RNA isolated from E. coli strain
DH10B grown in M9 synthetic medium containing Casamino Acids was
added to the total yeast RNA prior to the biotinylation reactions as an
internal control for biotinylation, purification, and cDNA synthesis.

Primer extension analysis. Oligonucleotides of noncoding-strand se-
quences near the 5= end of ADH2, IDP1, and MAP2 (sequences are in
Table S1 in the supplemental material) were labeled with [�-32P]ATP in
kinase buffer (50 mM Tris, pH 7.6, 10 mM MgCl2, 5 mM dithiothreitol)
using 25 units of T4 polynucleotide kinase and then purified by centrifu-
gation through a 1-ml syringe barrel containing Sephadex G25 equili-
brated in 10 mM Tris, pH 7.5. Approximately 1 ng of primer extension
oligonucleotide (typically 200,000 to 400,00 cpm) was annealed with 50 to

100 �g total yeast RNA in 5 mM Tris, pH 8.3, 75 mM KCl, 1 mM EDTA for
45 min at 48°C after heating the annealing solution for 1 min at 	99°C.
Primer extension reactions were carried out in primer extension buffer
(10 mM Tris, pH 8.3, 25 mM Tris, pH 8.3, 75 mM KCl, 0.33 mM EDTA,
5 mM MgCl2, 15 mM dithiothreitol, 0.5 mM each deoxynucleoside
triphosphate, using 100 units of Moloney murine leukemia virus reverse
transcriptase [Gibco-BRL]) and were incubated for 30 min at 37°C. The
RNA template and reaction products were ethanol precipitated, washed
with 80% ethanol, dried, and resuspended in 4 �l of a solution containing
40 �g/ml of boiled RNase A. After incubating at room temperature for 10
min, 5 �l of formamide gel loading buffer (80% deionized formamide,
0.025% xylene cyanol and bromophenol blue, 30 mM EDTA) was added
and the samples were heated for 1 min at 90°C and then rapidly chilled on
ice. Samples were loaded onto a Novex precast Tris-boric acid-EDTA
(TBE)–10% acrylamide sequencing gel (Invitrogen, Thermo Fisher Sci-
entific) and run in an XCell SureLock minicell apparatus according to the
manufacturer’s protocol (Invitrogen, Thermo Fisher Scientific). The
primers used for these analyses are listed in Table S1.

Polysome gradient analysis of mRNA. Whole-cell extracts were made
and analyzed on polysome gradients as described previously (39). In brief,
a 150-ml culture of strain TYY1078 (relevant genotype, SNF1as) was
grown to early log phase in YP with 5% glucose and derepressed for 4 h,
and then the culture was divided into three 50-ml portions. Glucose (final
concentration, 5%) or 2NM-PP1 (final concentration, 5 �M) was added
to two aliquots. The third portion had no addition. Five minutes after the
addition of glucose or 2NM-PP1, all three cultures were poured onto
crushed ice made by freezing YP medium with 5% glucose and 10 �g/ml
cycloheximide. Cell extracts were made and fractionated by sucrose den-
sity gradient centrifugation as described previously (39). RNA was recov-
ered from the gradient fractions by phenol extraction and concentrated
for cDNA synthesis by isopropanol precipitation. E. coli RNA was added
prior to phenol extraction to monitor recovery and cDNA synthesis effi-
ciency by RT-qPCR using primers for 16S E. coli RNA.

ChIP. Chromatin immunoprecipitation (ChIP) was performed essen-
tially as described previously (40), using 10 �l of anti-Rpb3 antiserum per
mg of whole-cell extract. The antiserum was obtained from S. Hahn. En-
richment is expressed as the immunoprecipitated (IP) DNA-to–input ra-
tio of the specific amplicon over the IP DNA-to-input ratio corresponding
to the amplicon for a telomeric sequence.

Analysis of sequences in SNF1-dependent mRNAs occupied by
RBPs in vivo. The protein binding sites in nontranslating mRNAs of
exponentially growing and glucose-starved cells that were occupied in vivo
were obtained from the global photoactivatable ribonucleotide-enhanced
coupled immunoprecipitation of RBPs (gPAR-CLIP) data of Freeberg et
al. (41). After reading the annotated binding data into an R script (42),
unreliable data, i.e., the presence of only one of two replicate data points,
were removed. Data were retained if one experimental condition had two
data points and the other had none, indicating that binding was below the
level of detection under the other condition. Then, the binding site occu-
pancy ratio of the sequence from high-glucose versus glucose-starved cells
was calculated for each of the retained binding sites. Sites with an occu-
pancy ratio of 3 or greater or 0.33 or lower were retained for further
analyses. The data for the 32 Snf1-dependent mRNAs, as well as for ICL1
and ICL2, were retrieved from this filtered data subset, categorized by
binding site location in the transcript, and classified as having an increased
level of occupancy if the binding ratio was high or decreased occupancy if
the binding ratio was low. The mRNAs having one or more gPAR-CLIP
sites were counted in each category for each occupancy level. This data
classification and the binding site counting were also performed on 24
subsets of randomly chosen genes with replacement from the filtered-data
subset after removal of the SNF1-dependent mRNAs. Finally, a two-sided,
one-sample t test comparing these counts for the SNF1-dependent group
to those of the randomly chosen mRNA sets was performed for each
occupancy level of each mRNA location at a confidence level of 0.95 to
determine which region of the Snf1-dependent mRNAs might be en-
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riched over randomness for RNA binding sites with increased occupancy
after glucose addition.

To search for motifs recognized by known yeast RNA binding pro-
teins, the sequences of the RNA binding sites identified by gPAR-CLIP
were retrieved using an R script that employed the Bioconductor packages
Biostrings (43) and BSgenome.Scerevisiae.UCSC.sacCer3 (44) and the
binding site coordinates provided by Freeberg et al. in supplementary file
4 of their article (41). Then, a panel of search patterns representing the
known sequence motifs for yeast RBPs obtained from Freeberg et al. (41)
and Riordan et al. (45) was constructed (see Table S2 in the supplemental
material). After combining the lists of motifs from these two sources, the
regular expressions were converted into IUPAC nucleotide symbols and
duplicate motifs were removed from the combined list. Each motif pat-
tern was searched against the SNF1-dependent subset of binding site se-
quences identified by gPAR-CLIP and counted using the Biostrings
vcountPattern function with the “max.mismatch” parameter set to “1”
and the “fixed” parameter set to “FALSE.” The motif counts for RNA
binding proteins represented by multiple patterns were summed for each
mRNA. Then, the motif counts were quantized to indicate either the pres-
ence or absence of an occupied RBP motif in each SNF1-dependent
mRNA. These quantized motif counts for each RNA binding protein were
summed across all mRNAs in the SNF1-dependent mRNA group to ob-
tain the number of SNF1-dependent transcripts having one or more in-
stances of a binding site occupied by a known RBP.

De novo sequence motif identification in SNF1-dependent mRNA
sequences using the MEME suite. The nucleotide sequences of the 32
mRNAs exhibiting Snf1-dependent turnover upon glucose addition (19)
were analyzed using the MEME suite of programs (46) to identify com-
mon motifs enriched over 32 SNF1-independent mRNAs. A zero-order
Markov model of the yeast genome minus the 32 SNF1-dependent
mRNAs was constructed using the fasta-get-markov perl script written by
Timothy Bailey. Then, the 32 SNF1-dependent mRNA sequences were
loaded into MEME (http://meme-suite.org/tools/meme) and de novo mo-
tif finding was performed, looking for zero or one motif occurrence per
sequence for 5 different motifs each with a width between 6 and 15 bases
on the coding strand, using 32 randomly chosen SNF1-independent
mRNA sequences as negative sequences and the Markov model as the
background model. Identified motifs with an E value of less than 0.05 were
loaded into the Tomtom motif comparison tool (47) and searched against
the CISBP-RNA single species database of RNA binding protein recogni-
tion sequences (48). Matches with a P value of less than 0.05 were consid-
ered significant.

Identification of known RNA binding protein recognition se-
quences enriched in SNF1-dependent mRNAs over the S. cerevisiae ge-
nome. Sequences of all yeast mRNAs were retrieved using an R script as
described above for the qPAR-CLIP data analysis but this time using the
transcription start site (TSS) and polyadenylation site (PAS) coordinates
obtained from Park et al. (49). Sequences without a TSS coordinate were
retrieved beginning 100 bp upstream from the start codon, while se-
quences without a PAS coordinate were retrieved ending 150 bp down-
stream from the stop codon. The 5=-UTR sequences included the transla-
tion start codon, and the 3=-UTR sequences included the translation stop
codon. Each coding sequence (CDS) retrieved began at the start codon
and ended at the stop codon. Sequences for each region of the mRNAs
were then split into two subsets, one containing the 34 SNF1-dependent
mRNAs described above for the gPAR-CLIP data analysis and the other
containing the remaining mRNA sequences from the yeast genome for use
as a negative-control group. 5=-UTR, CDS, 3=-UTR, and mRNA sequence
sets from the SNF1-dependent and negative-control groups were
searched with the panel of known yeast RBP binding site motifs (see Table
S2 in the supplemental material) and matches counted as described above.
The motif counts for RBPs represented by multiple patterns were summed
for each mRNA, and the motif counts were quantized to indicate either
the presence or absence of a particular RNA binding protein motif in each
mRNA of the sequence set searched. Then, these quantized motif counts

for each RNA binding protein were summed across all mRNAs of each
sequence set for the SNF1-dependent and negative-control groups. En-
richment for RBP motifs in the SNF1-dependent mRNA sequences was
determined by comparing the summed, quantized motif counts for the
SNF1-dependent mRNAs with those of the negative-control group using
Fisher’s exact test.

RESULTS
The ADH2 promoter is sufficient to confer glucose-induced
mRNA decay. To test whether the ADH2 promoter is sufficient to
cause glucose-induced mRNA decay, we replaced the native pro-
moters of two constitutively expressed, SNF1-independent yeast
genes with the ADH2 promoter (ADH2p) by integrative transfor-
mation (Fig. 1A). The ADH2p-gene fusions retain the native 5=-
and 3=-UTRs and ORFs of MAP2 and IDP1. The transcripts of
these genes have long half-lives (38, 50, 51) and are nonessential.

To determine the influence of the ADH2 promoter (residues
�591 to �101) on the expression of MAP2 and IDP1, cultures of
the WT (W303-1a), ADH2p-MAP2 (KBY127), and ADH2p-IDP1
(KBY131) strains were subjected to a glucose-induced mRNA de-
cay experiment as described in Materials and Methods. RNA was
isolated, and mRNAs corresponding to ACT1, ADH2, MAP2, and
IDP1 were quantified by RT-qPCR in samples isolated from re-
pressing and derepressing conditions and at various times after
glucose repletion. As shown by the results in Fig. 1B, the mRNAs
derived from ADH2p-MAP2 and ADH2p-IDP1 increased 9- and
15-fold in abundance upon glucose depletion. The levels of the
endogenous MAP2 and IDP1 transcripts in the WT or in strains
containing ADH2p-IDP1 and ADH2p-MAP2, respectively, de-
creased between two- and fourfold under the same conditions,
suggesting that the expression of the endogenous genes is down-
regulated under derepressing growth conditions. The extent of
derepression of the ADH2p-driven reporter genes represented a
30- to 40-fold increase over the level of expression of the endoge-
nous genes in the absence of glucose. Thus, ADH2p mediates im-
portant increases in the levels of expression of MAP2 and IDP1, as
has been shown for other heterologous genes driven by this pro-
moter (34, 35, 52). The increased levels of expression of the het-
erologous genes are not as great as that shown by ADH2 itself, for
unknown reasons that might include chromatin effects on gene
expression due to the truncated promoter. MAP2 and IDP1 tran-
scripts under the control of ADH2p decreased rapidly starting 5
min after glucose addition, whereas in WT cells, MAP2 and IDP1
mRNA levels increased by about twofold between 5 and 60 min
after glucose addition (Fig. 1C and D). The positive-control
ADH2 mRNA showed a rapid decline in mRNA abundance begin-
ning 5 min after glucose repletion in both the WT strain and in the
strains bearing the gene fusions (Fig. 1C and D). The rapid de-
crease in ADH2 transcript levels represents mRNA decay without
concomitant transcription because polymerase II (Pol II) is rap-
idly lost from the promoter and gene body of ADH2 and several
other Adr1-dependent genes after glucose repletion (19). We as-
sume that the decrease in MAP2 and IDP1 mRNA levels also rep-
resents mRNA decay without concomitant mRNA synthesis. We
tested this assumption for IDP1 by performing chromatin immu-
noprecipitation (ChIP) for RNA Pol II in cells expressing IDP1
from the ADH2 promoter. RNA Pol II was reduced at the 5= and 3=
ends of the ADH2p-IDP1 gene by 20 min after the addition of
glucose to a derepressed culture (Table 2). RNA Pol II was also lost
from the 5= region of the ADH2 gene in these cultures (Table 2).
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We assume that RNA Pol II is lost from the ADH2p-MAP2 gene
in a similar manner. The apparent half-lives of MAP2 and IDP1
mRNAs after glucose addition were 9.0 and 14 min, respectively,
when they were expressed under the control of the ADH2 pro-
moter (Table 3). We measured the stability of endogenous MAP2
and IDP1 transcripts expressed from their own promoters in a
typical glucose-induced mRNA decay experiment. The nonspe-

cific transcription inhibitor 1,10-o-phenanthroline was added at
the same time that glucose was added to a derepressed culture
(Fig. 1E). An apparent half-life of about 60 min was determined
for both transcripts (Table 3), a value that is similar to those pre-

FIG 1 The ADH2 promoter/regulatory region confers glucose-induced mRNA instability on normally stable transcripts. (A) Structures of the MAP2 and IDP1 loci after
targeted integration of the ADH2 promoter. (B) ADH2, MAP2, and IDP1 transcript levels under repressed (R) and derepressed (DR) growth conditions. (C and D)
Glucose-induced mRNA decay experiments were performed as described in Materials and Methods in strains W303-1a (WT), KBY127 (ADH2p-MAP2), and KBY131
(ADH2p-IDP1). (E) Levels of endogenous IDP1 and MAP2 transcripts after transcription was inhibited by the addition of 100 �g/ml 1,10-o-phenanthroline following
4 h of derepression in strain KBY77. The slopes of the linear regression curves were used to calculate the mRNA half-lives reported in Table 3.

TABLE 2 Chromatin immunoprecipitation analysis of RNA Pol II
occupancy at the endogenous ADH2 promoter and at the ADH2p-IDP1
genea

Culture condition

Enrichment factor (IP DNA/input) for:

ADH2

IDP1

3= end 5= end

Mean Range Mean Range Mean Range

DR 12 7.3–16 12 9.4–15 11 8.7–13
DR¡R 1.9 1.1–2.8 0.52 0.22–0.81 0.58 0.5–1.5
a The enrichment factor is a measure of the immunoprecipitated (IP) DNA-to-input
ratio at the indicated gene compared to that of a telomeric region under derepressed
conditions (DR) and 30 min after adding glucose (DR¡R) to 4-h cultures of strain
KBY131. The means and ranges of the results from two biological samples are shown.

TABLE 3 MAP2 and IDP1 mRNA half-lives are reduced after glucose
repletion when their native promoters are replaced by the ADH2
promotera

Genotype mRNA Half-life (min)b

WT ADH2 5.1
ADH2p-MAP2 ADH2 4.7
ADH2p-IDP1 ADH2 4.1
WT MAP2 60
ADH2p-MAP2 MAP2 9.0
WT IDP1 60
ADH2p-IDP1 IDP1 14
a The strain names and a description of the glucose-dependent mRNA decay
experiment are in the legend to Fig. 1.
b Half-lives for ADH2, ADH2p-IDP1, and ADH2p-MAP2 mRNAs were estimated from
the data shown in Fig. 1C and D. The data for the 5-, 10-, 20-, and 30-min time points
were plotted on a semilog scale, and the half-lives were calculated from the slopes of the
decay curves obtained using linear regression in excel. For MAP2 and IDP1, the data
shown in Fig. 1E were used in a similar manner.
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viously reported (38, 50, 53). Thus, the data suggest that ADH2p is
sufficient to impart glucose-induced mRNA instability on two
heterologous transcripts containing their native 5=- and 3=-UTRs
and ORFs.

Inhibiting Snf1 imparts instability to mRNAs expressed
from ADH2p-MAP2 and ADH2p-IDP1. To determine the role of
Snf1 in the stability of MAP2 and IDP1 transcripts expressed from
the chimeric genes, we employed a strain expressing an analog-
sensitive allele of Snf1 (SNF1as) (19). The gene fusions used in
these experiment had a longer portion of the ADH2 regulatory
region (residues �591 to �49) fused to the MAP2 and IDP1 gene
than the fusion used in the experiment whose results are shown in
Fig. 1 (residues �591 to �101). Cultures of strains containing the
SNF1as allele and either the ADH2p-MAP2 (KBY137) or ADH2p-
IDP1 (KBY140) strain were grown under repressing conditions
and then shifted to derepressing medium and incubated for 4 h, at
which time 2NM-PP1 was added. Samples were taken for RNA
isolation and analysis at the time of inhibitor addition and at var-
ious times thereafter. As shown by the results in Fig. 2A, MAP2
transcripts in the strain containing the ADH2p-MAP2 gene in-
creased more than 10-fold after 4 h under derepressing condi-
tions. IDP1 and MAP2 transcripts expressed from the ADH2 pro-
moter decreased in abundance after the inhibition of Snf1 at
approximately the same rate as ADH2 transcripts (Fig. 2B and C).
The abundance of IDP1 and MAP2 transcripts expressed from
their own promoters was unaffected by the inhibition of Snf1.
Thus, Snf1 is important for the stability of IDP1 and MAP2 tran-
scripts when they are expressed from the ADH2 promoter. To
directly compare the effects of Snf1 inhibition and glucose addi-

tion on the abundance of IDP1 transcripts synthesized under the
control of the ADH2 promoter, either glucose or 2NM-PP1 was
added to a culture of strain KBY140 after 4 h of derepression.
Samples were taken for analysis of IDP1 mRNA levels at 5, 10, 20,
and 30 min. IDP1 mRNA levels decreased at similar rates after the
addition of either glucose or 2NM-PP1 (Fig. 2D), confirming the
glucose sensitivity shown in Fig. 1 for a different ADH2p-IDP1
gene fusion. The apparent half-lives of ADH2, ADH2p-MAP2, and
ADH2p-IDP1 after Snf1 was inhibited are listed in Table 4. These
results show that glucose addition and Snf1 inhibition caused sim-
ilar destabilization of MAP2 and IDP1 transcripts when they were
expressed from the ADH2 promoter. In summary, the stability of
MAP2 and IDP1 transcripts is SNF1 dependent when the genes are
expressed under the control of the ADH2 promoter.

FIG 2 The ADH2 promoter confers SNF1-dependent mRNA expression and stability to normally SNF1-independent transcripts. (A) ADH2 and MAP2
transcript levels under repressed (R) and derepressed (DR) growth conditions. The mean results and ranges for two biological replicates are shown. (B and C)
Strains KBY137 and KBY140 with the relevant genotypes [map2::natMX-ADH2p(�591 to �49)-MAP2 and idp1::natMX-ADH2p(�591 to �49)-IDP1 ura3::
YIpSNF1as::URA3 snf1�::kanMX, respectively] were grown to mid-log phase in YP plus 5% glucose and treated as described in the legend to Fig. 1, except that
2NM-PP1 rather than glucose was added to a final concentration of 10 �M after 4 h of derepression. (D) IDP1 transcript levels in strain KBY140 after the addition
of glucose or 2NM-PP1 to a 4-h derepressed culture.

TABLE 4 MAP2 and IDP1 mRNA half-lives are reduced after Snf1
inhibition when their native promoters are replaced by the ADH2
promotera

Genotype mRNA Half-life (min) (SD or range)b

WT ADH2 5.0
ADH2p-MAP2 ADH2 7.1 (6.0–8.2)
ADH2p-IDP1 ADH2 7.1 (0.81)
ADH2p-MAP2 MAP2 9.5 (5–14)
ADH2p-IDP1 IDP1 5.5 (5–6)
a The strain names and a description of the Snf1-inhibited mRNA decay experiment are
presented in the legend to Fig. 2.
b Half-lives were estimated as described in the legend to Table 3 from the data shown in
the graphs in Fig. 2B to D and related experiments. The standard deviation (n 
 3) or
range (n 
 2) is shown. The data for ADH2 in a WT strain are from reference 19.
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IDP1 transcripts synthesized using the ADH2 promoter have
the same 5= ends as endogenous transcripts. To determine
whether the 5= ends of IDP1 transcripts synthesized using the
ADH2 promoter are the same as those present on endogenous
transcripts, we performed primer extension analysis. As shown by
the results in Fig. 3A, the 5= extension products synthesized using
RNA isolated from a WT strain were the same size as those syn-
thesized using RNA isolated from a strain expressing IDP1 from
the ADH2 promoter, and they were close to the expected size of 68
nucleotides. The endogenous transcripts were less abundant than
the transcripts synthesized from the ADH2 reporter after 4 and 7 h
of derepression, as expected from the data shown in Fig. 1A. We
conclude that the different stabilities of the endogenous and
ADH2p-driven IDP1 transcripts are unlikely to be due to using
different start sites for transcription.

Adr1 binding sites are sufficient to confer glucose-induced
mRNA decay. To determine whether Adr1 binding sites are suffi-
cient to confer glucose-induced mRNA decay, we used a reporter
plasmid, pHDY10, in which the CYC1 UAS region of the lacZ
reporter plasmid pLG669Z (54) has been replaced by multiple
Adr1 binding sites. These regulatory region-gene fusions are un-
der the control of ADR1, SNF1, and glucose (34). As a control to
determine whether the lacZ ORF was susceptible to glucose-in-
duced mRNA decay when the entire ADH2 regulatory region was
fused upstream from CYC1 TATA-lacZ, plasmid pLGADH2 was
also tested (35). The expression levels and glucose-induced
mRNA decay of the reporter gene and endogenous ADH2 were
measured as described above. The endogenous ADH2 gene was
tightly repressed and activated about 1,000-fold under derepess-
ing conditions (Fig. 4A and B). The lacZ reporter gene was re-
pressed and derepressed about 20-fold by glucose depletion. Glu-
cose-induced mRNA instability was observed for lacZ transcripts
derived from pHDY10 and pLGADH2. The lacZ mRNA decayed

with apparent half-lives of 6.6 and 7.3 min in strains with pHDY10
and pLGADH2, respectively (Fig. 4C). The apparent half-lives of
ADH2 transcripts in the two strains were 6.2 and 5.6 min. To
measure the stability of lacZ mRNA transcribed independently of
SNF1, we used a lacZ reporter gene under the control of the
CDC19 (also known as PYK1) promoter that was carried on a
centromeric plasmid. Under conditions of glucose-induced
mRNA decay with 1,10-o-phenenthroline added to inhibit tran-
scription at the time of glucose addition, there were increases in
the lacZ and ACT1 mRNA levels following the addition of glucose
to a derepressed culture. Figure 4D shows the results of a repre-
sentative experiment of the four performed using different trans-
formants and two different batches of 1,10-o-phenanthroline. As
expected, ADH2 mRNA levels decreased rapidly after glucose ad-
dition (Fig. 4D). The increases in lacZ and ACT1 mRNA levels
were unexpected. Increased transcription of stress-related genes
was observed after the inhibition of transcription with thiolutin, a
different nonspecific inhibitor of transcription (55). We have no
explanation for this observation, but it cautions against the exclu-
sive use of nonspecific inhibitors of biosynthesis to study mRNA
decay (32). Previous studies using a similar reporter gene mea-
sured an apparent half-life of 25 to 26 min for lacZ transcripts
(56). Both our analysis and the results of previous studies indicate
that lacZ transcripts made independently of SNF1 are more stable
than lacZ transcripts whose synthesis is dependent on ADR1 and
SNF1. Thus, we conclude that binding sites for Adr1 are sufficient
to confer glucose-induced mRNA instability on heterologous
transcripts.

Pulse-chase experiments with 4-thiouracil confirm the sta-
bility of SNF1-dependent transcripts during derepression. Be-
cause inhibiting transcription can affect the balance between
mRNA synthesis and decay (57–59), we measured the rate of de-
cay of SNF1-dependent transcripts synthesized during derepress-
ing conditions without inhibition of transcription using a 4-thio-
uracil pulse-chase protocol (37, 38). RNA was labeled with
4-thiouracil for 60 min starting after 3 h of derepression. At the
end of the labeling period, either uracil or uracil and glucose was
added to duplicate cultures and samples were removed at various
times for purification and quantitation of the abundance of spe-
cific 4-thiouracil-containing transcripts. E. coli RNA containing
4-thiouracil was added to the samples prior to modification and
purification to serve as a control for the efficiency of modification
and purification. The results in Fig. 5A show that 4-thiouracil-
containing ADH2 mRNA decreased at a rate similar to that of
ACT1 mRNA when the cells were maintained under derepressing
conditions. The rates of decay suggest half-lives of 30 and 22 min
for ADH2 and ACT1 transcripts, respectively, similar to values
reported previously (19). In contrast, the apparent rates of decay
of 4-thiouracil-containing ADH2 and ACS1 transcripts after glu-
cose addition were 5 and 3 min, respectively (Fig. 5A), which are
similar to the rates of decay measured using total RNA prepara-
tions (19). ACT1 transcripts did not decrease in abundance during
the 20 min after glucose addition, suggesting a longer half-life
under repressing conditions. The stability of 4-thiouracil-con-
taining IDP1 and MAP2 transcripts synthesized from their endog-
enous promoters was analyzed in an analogous experiment. (Fig.
5B). Their apparent half-lives were about 60 min, similar to the
half-lives measured under repressing conditions in another study
using a 4-thiouracil pulse-chase protocol (38) and somewhat
shorter than was measured using the transcription inhibitor 1,10-

FIG 3 Primer extension analysis. (A) The 5= ends of IDP1 mRNA were deter-
mined as described in Materials and Methods. The strains used were KBY137
(WT IDP1) and BY4741 (WT IDP1) grown under repressing (R) conditions
(lanes 1 and 2, respectively) and strain KBY140 (ADH2p-IDP1) grown under
derepressing (DR) conditions for 4 and 7 h (lanes 3 and 4, respectively). Lane
5, no RNA during primer extension. A 10-nucleotide (ntd) ladder is shown to
the right. (B) 5= ends of ADH2. Lane 1, RNA isolated from strain KBY140
grown under repressing conditions; lanes 2 to 4, three replicates using RNA
from strain KBY140 grown for 4 h under derepressing conditions; lane 5, no
RNA during the primer extension; lanes 6 and 7, two RNA preparations from
strain TYY204 containing pRR01(ADR1-EV) grown under derepressing con-
ditions for 3 h and then induced with 1 nM �-estradiol for 1 h (DR/Ind). A
10-nucleotide ladder is shown to the right.
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o-phenthroline (Fig. 1E). Thus, the data confirm the stability of
these transcripts synthesized under derepressing conditions after
the addition of glucose. In summary, the glucose-induced insta-
bility of ADH2 and ACS1 transcripts was confirmed using a pulse-
chase protocol.

SNF1-dependent transcripts can be stable when synthesized
in the presence of glucose. To determine whether SNF1-depen-
dent transcripts are inherently unstable in the presence of glucose,
we used two ADR1 alleles that constitutively activate gene expres-
sion independent of glucose and SNF1: overexpressed ADR1 (oe-
ADR1) (pKD17) (60, 61) and ADR1-GAL11 (pAG11), a gene en-
coding a fusion protein in which the DNA binding domain of
Adr1 is fused to Gal11, a component of yeast Mediator (62). We
used a strain (KBY108) containing a temperature-sensitive allele
of RPB1, rpb1-1, the largest subunit of RNA Pol II to measure
mRNA stability (37). Plasmids carrying oeADR1 and ADR1-
GAL11 were introduced into KBY108, and cultures were grown
under repressing conditions at 25°C and then shifted to the non-
permissive temperature for 60 min. WT ADR1 (pKD16) was also
introduced into KBY108 to test the effect of the gene expression
level on mRNA stability. ADH2 mRNA levels were quantified by
RT-qPCR from samples taken at the time of the temperature shift

and 60 min later. As expected, ADH2 mRNA levels were low when
WT ADR1 was expressed from its own promoter and they were
70- and 90-fold higher when ADH2 was activated by oeAdr1 or the
Adr1-Gal11 fusion protein, respectively (Table 5). After 60 min at
37°C, ADH2 transcripts were reduced in abundance by about
threefold when activated by either WT Adr1 or oeAdr1, suggesting
that they are relatively stable, independent of the level of activa-
tion, when synthesized under repressing conditions. In contrast,
ADH2 transcript levels were reduced about 100-fold after 60 min
at the restrictive temperature when the fusion protein, Adr1-
Gal11, activated transcription. The apparent half-lives of the
ADH2 transcripts, based on an endpoint assay, were 65, 56, and 10
min when activated by WT Adr1, oeAdr1, and Adr1-Gal11, re-
spectively (Table 5). ADH2 was activated to similar high levels by
oeAdr1 and Adr1-Gal11, but the apparent stabilities of the tran-
scripts were very different, indicating that high mRNA abundance
did not cause the greater reduction in ADH2 mRNA levels in the
strain with ADR1-GAL11. In summary, ADH2 mRNA made in the
presence of glucose is not inherently unstable and its mode of
expression appears to influence its stability.

The transition from respiratory to fermentative conditions
is not sufficient to trigger glucose-induced mRNA decay. It was

FIG 4 Binding sites for Adr1 are sufficient to promote glucose-induced mRNA decay. (A and B) ADH2 and lacZ transcript levels under repressed (R) and
derepressed (DR) growth conditions (A), and the ratio of expression levels under derepressed and repressed growth conditions (B). (C and D) Strain W303-1a
(WT) was transformed with pHDY10 (34) or pLGADH2 (35), and cultures were grown to mid-log phase in synthetic complete (SC) medium lacking uracil plus
5% glucose. (C) After 21 h of derepression, a typical glucose-induced mRNA decay experiment was performed. (D) lacZ, ACT1, and ADH2 transcript levels in
strain CKY19 transformed with the lacZ expression plasmid YCpPKG2 (PYK1lacZ). After 4 h of derepression, glucose and 1,10-o-phenanthroline were added.
The values for mRNA were normalized to the abundance of 18S RNA. The average results and standard deviations for four transformants of CKY19 transformed
with YCpPKG2 are shown.

Promoter-Dependent Regulation of mRNA Stability

February 2016 Volume 36 Number 4 mcb.asm.org 635Molecular and Cellular Biology

http://mcb.asm.org


proposed that GAL1 transcripts were destabilized by the transition
from a respiratory to a fermentative carbon source (14). To test
this explanation for glucose-induced instability of Adr1-depen-
dent transcripts and to assess a possible role for Snf1 in the pro-
cess, we designed, constructed, and tested a chimeric activator,
Adr1-EV. It contains the DNA binding and nuclear localization
domains of Adr1 (63, 64), the ligand binding domain of the estro-
gen receptor (EBD) (30), and the activation domain of VP16. The
DNA binding domain of Adr1 allows it to bind ADR1-specific
genes, the EBD tethers the protein in the cytoplasm until the in-
ducer, �-estradiol, is added, and the VP16 portion encodes a
strong constitutive activation domain. The chimeric activator was
expressed under the control of the constitutive ADH1 promoter.
We hypothesized that the chimeric activator would be glucose and
SNF1 independent because it lacks the major regulatory region of
Adr1, the 14-3-3 (also known as Bmh in yeast) binding domain
(40, 65), and is highly expressed from the ADH1 promoter. To test
the glucose and SNF1 dependence of gene activation by Adr1-EV,

we measured the expression of three ADR1-dependent genes
(ADH2, ACS1, and POX1) in a strain lacking ADR1 and SNF1
(CKY27) and grown under either repressing or derepressing con-
ditions. As predicted, their expression was dependent on the in-
ducer but independent of glucose and SNF1 (Fig. 6A). The ADH2
mRNA levels increased more than 100-fold in the presence of the
inducer under both repressing and derepressing growth condi-
tions. The other ADR1-dependent genes behaved similarly, de-
spite a 100-fold range in expression levels. As a control for the
specificity of activation, we measured the levels of transcripts
whose synthesis is SNF1 dependent but ADR1 independent. Two
SNF1- and CAT8-dependent but ADR1-independent genes, FBP1
and ICL1, were expressed at very low levels in the snf1� adr1�
strain, regardless of the presence of the inducer (Fig. 6A), showing
that activation by Adr1-EV is promoter specific. To confirm that
the inducer acted through the chimeric activator, we performed a
similar experiment in the same strain carrying an empty vector or
transformed with plasmids expressing WT ADR1 or ADR1-EV.
There was very low expression of ADR1-dependent genes (ADH2,
ACS1, and POX1) in the presence of WT ADR1 (because SNF1
was absent) or a vector lacking ADR1 and a high level of expres-
sion when ADR1-EV was present (Fig. 6B). These results confirm
the Adr1-EV dependence and SNF1 independence of gene expres-
sion. The CAT8-dependent genes FBP1 and ICL1 were expressed
at very low levels, which was expected because SNF1 was absent
(Fig. 6B). Thus, Adr1-EV specifically and efficiently activates
ADR1-dependent genes in the absence of SNF1 under repressing
and derepessing growth conditions.

Primer extension analysis of ADH2 transcripts activated by
WT Adr1 (SNF1 dependent) and Adr1-EV (SNF1 independent)
was also performed. ADH2 transcripts synthesized by these acti-
vators had indistinguishable 5= ends of the expected size, 77 nu-
cleotides (66). Figure 3B shows a representative gel. Thus, the
different stabilities of the WT Adr1- and Adr1-EV-activated tran-
scripts are not caused by using different start sites, at least within
the resolution of the analysis.

ADR1-EV allowed us to determine whether the transition from
derepressing to repressing growth conditions would trigger glu-
cose-induced decay of ADH2 transcripts synthesized indepen-

FIG 5 Glucose-induced mRNA instability assessed by pulse-chase using 4-thiouracil as described in Materials and Methods. Strain TYY203 was grown in SM
with limiting uracil and 5% glucose and then shifted to derepressing medium with 0.05% glucose and limiting uracil. After the addition of a 50-fold excess of
normal uracil with or without glucose, samples were removed at the indicated times and 4-thiouracil-containing RNA was purified. Specific mRNA levels were
measured by RT-qPCR and normalized to the amount of reference 16S RNA that was added prior to the biotinylation reactions. (A) ADH2, ACT1, and ACS1
mRNAs. (B) FBP1 and ICL1 mRNAs. (C) IDP1 and MAP2 transcript levels were measured in an analogous experiment conducted using the same strain. (A and
B) The values represent the means and ranges of the results for two replicate cultures.

TABLE 5 The half-life of ADH2 mRNA made in glucose-containing
medium is affected by the activatora

Plasmid Activator Half-life (min)b

Mean relative abundance
(SD) of ADH2 mRNA atc:

25°C 36.5°C

pKD16 Adr1 65 0.74 (0.36) 0.33 (0.13)
pKD17 oeAdr1 56 21 (7.5) 10 (8.3)
pAG11 Adr1-Gal11 10 28 (19) 0.5 (0.14)
a Strain KBY108 (relevant genotype, rpb1-1 trp1) was transformed with the TRP1-
containing plasmids pKD16, pKD17, and pAG11. Three transformants of each type
were grown in synthetic complete (SC) medium lacking tryptophan and containing 5%
glucose at 25°C to an A600 of 0.8. Samples were taken for RNA isolation and analysis,
and the temperature of the cultures was raised to 36.5°C by adding an equal volume of
50°C medium. After 60 min of vigorous shaking, the cultures were collected for RNA
isolation and analysis as described in Materials and Methods.
b The apparent half-life of ADH2 mRNA was estimated as described in the legend to
Table 3 from a graph of log(ADH2 mRNA/18S rRNA) versus time using the 0- and 60-
min time points.
c The abundance of ADH2 mRNA and 18s rRNA was determined by RT-qPCR as
described in Materials and Methods. Each value represents the mean ADH2/18S RNA
level (multiplied by 1,000) and standard deviation from three replicate cultures.
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dently of Snf1. Their stability was measured in the SNF1 strain
TYY204 carrying the ADR1-EV expression plasmid pRR01. A typ-
ical glucose-induced mRNA decay experiment was performed in
which the transcription inhibitor 1,10-o-phenanthroline was
added at the same time that glucose was restored to a 4-h dere-
pressed culture that had been induced for 60 min with �-estradiol.
Thus, transcription would be inhibited at the time of glucose ad-
dition, allowing us to measure the stability of transcripts synthe-

sized uniquely under derepressing conditions. The results of a
representative experiment are shown in Fig. 6C. In three replicate
experiments, the mean decay rate of ADH2 mRNA was 42 min
(standard deviation, 26 min), similar to the decay rate that was
measured under derepressing conditions when WT Adr1 was the
activator (Fig. 5A). As a control to show that glucose-induced
decay occurred for SNF1-dependent but ADR1-independent
transcripts, we measured the amount of FBP1 mRNA. FBP1 tran-
scripts decayed with an apparent half-life of 2 to 3 min (Fig. 6C),
indicating that SNF1-dependent transcripts were still subject to
glucose-induced mRNA decay. Thus, ADH2 transcripts synthe-
sized under derepressing conditions under the control of the chi-
meric activator were not subject to glucose-induced decay. It is
likely that ADH2 transcripts synthesized under repressing condi-
tions under the control of Adr1-EV are also relatively stable, be-
cause their steady-state level was similar to that under derepress-
ing conditions. We conclude that ADH2 transcripts that are
synthesized under derepressing conditions and then exposed to
repressing conditions are not inherently unstable. Therefore, their
mode of activation and/or synthesis appears to influence their rate
of decay.

Identification of RBP binding sites in SNF1-dependent
mRNA sequences. To identify binding site motifs for RBPs that
potentially act downstream from Snf1 to influence transcript sta-
bility, we compared the sequences of 32 SNF1-dependent tran-
scripts showing rapid glucose-induced decay to those of 32 ran-
dom transcripts, using MEME as described in Materials and
Methods. Of the enriched motifs with E values greater than 0.05, 3
motifs were identified using Tomtom (47) as being similar to the
RNA recognition sequence for Vts1. These were the only motifs
for a yeast RBP found. In a more targeted approach, we used the
known binding motifs for 20 yeast RBPs (see Table S2 in the sup-
plemental material) to search for matches in 34 SNF1-dependent
transcript sequences (the 32 described above plus two others, ICL1
and ICL2). The SNF1-dependent transcripts were enriched over
the total yeast transcriptome for motifs matching the binding site
motifs of Vts1 and Nsr1 (at least one match in the ORFs for 33 and
12 genes, respectively) (Table 6) and Khd1, Nrd1, and Pab1 (at
least one match in the 5=-UTR for 26, 15, and 20 genes, respec-
tively) (Table 6). The SNF1-dependent subset of mRNAs was not

FIG 6 Transcript stability is influenced by the activator, not the transition
from respiration to fermentation. (A) Strain CKY27 (adr1� snf1�) carrying
the chimeric gene ADR1-EV on the centromeric plasmid pRR01 was grown in
synthetic medium lacking histidine but with 5% glucose to an A600 of 	1.
Different portions of the culture were maintained under repressing conditions
or subjected to derepression, in each case with or without induction with 1 nM
�-estradiol. The data represent the average results and standard deviations
from three replicate experiments. (B) �-Estradiol induction of gene expression
requires the chimeric Adr1-EV activator. Cultures of strain CKY27 (adr1�
snf1�) carrying the chimeric gene ADR1-EV on pRR01 (ADR1-EV), a WT
ADR1 gene carried on pKD16H (WT), or pRS313, a HIS3 vector with no ADR1
(vector [V]), were grown to mid-log phase in SC medium without histidine
but with 5% glucose. Thereafter, the cells were treated as described for panel A.
The values shown are the average results and standard deviations from three
replicate experiments. (C) ADH2 mRNA made in derepressing conditions
under the control of the chimeric Adr1-EV activator is not subject to glucose-
induced mRNA decay. Cultures of strain TYY204 (adr1�) carrying the chime-
ric gene ADR1-EV were grown, derepressed, and induced as described for
panel A. After 60 min of induction, glucose and 1,10-o-phenanthroline were
added to final concentrations of 5% and 100 �g/ml, respectively. Aliquots were
removed at the times indicated for RNA isolation and analysis. The results
shown are those of a representative example from three replicate experiments.

TABLE 6 RNA-binding proteins having motifs enriched in SNF1-
dependent mRNAs over their occurrence in the yeast genome

RBPa Location P valueb

No. of transcripts in:

Snf1-dependent
genes Whole genome

Matchesc Totald Matches Total

Khd1 5=-UTR 3.96E�02 26 34 3,566 6,550
Nrd1 5=-UTR 3.91E�02 15 34 1,484 6,550
Pab1 5=-UTR 3.63E�02 20 34 2,189 6,550
Nsr1 ORF 4.10E�03 12 34 736 6,550
Vts1 ORF 7.41E�03 33 34 4,927 6,550
a Each RNA-binding protein is represented by one or more distinct motifs.
b The probability that the number of Snf1-dependent genes containing one or more
RBP binding sites is not enriched over the whole yeast genome. Values have been
corrected for multiple hypothesis testing using the method of Benjamini and Hochberg
(94).
c The number of genes coding for mRNAs with one or more instances of an RBP motif.
d The total number of mRNA sequences searched.
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enriched over the genome for 3=-UTRs having at least one instance
of any of the RBP motif sets.

Vts1 is an RBP involved in mRNA decay and repression (67,
68). Because the Vts1 motif was the enriched match most fre-
quently found in the SNF1-dependent transcript sequences, we
examined its expression in published data sets to determine
whether its expression might be correlated with their decay. VTS1
expression is enhanced 2.5-fold in the presence of glucose when
SNF1-dependent transcripts are absent or reduced in abundance
(41). A more pronounced expression bias was observed during the
yeast metabolic cycle (YMC) (69). VTS1 expression was observed
during a brief period of time at the end of the respiratory phase,
when the abundance of SNF1-dependent mRNAs (such as ADH2
and others) begins a rapid decline (Fig. 7A and data not shown).
This result suggested that Vts1 might be involved in the degrada-
tion or the repression of SNF1-dependent transcripts during the
fermentative/reductive building phase of the metabolic cycle.

To assess a possible role of Vts1 during glucose-induced
mRNA decay, we compared the rate of decay of ADH2 mRNA in a
WT strain with the decay rates in three vts1� mutants (two MATa
and one MAT�). As shown by the results in Fig. 7B, the rates of
decay were indistinguishable. Thus, if Vts1 is involved in glucose-
induced mRNA decay, it must function redundantly with other

proteins. To identify other RBPs that could function redundantly
with Vts1, we analyzed the data of Tu et al. (69) for mRNAs whose
abundance correlated with that of VTS1. We found 44 mRNAs
whose expression correlated with that of VTS1 with a correlation
coefficient greater than 0.95. These are plotted together with the
expression data for ADH2 in Fig. 7C using SCEPTRANS (http:
//moment.utmb.edu/cgi-bin/sceptrans.cgi?locus 
 YOR359W)
as described by Kudlicki et al. (70). Yeast GO Slim Mapper (71)
identified 7 of the 44 mRNAs as coding for proteins that have an
RNA binding function. These are Bud21, Naf1, Ppr43, Pus1, Ssf1,
Trm11, and Vts1. Of these, only Vts1 is known to have a role in
mRNA decay. These RBPs might act redundantly to promote de-
cay of SNF1-dependent transcripts during the YMC and during
glucose-induced mRNA decay, or they might have other functions
associated with the end of the respiratory phase. RBPs whose ac-
tivity rather than expression is regulated could also participate in
these processes and would not be identified by this analysis.

Glucose addition to a derepressed culture causes rapid disso-
ciation of ADH2 mRNA from polysomes. Glucose deprivation in
yeast causes a rapid loss of translation initiation and a shift of
mRNAs from polysomes to P bodies and stress granules (72). It is
not known whether glucose repletion leads to a similar shift of
mRNAs synthesized under derepressing conditions that might be

FIG 7 (A) VTS1 expression is regulated during the metabolic cycle. The abundance of ADH2 and VTS1 transcripts during three turns of the metabolic cycle was
retrieved from the data in Tu et al. (69) as described in Materials and Methods. (B) Glucose-induced mRNA decay in WT and vts1 deletion mutants. A typical
glucose-induced mRNA decay experiment was performed and analyzed as described in Materials and Methods. The WT strain is BY4741, and it and the three
deletion mutants are from the Research Genetics collection. The vts1�-1 and vts1�-3 strains are MATa, and the vts1�-2 strain is MAT�. The vts1�-1 and vts1�-3
strains are derived from two different strain collections. (C) Expression of genes whose timing is correlated with that of VTS1 during the yeast metabolic cycle.
Transcript abundance was obtained as described in Materials and Methods.
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causally related to glucose-induced mRNA decay. To test this pos-
sibility, we analyzed whole-cell extracts isolated from SNF1as yeast
cells (TYY1078) cultured under the following three conditions:
derepressed for 4 h or derepressed for 4 h and then treated with
either glucose or 2NM-PP for 5 min. A portion of the whole-cell
extract was sedimented through a sucrose density gradient to
analyze the distribution of polysomes and ADH2 and ADH1
mRNAs. The absorbance was monitored continuously during the
collection of nine fractions from each gradient (Fig. 8A). The top
and bottom three fractions, representing soluble proteins/ribo-
somal subunits and large polysomes, respectively, were pooled.
The middle three fractions represent 80S monosomes and small-
and medium-sized polysomes, respectively. As expected, the ex-
tracts from derepressed cells contained a small number of poly-
somes due to inhibition of translation initiation (72–74). ADH2
mRNA was found primarily in the region of the gradient contain-
ing small polysomes in extracts of derepressed cells (Fig. 8B). Five
minutes after the addition of glucose, it sedimented more slowly,
suggesting that the addition of glucose caused a rapid dissociation
of ADH2 mRNA from polysomes. Inhibiting Snf1 did not change
the distribution of ADH2 mRNA. ADH1 mRNA, a glucose-in-
duced transcript (75), showed the inverse behavior to ADH2
mRNA, being shifted from a slower-migrating peak of the gradi-

ent in extracts of derepressed cells to the polysomal region 5 min
after adding glucose (Fig. 8C). These results suggest that glucose-
induced mRNA decay is associated with and is perhaps preceded
by rapid dissociation of SNF1-dependent transcripts from poly-
somes. Inhibiting Snf1 was not sufficient to induce this relocation
with the same rapid kinetics.

Analysis of sequences in SNF1-dependent mRNAs occupied
by RNA binding proteins in vivo. To determine whether RNA
binding proteins (RBPs) acting downstream from SNF1 might be
involved in the relocation of ADH2 mRNA after glucose repletion,
we analyzed the RBP binding sites that were identified in a recent
study of the nontranslating portion of the S. cerevisiae transcrip-
tome (41). This analysis used 4-thiouracil-promoted RNA-pro-
tein cross-linking and RNA sequencing to identify RBP sites on a
global scale, a procedure termed gPAR-CLIP (global photoacti-
vatable ribonucleotide-enhanced coupled immunoprecipitation
of RBPs). These experiments characterized sequences derived
from cells growing exponentially under repressing conditions and
after 2 h of glucose depletion. We determined whether the number
of protein binding sites identified for each region (5=-UTR, ORF,
3=-UTR, and intron) of the 34 SNF1-dependent mRNAs increased
or decreased threefold or more under repressing conditions com-
pared to the number identified under glucose-depleted condi-
tions. This analysis indicated an enrichment over randomness of
bound sites in the 5=- and 3=-UTRs of SNF1-dependent transcripts
after the addition of glucose (Table 7). The number of sites with
decreased occupancy after glucose depletion did not change, and
the bound sites in the introns and ORFs did not show such large
differences. The increased occupancy of RBP binding sites in the
5=- and 3=-UTRs of SNF1-dependent transcripts observed in the
gPAR-CLIP RNA binding site data is consistent with loading of
the RNA decay machinery onto these mRNAs released from ribo-
somes when glucose is abundant.

The binding site sequences with increased occupancy in the 34
SNF1-dependent genes were searched for known RNA binding
motifs in the 5=- and 3=-UTRs of the transcript using the known
binding motifs for 20 RBPs described above. Although the UTRs
of many SNF1-dependent transcripts did have one or more bind-
ing sites for known RBPs, the sequences that were bound did not
identify a single prevalent RBP known to be involved in mRNA
turnover (data not shown).

The cAMP-dependent protein kinase pathway is not re-
quired for glucose-induced mRNA decay. The observation that
glucose but not Snf1 inhibition caused a rapid dissociation of
ADH2 from polysomes suggested that a glucose-dependent sig-
naling pathway might be required for this process. cAMP-depen-
dent protein kinase (protein kinase A [PKA]) is a major regulator
of pathways active during fermentation (5, 76), and low PKA ac-
tivity inhibits translation during glucose starvation (73). Whether
PKA plays a role in glucose-induced mRNA decay is unknown.
We tested whether inhibiting PKA would protect ADR1-depen-
dent transcripts from glucose-induced decay. Cultures of a strain
carrying analog-sensitive alleles of all three catalytic subunits of
PKA, TPK1as, TPK2as, and TPK3as (76), were derepressed for 4 h
either in the presence or in the absence of the inhibitor 2NM-PP1.
Then, samples of both cultures were removed for RNA isolation
and quantitation. ADH2 mRNA was present at the same level
whether derepression occurred in the presence or in the absence of
2NM-PP1, indicating that PKA activity is not required for ADH2
derepression (Fig. 9A). The expression of RPS5, encoding a sub-

FIG 8 ADH2 mRNA rapidly dissociates from polysomes after glucose re-
pletion. Cell extracts were made and fractionated by sucrose density gra-
dient centrifugation as described in Materials and Methods and in more
detail in reference 39. E. coli RNA was added to fractions 1 to 9 to serve as a
reference for the efficiency of RNA purification and cDNA synthesis. (A) A260

values of the material eluting from a 10-to-30% sucrose gradient on which an
extract from derepressed cells was sedimented. (B and C) ADH2 (B) and ADH1
(C) transcript abundance normalized to the amount of reference 16S RNA.
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unit of the small ribosomal subunit, was induced about twofold by
2NM-PP1 (Fig. 9A). The former result is consistent with those of
previous studies in which a strain carrying a single weakly active
TPK allele was shown to derepress normally (77). To assess a pos-
sible role for PKA in glucose-induced mRNA decay, 2NM-PP1,
glucose, or 2NM-PP1 plus glucose was added to portions of a
culture that had been derepressed for 4 h. A fourth portion of the
culture received DMSO, the solvent for 2NM-PP1, as a no-inhib-
itor control. Samples were taken for RNA isolation and quantita-
tion of ACT1, ADH2, and RPS5 transcripts at 5, 10, 20, and 40 min.
Glucose-induced mRNA decay was observed for ADH2, but in-
hibiting PKA had no effect, and the decrease in ADH2 mRNA
abundance after glucose addition was unaffected by simultane-
ously inhibiting PKA (Fig. 9B). In contrast, glucose, 2NM-PP1,
and glucose plus 2NM-PP1 stimulated the expression of RSP5
(Fig. 9C). The increased abundance of RSP5 transcripts due to the
presence of 2NM-PP1 under derepressing conditions was unex-
pected. However, the observation that the inhibitor of PKA had an
effect on RSP5 expression demonstrates the effectiveness of 2NM-
PP1 in this strain. We conclude that PKA signaling does not play
an important role in glucose-induced mRNA decay.

DISCUSSION

Glucose-induced mRNA decay appears to be an example of tran-
scription-coupled mRNA decay (58, 59) that is regulated by Snf1
and acts through SNF1-dependent transcription factors. Tran-
scripts (including the 5=- and 3=-UTRs and ORFs) not normally
dependent on SNF1 for their synthesis or stability can be rendered
SNF1 dependent and subject to glucose-induced mRNA decay by
fusing their transcription units, including the 5= and 3=-UTRs and
ORFs, to the ADH2 regulatory region. Adr1 binding sites were
sufficient to confer glucose-induced mRNA decay and SNF1-de-

pendent stability on a heterologous transcript. These results sug-
gest that Snf1-dependent transcription, acting through promoter
sequences, and specifically, transcription factor binding sites, is
sufficient to confer regulated mRNA decay. Because Adr1 binding
sites are sufficient, recruitment by Adr1 of factors that influence
decay is implicated.

RBPs play important roles in posttranscriptional regulation of
gene expression (24, 57, 78) and are likely to influence glucose-
induced mRNA. Because the ADH2 promoter was sufficient to
impart SNF1-dependent stability to IDP1 and MAP2 mRNAs con-
taining their own 5=- and 3=-UTRs, these regions of the ADH2
transcript are not necessary for glucose-induced mRNA decay, but
they could act downstream from SNF1 to influence decay. The
binding site for Vts1 was enriched in the ORFs of 33 of 34 SNF1-
dependent transcripts and, thus, appears to be a good candidate
for affecting these transcripts posttranscriptionally. Vts1 is a
member of the Smaug (Smg) family of posttranscriptional RBPs
which bind RNA through a conserved sterile alpha motif (SAM)
that interacts with Smg recognition element (SRE)-containing
transcripts (79, 80). Vts1 recruits the CCR4-NOT deadenylase
complex to SRE-containing mRNAs to initiate their degradation
(67). In addition, Vts1 interacts with an eIF4E-interacting protein,
Eap1, which represses mRNA translation in S. cerevisiae (68).
Thus, Vts1 stimulates both mRNA decay and mRNA repression.
The expression of VTS1 is temporally correlated with the decline
in abundance of SNF1-dependent transcripts during the reduc-
tive/charging phase of the ultradian yeast metabolic cycle (the
results in Fig. 9A illustrate this point for ADH2, a typical SNF1-
dependent transcript; see the POX cluster of genes in Fig. 3B in
reference 69, for other examples). If the activity of Vts1 is regu-
lated in a similar manner, it could be important for the rapid loss
of the POX cluster transcripts and inhibition of metabolic activity
at this point in the metabolic cycle. Vts1 was not identified as a
Snf1 target in phosphoproteomic studies (27). However, two
Vts1-interacting proteins, Eap1 and Ccr4, are Snf1 targets for
phosphorylation and dephosphorylation, respectively (27). CCR4
deletion protects SNF1-dependent transcripts from glucose-in-
duced mRNA decay (27), but whether dephosphorylation is im-
portant for this activity is unknown. In addition, CCR4 is impor-
tant for transcription-coupled mRNA decay (59). However,
deletion of VTS1 did affect glucose-induced ADH2 mRNA decay
(Fig. 9B). One possible explanation for this lack of an effect of Vts1
on ADH2 mRNA decay is that it acts redundantly with other RBPs
in the process. For example, binding sites for other RBPs, such as
Nsr1, Khd1, and Pab1, were enriched in SNF1-dependent tran-
scripts. One or more of these proteins, or RBPs whose motifs were
abundant but not enriched or not identified in SNF1-dependent
transcripts because their sequence specificity has yet to be defined,
might act redundantly with Vts1 in glucose-induced mRNA de-
cay. Another possibility is that Vts1 acts to repress ADH2 mRNA
translation rather than to stimulate its decay and, thus, might be
involved in the loss of ADH2 mRNA from polysomes after glucose
repletion (Fig. 8).

Because we focused on RBP binding sequences that were en-
riched in the SNF1-dependent mRNAs, RBPs whose activity
rather than binding was regulated by SNF1 would not be selected.
Puf3 is one such RBP in S. cerevisiae. Puf3 is important for the
decay of numerous nuclear transcripts encoding mitochondrial
proteins involved in respiration (15). How its activity, but not
binding, is regulated is unknown. Puf3-Ser203 is phosphorylated

TABLE 7 Occupancy of protein binding sites in Snf1-dependent
mRNAs after the addition of glucose to starved cells

Region Occupancya P valueb

No. of bound sites in:

Snf1-
dependent
genes Random genesd

Countc

Avg
count SD

5=-UTR Increased 3.45E�16 18 6.2 2.9
Decreased 6.22E�01 1 1.1 1.2

3=-UTR Increased 3.14E�09 22 11 5.9
Decreased 1.22E�01 2 2.6 1.9

Coding sequence Increased 3.81E�02 73 67 14
Decreased 9.42E�05 19 14 5.6

Intron Increased 1.95E�04 0 1.5 1.6
Decreased 8.30E�02 0 0.25 0.68

a Protein binding sites exhibiting a threefold increase or decrease in binding site reads
per million normalized to gene reads per kilobase per million, as defined in Freeberg et
al. (41).
b The probability that the number of Snf1-dependent genes containing one or more
RBP binding sites occurred by random chance. Significant enrichment is seen at P
values of less than 1 � 10�6.
c The number of Snf1-dependent genes coding for mRNAs with sequences identified by
gPAR-CLIP as occupied.
d Statistics for RBP binding sites in 24 sets of 34 random Snf1-independent mRNAs.
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in a SNF1-dependent fashion, and the kinetics of phosphorylation
after glucose depletion (see supplementary file 1 in reference 27)
suggest that this modification could be important for regulating
its activity. It will be interesting to mutate this site and determine
whether it has an effect on the activity of Puf3.

It is becoming increasingly evident that how a transcript is
synthesized can influence posttranscriptional events in mRNA
metabolism (57, 58). That promoter sequences can control the
fate of mRNA has been documented for several yeast genes con-
trolled by Rap1, an important transcription factor for genes en-
coding ribosomal proteins and glycolytic enzymes (81), and also
on a genome-wide scale (82). A recent study implicated the pro-
moter in determining the translation efficiency of an mRNA, as
well as influencing its cytosolic location (16). Evidence suggests
that the dissociable Pol II subunits Rpb4/Rpb7 (83, 84) and the cell
cycle kinase Dbf2 (85) remain associated with transcripts after
they exit the nucleus and, thus, can influence their fate in the
cytoplasm. This led Goler-Baron et al. to propose that mRNA
degradation in the cytoplasm and its synthesis in the nucleus were
coupled by RNA binding proteins that associated with mRNAs
cotranscriptionally and accompanied them to the cytoplasm,
where they could influence their fate (86), essentially forming a
closed regulatory loop to balance mRNA synthesis and decay (58,
59). However, a direct role for Rpb4/Rbp7 in the process of cyto-
plasmic mRNA decay has been questioned, because tethering
Rpb4 in the nucleus by fusion to a large subunit of RNA polymer-
ase II still rescues the mRNA stability defect found in an rpb4
deletion mutant (87).

Our studies implicate SNF1-dependent transcription as an im-
portant contributor to glucose-induced mRNA decay. ADR1-de-
pendent transcripts that are subject to glucose-induced mRNA
decay are resistant to this process if they are synthesized in a SNF1-
independent fashion. The SNF1-independent, ADR1-dependent
transcripts appeared to have the same 5= ends as the transcripts
synthesized in a SNF1-dependent fashion, apparently ruling out a
role for different initiation sites in the process. However, other
modifications of the 5= ends of the transcript would not have been
detected, nor would changes in their termination or polyadenyl-
ation sites.

ADH2 mRNA rapidly dissociated from polysomes when glu-
cose was added to a culture of derepressed cells. Snf1 inhibition

was not associated with the same transition. One possibility is that
a glucose-induced signaling pathway, such as the PKA or TOR
cascade, is required to respond to glucose repletion. A reduction
in PKA signaling is required to respond to glucose starvation by
repressing translation (73), but whether increased PKA signaling
is required to promote transcript instability in response to glucose
repletion is not known. Our results suggest that the PKA pathway
is not required for glucose-induced decay of SNF1-dependent
transcripts, because ADH2 transcripts underwent rapid decay af-
ter inhibiting PKA in the presence of glucose.

We hypothesize that transcripts synthesized in a SNF1-depen-
dent fashion are marked during transcription in a way that allows
them to be distinguished from SNF1-independent transcripts.
The mark could cause them to be targeted for degradation in the
absence of active Snf1, such as under repressing growth conditions
or after inhibition of Snf1. The mark might also cause them to be
dissociated from polysomes. According to this hypothesis, if the
same transcript were synthesized in an SNF1-independent fash-
ion, it would not acquire that mark, would not show glucose-
induced mRNA decay, and would not be translationally repressed.
The mark could be an RBP whose activity is SNF1 dependent.
Fourteen RNA binding proteins were identified as Snf1 targets in
our recent phosphoproteomics analysis, and four of them, Ccr4,
Dhh1, Scp160, and Xrn1, reduced the rate of glucose-induced
mRNA decay (27). Xrn1, a major cytoplasmic mRNA-degradative
enzyme, is essential for glucose-induced mRNA decay (21). It has
an important global role in mRNA synthesis and decay (58, 59),
but its role in coupling these processes is controversial (discussed
in reference 57). Mutation of the Snf1-dependent phosphoryla-
tion sites in Xrn1 made the transcripts partially resistant to glu-
cose-induced decay (27), an observation that is consistent with
Snf1 acting through Xrn1 to influence mRNA decay. The other
three Snf1 target RBPs that influence glucose-induced mRNA de-
cay have annotations suggesting a role in mRNA decay, mRNA
repression, or both. Our results with transcripts expressed from
chimeric ADH2 promoter genes suggest that if an RBP protein is
important for glucose-induced mRNA decay, its function is
downstream from Snf1 in the process. Alternatively, the mark
could be a SNF1-dependent covalent modification of the mRNA
that was carried out by an enzyme whose activity was SNF1 de-
pendent. Several enzymes of mRNA cap metabolism were targets

FIG 9 Activity of the cyclic AMP-dependent protein kinase is not required for glucose-induced mRNA decay. (A) ADH2 and RSP5 mRNA levels after 4 h of
derepression in strain JBY3622 (relevant genotype, TPK1as TPK2as TPK3as). 2NM-PP1 or DMSO (No inhibitor) was added at the time derepression was initiated
by pelleting the cells and resuspending them in low-glucose medium. (B and C) A typical glucose-induced mRNA decay experiment was performed in strain
JBY3622 (described above). 2NM-PP1, glucose, 2NM-PP1 and glucose, or DMSO (No addition) was added after 4 h of derepression, and ADH2, ACT1, and RSP5
transcripts were analyzed by RT-qPCR.
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of Snf1 (27), and one of these might influence glucose-induced
mRNA decay and or mRNA repression.

Either of these mechanisms is compatible with an influence of
SNF1-dependent transcription on mRNA stability. Snf1 is re-
cruited to the GAL1 promoter by Gal4 (88) and to the INO1 pro-
moter (89). A Snf1 complex containing the activating subunit
Gal83 is found at the SNF1- and ADR1-dependent ADY2 pro-
moter (90). The mammalian ortholog of Snf1, AMPK, is found at
the promoters and in the ORFs of several mammalian genes (91).
Thus, Snf1 is in a location where it might phosphorylate enzymes
involved in modifying mRNA or RBPs that were recruited cotran-
scriptionally by SNF1-dependent transcription factors, such as
Adr1. Xrn1 might be one such protein, because it is found in the
nucleus (92; but see reference 59 for a conflicting report) and its
activity appears to be regulated by Snf1-dependent phosphoryla-
tion (27). Although the known nuclear role of AMPK and Snf1 is
to modify chromatin through activation of histone acetyltrans-
ferases (89, 90, 93), they could also influence posttranscriptional
gene regulation by one of the mechanisms described above.
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