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Background: Snf1/AMPK activity plays a vital role in adaptation to environmental stress.
Results: Elevation of Snf1 phosphorylation restores Snf1 protein in a mutant with low Snf1 levels.
Conclusion: Snf1 activity is fine-tuned by a dynamic feedback loop between its protein level and phosphorylation status.
Significance: Our results reveal a previously unknown regulatory mechanism of Snf1 activity that is crucial for stress response
and aging.

Snf1, a member of the AMP-activated protein kinase family,
plays a critical role in metabolic energy control in yeast cells.
Snf1 activity is activated by phosphorylation of Thr-210 on the
activation loop of its catalytic subunit; following activation, Snf1
regulates stress-responsive transcription factors. Here, we
report that the level of Snf1 protein is dramatically decreased in
a UBP8- and UBP10-deleted yeast mutant (ubp8� ubp10�), and
this is independent of transcriptional regulation and protea-
some-mediated degradation. Surprisingly, most Snf1-mediated
functions, including glucose limitation regulation, utilization of
alternative carbon sources, stress responses, and aging, are
unaffected in this strain. Snf1 phosphorylation in ubp8�

ubp10� cells is hyperactivated upon stress, which may compen-
sate for the loss of the Snf1 protein and protect cells against
stress and aging. Furthermore, artificial elevation of Snf1 phos-
phorylation (accomplished through deletion of REG1, which
encodes a protein that regulates Snf1 dephosphorylation)
restored Snf1 protein levels and the regulation of Snf1 activity in
ubp8� ubp10� cells. Our results reveal the existence of a feed-
back loop that controls Snf1 protein level and its phosphoryla-
tion, which is masked by Ubp8 and Ubp10 through an unknown
mechanism. We propose that this dynamic modulation of Snf1
phosphorylation and its protein level may be important for
adaptation to environmental stress.

AMP-activated serine/threonine protein kinase (AMPK)4 is
highly conserved in all eukaryotes, in which it serves as a cellu-
lar energy sensor with a key role in energy homeostasis (1, 2).
The AMPK homologue in budding yeast (Saccharomyces
cerevisiae) is encoded by the gene SNF1 (sucrose nonferment-
ing 1) (1). Snf1 protein kinase (SNF1) is required for several
biological processes, including adaptation to limited glucose,
the response to environmental and nutritional stresses, growth
on alternative carbon sources, metabolic enzyme regulation,
and aging (3–5). Members of the SNF1 protein kinase family are
heterotrimers comprised of �, �, and � subunits (1). Snf1 can be
phosphorylated on the conserved activation loop of the cata-
lytic Snf1/� subunit at the Thr-210 residue (1), and this results
in the activation of kinase activity (6). During glucose limita-
tion, three � subunits (Gal83, Sip1, and Sip2) regulate the sub-
cellular localization of SNF1 protein kinase (1, 7). The Snf4/�
regulatory subunit binds with Snf1 � and � subunits, indepen-
dent of glucose availability. Snf4 regulates the activity of SNF1
protein kinase by interacting with a sequence located in the �
subunit, which has an autoinhibitory effect on the kinase
domain (1, 3). SNF1 protein kinase plays a key role in adapta-
tion of yeast cells to glucose limitation and utilization of alter-
native carbon sources, which occurs through activation of Snf1
via phosphorylation of Thr-210 on the activation loop of the
catalytic subunit by upstream kinases (Sak1, Tos3, and Elm1)
(8 –10); the Reg1-Glc7 and Sit4 phosphatases reverse this mod-
ification (11–13).

In yeast, Ubp8 and Ubp10 are ubiquitin-specific proteases of
monoubiquitylated histone H2B (H2Bub) (14 –16). Several
studies have suggested that these two proteases may deubiqui-
tylate targets other than H2Bub (17–20). To identify additional
targets of Ubp8 and Ubp10, we searched for genes that have
been reported to interact with UBP8 and UBP10 via genetic or
physical associations. We found that both Ubp8 and Ubp10
were reported to co-purify with Snf1, implying that Ubp8 and
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Ubp10 may deubiquitylate the Snf1 protein. Recent evidence
suggests that Snf1 undergoes SUMOylation, which is triggered
by Mms21; this modification promotes the recruitment of
SUMO-targeted ubiquitin ligase, Slx5-Slx8, to Snf1. The result-
ing ubiquitylation of Snf1 results in its destruction (18, 21).
However, the correlation between the control of Snf1 protein
level and SNF1 protein kinase activity is still poorly understood.

Here, we report that Snf1 protein level is regulated by Ubp8
and Ubp10 through mechanisms independent of transcrip-
tional control and ubiquitin-mediated degradation. We pro-
pose that the level of Snf1 may be controlled by an as yet
unidentified mediator of protein synthesis, which is regulated
by both Ubp8 and Ubp10. We report that despite the reduction
of protein level of Snf1 caused by deletion of UBP8 and UBP10,
the remaining protein is still capable of mediating Snf1-medi-
ated functions, such as the response to oxidative stresses and
aging. Our findings reveal the existence of a feedback loop
between Snf1 protein level and its phosphorylation status,
which acts to fine-tune the activity of Snf1 for adaptation to
environmental stress.

Experimental Procedures

Strains and Plasmids—Yeast strains used in this study were
mainly derived from the following: FY406 (MATa (hta1-
htb1)�::LEU2 (hta2-htb2)�::TRP1 leu2�1 ura3-52 lys2-128�
his3�200 trp1�63-pZS145 (HTA1-Flag-HTB1 CEN HIS3));
W303-1A (MATa ade2-1 ura3-1 his3-11,15 trp1-1 leu2-3,112
can1-100); MCY4908 (W303-1A snf1�10); and RDKY3615
(MATa ura3-52 his3�200 leu2�1 trp1�63 lys2�BgI hom3-10
ade2�1 ade8 hxt13�::URA3) genetic backgrounds (22–24). To
delete UBP8 or UBP10, we introduced the PCR-amplified frag-
ments of ubp8�::kanMX, ubp8�::natMX, or ubp10�::hphMX
into the individual strain backgrounds. To delete SNF4, we
introduced the PCR-amplified fragments of snf4�::hphMX into
the individual strain backgrounds. To delete HSP82 or HSC82,
we designed primers for PCR amplification of hsp82::loxp-ble-
loxp or hsc82::loxp-ble-loxp fragments from pUG66 (25) and
then transformed the fragments into the individual strain back-
grounds. To delete DHH1, PUF3, or XRN1, we designed prim-
ers for PCR amplification of dhh1::trp1, puf3::trp1, or xrn1::trp1
fragments from pRS304, and we then transformed the frag-
ments into the individual strain backgrounds. One-step gene
replacement was performed by transformation using standard
techniques (26).

Preparation of Cell Extracts and Western Blot Analysis—For
validation of the candidates identified to be targeted by Ubp8
and Ubp10 (Fig. 1B), cultures were grown to exponential phase
(A600 from 0.2 to 0.6) in YP medium (1% bacto-yeast extract and
2% bacto-peptone) containing 2% glucose. Whole cell extracts
(�1 � 108 cells) were prepared by vortexing cells with glass
beads seven times (30 s/time) in cold lysis buffer (50 mM Tris-
HCl, pH 7.5, 50 mM NaF, 5 mM sodium pyrophosphate, 1 mM

EDTA, 0.5% Triton X-100, 10% glycerol, 1 mM DTT, comple-
mented with PMSF (1 mM), and complete protease inhibitor
mixture (Roche Applied Science)) (13). Proteins were separated
by 8% SDS-PAGE, transferred to a PVDF membrane, and
probed with anti-FLAG (Sigma) to detect H2B and ubiquity-
lated H2B or with P1291 antibody (Sigma) to detect Hsp82-

TAP, Hsc82-TAP, Doa1-TAP, Dbp2-TAP, and Snf1-TAP.
Anti-G6PDH (Sigma) was used to detect G6PDH signals, as a
loading control. The antibody signals were detected by
enhanced chemiluminescence using ECL (Millipore). Band
intensity was quantified on appropriate exposures using Bio-
Spectrum Imaging System (UVP). For verification of Snf1 pro-
tein levels in the strain backgrounds shown in Fig. 1C, cells
derived from RDKY3615 (S288C strain background) and
MCY4908 (W303 strain background) were harvested, and
extracts were prepared as described above. Proteins were sep-
arated by 8% SDS-PAGE and analyzed by immunoblotting
using P1291 and G6PDH antibodies. The quantification ratios
were calculated using ImageJ software (27) as intensities of
Snf1-TAP or Snf1–3HA divided by those of G6PDH and then
normalized to wild type. To measure the relative Snf1 protein
level and its phosphorylation status (as shown in Figs. 1C, 2D, 3,
A and G, 4, A, B, and F, and 5A), cultures were grown to expo-
nential phase (A600 of 0.5) in synthetic complete (SC) medium
containing 2% glucose. Cells were collected by centrifugation
and immediately placed on ice. Western blotting was per-
formed as described above. In brief, proteins were separated by
8% SDS-PAGE and analyzed by immunoblotting with P1291
antibody or anti-HA (3F10, Roche Applied Science) to detect
Snf1-TAP or Snf1-HA, anti-phospho-Thr-172-AMPK (Cell
Signaling Technologies) to detect Snf1 Thr-210 phosphoryla-
tion, and anti-G6PDH to detect G6PDH as a loading control.
Signals were quantified using ImageJ software. To examine glu-
cose regulation of Snf1 Thr-210 phosphorylation (Figs. 3B, 4C,
and 5B), exponential phase cells were grown in 4% glucose,
resuspended in 0.05% glucose for 15 min, and replenished with
2% glucose for 30 min, before being collected. Cell extracts were
prepared as described above and analyzed by immunoblotting
using anti-phospho-Thr-172-AMPK, P1291 antibody, anti-HA
(3F10, Roche Applied Science), and anti-G6PDH (loading con-
trol). The quantification ratios were calculated (using ImageJ)
as Snf1-T210-pho intensity divided by that of Snf1-TAP or
Snf1–3HA.

RT-Quantitative PCR Analysis—Cells were harvested at
exponential phase (A600 of 0.5) and immediately placed on ice.
Transcripts for RT-quantitative PCR were extracted by the
acid-phenol method, and reverse transcription reactions were
performed using the SuperScript� III reverse transcriptase kit
(Invitrogen); the resulting cDNA was used as template for
quantitative PCR.

Detection of Hyperubiquitylated Snf1—Strains expressing
galactose-inducible, FLAG-tagged Snf1 (FLAG-Snf1), and cop-
per-inducible, His6-myc-ubiquitin were constructed (as used in
the experiments depicted in Fig. 2A). The PDR5 gene was
deleted to increase the sensitivity of cells to a variety of small
molecules, such as MG132 (28). Overnight cultures grown in 10
ml of synthetic complete media lacking tryptophan and leucine
(SC-TRP-LEU) with 2% galactose were diluted in 50 ml of SC-
TRP-LEU containing 2% galactose from A600 0.2 to 0.8 at 30 °C.
MG132 (Sigma; final concentration of 25 �M in DMSO) and
CuSO4 (final concentration of 500 �M in DMSO) were added to
each sample for 2 h, and the pellets were harvested by centri-
fugation. Samples were lysed in 500 �l of IP buffer (50 mM Tris-
HCl, pH 7.5, 300 mM NaCl, 2 mM MgCl2, 0.1% Triton X-100,
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10% glycerol, 1 mM �-mercaptoethanol, complemented with 20
mM deubiquitination inhibitor N-ethylmaleimide, 1 mM PMSF,
and complete protease inhibitor mixture (Roche Applied Sci-
ence)). Snf1-FLAG signals were purified from each lysate using
anti FLAG-agarose beads (Sigma) for 2 h at 4 °C. After IP, sam-
ples were washed three times by inverting the mixtures 20 times
using lysis buffer. Eluates were separated by SDS-PAGE and
analyzed by immunoblotting with anti-ubiquitin (Cell Signal-
ing Technologies) or anti-FLAG to detect Snf1-FLAG-Ub or
Snf1-FLAG, respectively.

Snf1 Protein Stability Assay—Strains containing pMW18
(pGAL-FLAG-SNF1) (18) (as used in the experiment depicted
in Fig. 2B) were grown overnight and then diluted in 50 ml of
SC-LEU with 2% galactose to an A600 of 0.2 to 0.6 at 30 °C. To
determine the effect of proteasome-mediated degradation,
MG132 was added at each time point for 2 h before the start of
the assay. Cultures were collected by centrifugation and resus-
pended in 15 ml of SC-LEU without sugar. Glucose (4%) and
cycloheximide (Sigma; 200 �g/ml) were added to the medium
to terminate transcription and translation. Samples were har-
vested at the indicated time points (2 ml/each point) for immu-
noblotting using anti-FLAG and anti-G6PDH.

Replicative and Chronological Life Span—Replicative life
span (RLS) assays were carried out as described previously (29).
All experiments were carried out on YP plates plus 2% glucose.
A dissection microscope MSM400 (Singer) was used to array
the cells into the matrix; virgin mother cells were left in the
located position, and then the numbers of daughter cells
derived from each mother cell were recorded every 2–3 h. Sur-
vival curves show pooled data from multiple experiments with
median RLS; the number of mother cells scored is shown in
parentheses. Chronological life span assays were carried out as
described previously, but with modifications (30). Briefly,
strains from frozen stocks were used to inoculate YP plates plus
2% glucose; the resulting colonies were used to inoculate 5 ml of
YP medium plus 2% glucose for overnight culture. After over-
night culture, cells were diluted in 10 ml of fresh SC medium
with 2% glucose to an A600 of 0.2 and then incubated at 30 °C
with rotation at 200 rpm. to maintain the cells in suspension.
Day 1 was considered to start after 24 h of culture. Cells (�1 �
107) were removed from the cultures and serially diluted 1:10 in
sterile water in a 96-well plate; the dilutions were spotted onto
YP plates plus 2% glucose from exponential phase (log phase) to
day 4 or 5. The plates were incubated for 2–3 days to determine
viability. Plate images were photographed using an imaging sys-
tem (Alpha Innotech, Inc., San Leandro, CA).

Results

Level of Snf1 Protein Is Altered by Deletion of UBP8 and
UBP10 —To investigate potential substrates targeted by both
Ubp8 and Ubp10, we searched the interaction data of Ubp8 and
Ubp10 from BioGRID (31), which listed 285 and 165 interac-
tions, respectively. We sorted the interaction results with
Osprey, a Network Visualization System (31), identifying sev-
eral individual biological processing factors that interact with
both Ubp8 and Ubp10, including histone H2B, Hsc82, Hsp82,
Doa1, Dbp2, and Snf1 (Fig. 1A). To determine whether or not
these candidates are substrates of both Ubp8 and Ubp10, we

measured the levels of these candidate proteins fused to FLAG
or TAP tags. Yeast cells were collected at exponential phase,
and protein lysates were then extracted for use in Western blot.
Consistent with the published results (14, 15, 32, 33), ubp8�
ubp10� cells exhibited a higher level of H2B ubiquitylation
(H2Bub) (Fig. 1B; H2B, arrow), although the heat shock-associ-
ated protein (Hsp82 and Hsc82), ubiquitin conjugation path-
way protein (Doa1), and DEAD-box protein family (Dbp2) were
unchanged as compared with controls (Fig. 1B). Intriguingly,
Snf1 protein was reduced by about 5-fold in ubp8� ubp10�
cells but unaffected in ubp8� and ubp10� single mutants (Fig.
1, B and C). A similar reduction in Snf1 was observed in a dif-
ferent genetic background bearing hemagglutinin (HA)-tagged
Snf1 (Fig. 1C). Furthermore, SNF1 mRNA was no different
between wild type, ubp8� ubp10�, and ubp8� and ubp10�
single mutants (Fig. 1D). This implied that the reduction of Snf1
protein level in ubp8� ubp10� cells may be due to post-tran-
scriptional regulation or translational control.

Snf1 Is Not Targeted by Ubp8 and Ubp10 for Proteasomal
Degradation—Both Ubp8 and Ubp10 are ubiquitin-specific
proteases. We hypothesized that Snf1 may be targeted by Ubp8
and Ubp10 for deubiquitylation, and thus, in the absence of
these proteases, Snf1 becomes highly ubiquitylated and de-
graded by the proteasome. To test this hypothesis, we exam-
ined whether ubiquitylated Snf1 (Snf1-Ub) is increased in
ubp8� ubp10� cells. Both FLAG-tagged Snf1 (under the con-
trol of a galactose-inducible promoter) and His6-myc epitope-
tagged ubiquitin constructs were expressed in wild-type and
ubp8� ubp10� cells. After immunoprecipitation using an anti-
body against the FLAG epitope, FLAG-bound proteins were
resolved by SDS-PAGE, and Snf1-Ub was detected with anti-
Ub. As expected, MG132-mediated inhibition of the protea-
some significantly increased Snf1-Ub in wild type. Less Snf1-Ub
was observed in the absence of both Ubp8 and Ubp10, with or
without MG132 (Fig. 2A). To further confirm whether the sta-
bility of Snf1 in the ubp8� ubp10� cells was affected by the
ubiquitin-proteasome pathway, we monitored the stability of
Snf1 expressed under the control of a galactose-inducible pro-
moter at various time points following a shift of cells to a
repressing condition (the addition of glucose) in the presence of
cycloheximide, thus blocking both transcription and transla-
tion of Snf1. Snf1 proteolysis occurred at the same level in both
wild-type and ubp8� ubp10� cells, and MG132 treatment had
no effect in either strain (Fig. 2B). However, there remains the
possibility that Snf1 may be conjugated with polyubiquitin
chains, which may cause proteasome-mediated degradation of
Snf1 in the ubp8� ubp10� cells.

SUMOylation can also regulate the stability and function of
Snf1 (21). To examine the role of ubiquitylation in the reduc-
tion of Snf1 in ubp8� ubp10�, we mutated the SUMOylation
site (K549R) to inhibit SUMOylation-mediated recruitment of
E3 ubiquitin ligases and subsequent degradation of Snf1.
Intriguingly, Snf1-K549R protein levels were greater than those
of Snf1 in both wild-type and ubp8� ubp10� cells; however,
Snf1-K549R-3�HA levels were still lower in ubp8� ubp10�
than in wild type (Fig. 2C, lanes 3 and 6), indicating that Snf1 is
regulated by other pathways in addition to SUMO-targeted
ubiquitylation (possibly mRNA export or decay or translational
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control). It is likely that Ubp8 and Ubp10 target other regula-
tors that control Snf1 synthesis specifically, instead of targeting
Snf1 directly. We tested three other candidates, Dhh1, Puf3,
and Xrn1, which have been reported to be targets of Snf1 sig-
naling involved in transcription-coupled mRNA decay (34 –
36). However, these factors did not participate in the regulation
of Snf1 protein levels in ubp8� ubp10� cells (Fig. 2D). There-
fore, at present it remains unclear how Ubp8 and Ubp10 spe-
cifically affect Snf1 mRNA.

Snf1 activation is required for utilization of alternative car-
bon sources (37). Therefore, we examined the growth of mutant
cells in galactose compared with their growth in glucose. If the
Snf1 protein level is correlated with its cellular functions, we
predict that the function of Snf1 in ubp8� ubp10� cells would
be impaired, and the increased protein level of Snf1 in ubp8�
ubp10� cells would enhance its activity. We found that ubp8�
ubp10� grew only slightly slower than wild-type cells on galac-
tose. Surprisingly, introduction of the Snf1-K549R mutation
into ubp8� ubp10� cells further reduced growth (Fig. 2E),
despite Snf1 protein levels in the triple mutant being similar or
higher than that in wild-type (snf1� with Snf1) cells (Fig. 2C,

lanes 2 and 6). Thus, these results suggest that the Snf1 in
ubp8� ubp10� cells may be sufficient for Snf1-regulated
processes.

Most Snf1-mediated Functions in ubp8� ubp10� Cells Are
Unaffected, Despite the Reduction in Snf1 Protein—An earlier
study reported that Snf1 protein level is also reduced in the
snf4� mutant (38), which may be due to effects on formation of
the Snf1 heterotrimer. To distinguish between the effects of
reduced Snf1 levels in snf4� and ubp8� ubp10� cells, we mea-
sured the Snf1 protein level and the ratio of Snf1 phosphoryla-
tion in both mutant cells. Although the Snf1 protein level in
ubp8� ubp10� cells was lower than that in snf4� cells, Snf1
phosphorylation was considerably reduced in snf4� cells as
compared with that in ubp8� ubp10� cells, which exhibited
levels comparable with wild type (Fig. 3A). Furthermore, the
ubp8� ubp10� cells did not exhibit growth defects on different
carbon sources (Fig. 3C), suggesting that the reduction of Snf1
protein in ubp8� ubp10� cells does not disrupt the function of
the Snf1 complex. To further assess whether glucose-regulated
Snf1 Thr-210 phosphorylation is affected by ubp8� ubp10�,
exponential phase cells in 2% glucose were shifted to 0.05%

FIGURE 1. Snf1 interacts with both UBP8 and UBP10. A, candidate proteins that interact with UBP8 and UBP10. Lines connect UBP8 and UBP10 to genes that
exhibit synthetic interactions (either positive or negative). The circles encompass genes that participate in similar processes. The red square indicates genes that
interact with UBP8 and UBP10. B, Western blot analysis of FLAG-tagged H2B, TAP-tagged Hsp82, Hsc82, Doa1, Dbp2, and Snf1 levels in wild type and the
indicated mutants. Serial 3-fold dilutions of each strain are shown. The arrow indicates H2B-ub signals. C, Western blot analysis of TAP-tagged Snf1 levels in the
indicated RDKY3615 strains and HA-tagged Snf1 levels in the indicated MCY4908 strains at exponential phase. Values indicate relative intensity of Snf1-TAP or
Snf1-HA divided by that of G6PDH, and then normalized to the equivalent ratio in wild type. D, quantitative RT-PCR analysis of SNF1 mRNA expression
normalized to ACT1 mRNA in wild-type, ubp8�, ubp10�, ubp8� ubp10�, and snf1� strains (n � 3).
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glucose for 15 min and then cultured in media with replenished
glucose for 30 min (13). Despite the reduction of Snf1 in ubp8�
ubp10�, the regulation of Snf1 Thr-210 phosphorylation was
similar between wild-type and ubp8� ubp10� cells (Fig. 3B; a
long exposure is shown to reveal the low levels of Snf1 in the
mutant).

We further investigated whether the low level of Snf1 protein
expression caused by the absence of both Ubp8 and Ubp10
influences the ability to grow on alternative carbon sources.
Interestingly, we observed that ubp8� ubp10� and wild-type
cells exhibited similar growth on galactose, raffinose, sucrose,
and low glucose (0.5%). As expected, snf1� and snf1� ubp8�
ubp10� cells could not grow on media containing alternative
carbon sources or low glucose (Fig. 3C). Snf1 is also involved in
the cellular responses to various environmental stresses,
including sodium ion stress, alkaline pH, and oxidative stress,
but not treatment with sorbitol (4). To determine whether the
reduction in Snf1 caused by deletion of both UBP8 and UBP10
affected cellular resistance to various stressors, we performed
several environmental stress tests using the indicated strains.
We found that growth of ubp8� ubp10� cells was slightly
impaired under 1 M NaCl and unaffected in alkaline pH,

whereas snf1� and snf1� ubp8� ubp10� triple mutant cells
grew poorly under the same conditions (data not shown).
Taken together, these findings suggest that Snf1 retains its
activity despite its marked reduction upon deletion of both
UBP8 and UBP10, and it does not significantly compromise the
tolerance of yeast cells to alternative carbon sources or environ-
mental stresses.

Snf1 is also involved in the yeast aging process (5). Therefore,
we speculated that Snf1 reduction caused by deletion of both
UBP8 and UBP10 may affect the life span of yeast. To test this
possibility, we measured the RLS of wild-type and mutant cells.
As expected, the sir2� control cells exhibited a significantly
shorter life span relative to the wild type (39). We further mea-
sured the RLS of snf1�, ubp8�, ubp10�, ubp8� ubp10�, and
snf1� ubp8� ubp10� cells. The average RLS of wild type was
16.7 generations, whereas those of ubp8� and ubp10� cells
were 27.2 and 21.2 generations, respectively (Fig. 3D). The RLS
of ubp8� and ubp10� cells shared the same patterns as those
observed in an earlier study (40). The average RLS of ubp8�
ubp10� cells was 14.5 generations, that of snf1� cells was only
7.3 generations, and that of snf1� ubp8� ubp10� cells was 8.5
generations (Fig. 3D). Hence, reduced Snf1 in ubp8� ubp10�

FIGURE 2. Reduction of Snf1 protein in ubp8� ubp10� is independent of proteasome-mediated degradation. A, Snf1-FLAG IP experiments using
wild-type (pdr5�) and ubp8� ubp10� (pdr5� ubp8� ubp10�) strains. Polyubiquitinated Snf1-FLAG (Snf1-FLAG-Ub(n)) was detected using anti-Ub antibody. IB,
immunoblot. B, Western blot analysis of Snf1 stability in the indicated strains grown in the presence (right panel) or absence of MG132 (left panel) after release
into cycloheximide (CHX). C, Western blot analysis of Snf1 in snf1� and snf1� ubp8� ubp10� cells with plasmids bearing vector only (v), wild-type SNF1 (Snf1),
or SNF1 with a SUMOylation site mutation (K549R). D, Western blot of strains expressing TAP-tagged Snf1 and carrying the indicated mutations affecting
transcription-coupled mRNA decay (dhh1�, puf3�, and xrn1�). E, growth of the indicated mutants on SC-LEU plates plus 2% glucose or 2% galactose; plates
were photographed after 3 days of growth.

Novel Feedback Loop of Snf1 Activity in Yeast

16790 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 290 • NUMBER 27 • JULY 3, 2015

 at N
ational T

aiw
an U

niv M
edical L

ibrary on July 16, 2019
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


cells did not affect RLS in the same manner as deleting SNF1.
Collectively, the above results demonstrate that the reduced
level of Snf1 in ubp8� ubp10� cells retains sufficient activity to
enable growth on alternative carbon sources and under envi-
ronmental stress and to modulate RLS; this may be because
regulation of Snf1 Thr-210 phosphorylation was unaffected in
the mutant.

Cells Lacking Ubp8 and Ubp10 Exhibit a Higher Ratio of
Active/Inactive Snf1 during Chronological Aging—Snf1 is impli-
cated in chronological life span (CLS) regulation (41), and we
thus hypothesized that Snf1 reduction in ubp8� ubp10� cells
may affect CLS. We spotted cells at various days after glucose
depletion and found that CLS was unaffected in ubp8� ubp10�
cells (Fig. 3E). In contrast, snf1� and snf1� ubp8� ubp10� cells
exhibited accelerated aging phenotypes (Fig. 3E), which are con-
sistent with a previous report that snf1� cells possess a shorter
CLS (41). The CLS results demonstrate that the low level of

Snf1 in ubp8� ubp10� cells is sufficient to protect against
chronological aging. Yeast mutants with a premature chrono-
logical aging phenotype, such as sgs1� (42), are hypersensitive
to heat and oxidative stress. As compared with wild-type cells,
snf1� cells were observed to be more sensitive to extracellular
reactive oxygen species damage induced by menadione or
hydrogen peroxide, whereas ubp8� ubp10� cells were more
resistant (Fig. 3F). To determine whether the resistance of
ubp8� ubp10� cells to CLS and oxidative stress is linked to Snf1
activity, we analyzed Snf1 Thr-210 phosphorylation (indicating
activation of Snf1) in cell extracts prepared at exponential
phase (log phase) and stationary phase (day 3). Interestingly, we
found that the ratio of active/inactive Snf1 was radically
increased during chronological aging in ubp8� ubp10� cells as
compared with the wild type (Fig. 3G); these results suggest that
a feedback mechanism may stimulate Snf1 activation when a
reduction in Snf1 protein is detected.

FIGURE 3. Snf1-mediated biological functions in a ubp8� ubp10� mutant. A, Western blot analysis of TAP-tagged Snf1 levels in the indicated strains. Upper
values (pT210/Snf1-TAP) indicate the relative intensity of phosphorylated Snf1-Thr-210 divided by that of Snf1 protein. Lower values indicate relative intensity
of Snf1-TAP (Snf1 protein level relative to WT), which was calculated by dividing the intensities of Snf1-TAP by the levels of G6PDH, and then normalizing the
ratio to that of wild type. B, glucose regulation of Snf1 Thr-210 phosphorylation. Lanes are from the same blot, but longer exposures are shown for ubp8�
ubp10� cells. Snf1-T210-P and Snf1–3HA were quantified using ImageJ. Values indicate the relative intensity of phosphorylated Snf1-Thr-210 divided by that
of Snf1 protein. 4% glucose (H, high); 0.05% glucose (L, low); 2% glucose (�G, �glucose). C, utilization of alternative carbon sources by the indicated strains.
Cells were adjusted to an A600 of 0.5, and 10-fold serial dilutions were spotted onto the indicated carbon sources. Plates were photographed after 3 days of
growth. D, survival curve of the indicated strains, with median replicative life spans. Values in parentheses are the number of cells tested. E, chronological
survival of the indicated strains expressing TAP-tagged Snf1. F, oxidative stress resistance of wild-type and the indicated mutants. The sgs1� mutant served as
a positive control in this experiment. G, Western blot analysis of the indicated mutant strains at exponential phase (log phase) and stationary phase (day 3). The
numbers indicate relative intensities of Snf1 phosphorylation, calculated as phosphorylation at Thr-210 of Snf1 divided by total Snf1 protein.
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Enhanced Phosphorylation of Snf1 Restores Its Protein Level
in ubp8� ubp10� Cells and Overcomes Chronological Aging
Stress—The above results suggest a novel feedback mechanism
that may coordinate the activity of Snf1 with its cellular protein
level (Fig. 3G). To test the hypothesis that Snf1 protein level can
also be altered in response to its phosphorylation status, we
deleted REG1 to impair Snf1 dephosphorylation (12, 13, 43, 44).
Surprisingly, although deletion of REG1 (encoding a dominant
phosphatase of Snf1) did not affect Snf1 phosphorylation in
ubp8� ubp10� cells (Fig. 4A, lanes 4 and 8), it restored Snf1
protein to wild-type levels (Fig. 4A, lanes 4 and 8), although
deletion of a different phosphatase, Sit4 (13), did not restore
Snf1 (data not shown). In addition, a mutation in SNF1 prevent-
ing phosphorylation at the activation loop (Snf1-T210A) inhib-
ited the restoration of the Snf1 protein level, whereas a phos-
phorylation mimetic allele (Snf1-T210D) restored the Snf1
level in ubp8� ubp10� cells (Fig. 4B, lanes 4, 8 and 12). Further-
more, regulation of Snf1 Thr-210 phosphorylation in reg1�

ubp8� ubp10� cells was similar to wild type, unlike that in
reg1� cells (Fig. 4C, lanes 7–12). Therefore, the Snf1 protein
level and its phosphorylation status are interconnected and
tightly regulated.

Subsequently, we investigated whether the restored level of
Snf1 in reg1� ubp8� ubp10� cells affects CLS. Indeed, REG1
deletion in ubp8� ubp10� cells extended the accelerated CLS
in reg1� cells (Fig. 4D). Consistently, we also observed that
reg1� ubp8� ubp10� cells were more resistant to extracellular
reactive oxygen species damage than reg1� cells (Fig. 4E).
Moreover, the activated form of Snf1 did not increase during
chronological aging in reg1� ubp8� ubp10� cells as compared
with ubp8� ubp10� cells, whereas reg1� cells, lacking Snf1
kinase regulation, exhibited defects in the stress response and
CLS (Fig. 4, D–F). These results suggest that the restoration of
Snf1 levels in reg1� ubp8� ubp10� cells may help overcome
CLS and extracellular oxidative stress. This indicates that the
newly identified feedback regulation of Snf1 activity may

FIGURE 4. Snf1 protein level can be restored by modulation of its phosphorylation status in the ubp8� ubp10� mutant. A, Western blot of the indicated
cells expressing TAP-tagged Snf1 and carrying REG1 or reg1�. Relative Snf1 protein levels were quantified as described in Fig. 1C. B, Western blot analysis of the
indicated strains expressing wild-type or phosphorylation-deficient alleles of Snf1 (Snf1, Snf1-T210A, or Snf1-T210D). Relative Snf1 protein levels were quan-
tified as described in Fig. 1C. C, immunoblot analysis of the indicated strains, as described in Fig. 3B. 4% glucose (H, high); 0.05% glucose (L, low); 2% glucose
(�G, �glucose). D, chronological survival of the indicated strains expressingTAP-tagged Snf1. Cells were photographed and arranged as in Fig. 3D. E, thermal
and oxidative stress resistance of wild-type and the indicated mutants. F, Western blot analysis of the indicated wild-type and mutant strains at exponential
phase (log phase) and stationary phase (day 3). The number indicates relative intensities of Snf1 phosphorylation as described in Fig. 3G.

Novel Feedback Loop of Snf1 Activity in Yeast

16792 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 290 • NUMBER 27 • JULY 3, 2015

 at N
ational T

aiw
an U

niv M
edical L

ibrary on July 16, 2019
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


involve a single loop, and that dynamic regulation of both pro-
tein and phosphorylation status of Snf1 is required for effective
running of the loop.

To further understand the role of Snf1 Thr-210 phosphory-
lation in feedback control of Snf1 activity, we took advantage of
two Snf1 alleles, Tyr-106 mutant (Snf1-Y106A) and Leu-198
mutant (Snf1-L198A), both of which relieve glucose-mediated
Snf1 Thr-210 dephosphorylation (22). As expected, both the
Tyr-106 and Leu-198 mutations increased Snf1 Thr-210 phos-
phorylation in glucose (Fig. 5A, lanes 3 and 5). Of particular
note, deletion of UBP8 and UBP10 reduced both protein levels
and Thr-210 phosphorylation of the Tyr-106 mutant, but only
the protein level of the Leu-198 mutant was reduced under
glucose culture conditions. Moreover, the regulation of Snf1
Thr-210 phosphorylation remained defective in the Leu-198
mutant but was restored in the Tyr-106 mutant, when com-
bined with deletion of UBP8 and UBP10 (Fig. 5B, lanes 7–18).
We proceeded to examine whether restoration of Snf1 Thr-210
phosphorylation in a Y106A ubp8� ubp10� triple mutant
affected growth on galactose or raffinose; as expected, the Tyr-
106 mutant grew better than the Leu-198 mutant on both galac-
tose and raffinose plates (Fig. 5C). These results are consistent
with a previous report that Snf1 function is not affected by the
Tyr-106 mutation but is disrupted by the Leu-198 mutation
(22). Collectively, these results suggest that the levels of Snf1
protein and phosphorylation are reciprocally regulated and
important for the adaptation of yeast to environmental stress.

Discussion

The regulation of Snf1 activity is a complex process (1). Pre-
vious evidence suggested that Snf1 can be SUMOylated, which
promotes the conjugation of ubiquitin for degradation. This
may in turn cause a decrease of Snf1 activity (18, 21). Our cur-
rent findings reveal a novel layer of regulation of Snf1 activity,
involving a feedback loop between Snf1 protein level and its
phosphorylation. This finely tuned mechanism may help pro-
tect against different stress conditions (Fig. 6).

In wild-type cells, the presence of normal levels of Snf1 pro-
tein mediates an inhibitory effect on Snf1 phosphorylation, and
its phosphorylation status in turn transmits a feedback signal
for maintaining the expression of Snf1 through an as yet
unidentified mechanism. We suggest that the Snf1 protein level
and its phosphorylation status are reciprocally regulated and
crucial for the adaptation of yeast to environmental stress (Fig.
6A). However, we observed that although the level of Snf1 pro-
tein is reduced in ubp8� ubp10� cells, Snf1 activity is only
mildly affected. The reason for this surprising result is that the
remaining Snf1 protein is hyper-phosphorylated, preserving
Snf1 function for protection under different stress conditions
(Figs. 3 and 6B). In addition, deletion of REG1 (which encodes a
phosphatase primarily responsible for Snf1 dephosphorylation)
elevates Snf1 protein in cells lacking Ubp8 and Ubp10, indicat-
ing that enhanced phosphorylation of Snf1 plays an important
role in feedback loop control of Snf1 protein level (Fig. 6C).

FIGURE 5. Feedback loop regulation between Snf1 protein level and its phosphorylation is blocked in the Snf1-L198A mutant, resulting in a decrease
of Snf1 activity. A, Western blot analysis of the indicated strains expressing wild-type and mutant alleles of Snf1 (Snf1, Snf1-Y106A, and Snf1-L198A) with or
without UBP8 and UBP10. B, glucose regulation of Snf1 phosphorylation was examined in snf1� or snf1� ubp8� ubp10� cells expressing Snf1 or its mutant
alleles (Y106A or L198A). 4% glucose (H, high); 0.05% glucose (L, low); 2% glucose (�G, �glucose). C, growth of the indicated mutants on SC-LEU plates plus 2%
glucose, galactose, or raffinose; plates were photographed after 3 days of growth.
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Thus, the dominant dephosphorylation activity of Reg1 main-
tains a low level of Snf1 phosphorylation, preventing transmis-
sion of the feedback signal. However, inappropriately elevated
Snf1 activity may be deleterious to cell growth (13, 44). Consis-
tent with this idea, the reg1� ubp8� ubp10� mutant may sense
elevated Snf1 activity and then transmit a signal to a Snf1 syn-
thesis mediator to restore Snf1 protein levels (Figs. 4A and 6C).
Once the Snf1 protein level is restored, Snf1 Thr-210 phosphor-
ylation may be sustained by a subordinate phosphatase, Sit4
(13); thus, the triple mutant cells are more resistant to chrono-
logical aging and oxidative stresses than reg1� cells (Figs. 4,
C–F, and 6C). In contrast, the Snf1-L198A allele may disrupt
the accessibility of Thr-210 in the Snf1 catalytic domain to pro-
tein phosphatases, thereby blocking feedback loop control (Fig.
6D).

What is the post-transcriptional mechanism behind the
decrease in Snf1 protein in ubp8� ubp10� cells? The transport
of newly synthesized mRNA from nucleus to cytoplasm may
involve the nuclear pore complex, which is conserved from

yeast to human (45, 46). Both Ubp8 and Ubp10 are primarily
localized to the nucleus (47). We propose that Ubp8 and Ubp10
may control Snf1 protein synthesis by targeting factors that
facilitate pre-mRNA processing and/or export. In S. cerevisiae,
many such factors are reported to be ubiquitylated (48), includ-
ing mRNA cap methyltransferase (Abd1), ATP-dependent
RNA helicases (Dbp1, Dbp3, Ded1, Prp43, Sub2, and Tif2),
mRNA transport factors (Gfd1 and Yra1), nuclear polyadenyl-
ated RNA-binding protein (Hrp1), pre-mRNA-processing fac-
tor (Prp39), and mRNA decay protein (Upf3). Ubp8 and Ubp10
may deubiquitylate some of these proteins, affecting mRNA
processing and export. There may be additional factors that
facilitate specific processing of Snf1 mRNA in response to cel-
lular energy levels, connecting Snf1 activity with its protein
synthesis.

Taken together, our findings reveal the existence of a single
feedback loop connecting Snf1 protein level and its phosphor-
ylation status. This provides new insight into the regulation of
Snf1 Thr-210 phosphorylation, which is notably correlated

FIGURE 6. Models for feedback loop regulation between the protein level of Snf1 and its phosphorylation in ubp8� ubp10� mutants. A, working model
for the interconnected regulation of Snf1 protein level and its phosphorylation status. In wild-type cells, normal levels of Snf1 protein exert an inhibitory effect
on Snf1 phosphorylation, and its phosphorylation status in turn transmits a feedback signal for maintaining the expression of Snf1. B, in the absence of both
Ubp8 and Ubp10, Snf1 synthesis is reduced. The reduced level of Snf1 promotes the hyperphosphorylation of Snf1 to counteract environmental stress. C,
constitutive activation of Snf1 kinase caused by loss of a dephosphorylation regulation factor, Reg1 (reg1�), restores the protein level of Snf1 via a feedback
loop mechanism; other phosphatases, such as Sit4, may facilitate regulation of Snf1 activity. D, dynamic feedback loop between Snf1 protein level and its
phosphorylation status may be disrupted in the Snf1-L198A mutant.
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with Reg1-Glc7 protein phosphatases. This dynamic modula-
tion of Snf1 is critical for adaptation to different environmental
stresses.
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