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The SNF1 protein kinase of Saccharomyces cerevisiae is a member
of the SNF1/AMP-activated protein kinase family, which is essential
for metabolic control, energy homeostasis, and stress responses in
eukaryotes. SNF1 is activated in response to glucose limitation by
phosphorylation of Thr210 on the activation loop of the catalytic
subunit Snf1. The SNF1 g-subunit contains a glycogen-binding do-
main that has been implicated in glucose inhibition of Snf1 Thr210
phosphorylation. To assess the role of glycogen, we examined Snf1
phosphorylation in strains with altered glycogen metabolism. A
reg1A mutant, lacking Reg1-Glc7 protein phosphatase 1, exhibits
elevated glycogen accumulation and phosphorylation of Snf1 dur-
ing growth on high levels of glucose. Unexpectedly, mutations that
abolished glycogen synthesis also restored Thr210 dephosphoryla-
tion in glucose-grown regiA cells, indicating that elevated glyco-
gen synthesis contributes to activation of SNF1 and that another
phosphatase acts on Snf1. We present evidence that Sit4, a type
2A-like protein phosphatase, contributes to dephosphorylation of
Snf1 Thr210. Finally, evidence that the effects of glycogen are not
mediated by binding to the g-subunit raises the possibility that
elevated glycogen synthesis alters glucose metabolism and there-
by reduces glucose signaling to the SNF1 pathway.
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he SNF1/AMP-activated protein kinase (AMPK) family is

conserved from yeast to mammals and is essential for meta-
bolic control and energy homeostasis (1, 2). The Saccharomyces
cerevisiae SNF1 protein kinase is required for adaptation to glu-
cose limitation and other stresses and for growth on carbon
sources that are less preferred than glucose; it is named for the
sucrose-nonfermenting phenotype of the snfl mutant (2). SNF1
regulates transcription of a large set of genes (3) and the activity of
metabolic enzymes involved in carbohydrate storage and fatty
acid metabolism (4-6).

Members of the SNF1/AMPK family are heterotrimers com-
posed of a catalytic a-subunit and regulatory - and y-subunits.
The kinase is activated by phosphorylation of the conserved Thr
residue in the activation loop of the catalytic subunit. In mammals,
AMP binds to the y-subunit (7, 8) and inhibits the dephosphory-
lation of the activation loop Thr (9). In S. cerevisiae, the y-subunit
of SNF1 has not been shown to bind nucleotide. Thr210 of the
Snfl catalytic subunit is phosphorylated in response to glucose
limitation and other stresses (10, 11) by the Snfl-activating kinases
Sakl, Tos3, and Elm1 (12-14). Regl-Glc7 protein phosphatase 1
(PP1), comprising the regulatory subunit Regl (15) and the cat-
alytic subunit GlIc7, has been implicated in dephosphorylation of
Thr210. Regl interacts physically with Snfl (16, 17), and analysis
of reglA mutants indicated that Regl is required for maintaining
Thr210 in the dephosphorylated state (10) and inhibiting SNF1
catalytic activity (18) during growth on high glucose. Studies
suggested that dephosphorylation of Thr210 in response to addi-
tion of glucose is regulated at the level of access of Regl-Glc7 to
the activation loop (19).
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S. cerevisiae encodes three alternate f-subunits, Sip1, Sip2, and
Gal83, that affect interactions with substrates (20, 21) and confer
specific subcellular localization of SNF1 (22). The p-subunits of
SNF1 and AMPK contain a glycogen-binding domain (GBD)
(23, 24) that is a member of the carbohydrate-binding module
family (25). For mammalian AMPK, it has been reported that, in
vitro, the binding of glycogen to the GBD inhibits the activity of
AMPK and its phosphorylation by activating kinases (26). The
GBD sequence is conserved in Gal83 and Sip2, except for sub-
stitution of a highly conserved aromatic residue with Leu, but is
less conserved in Sipl (23, 25). In vitro, Gal83 is able to bind
glycogen, whereas Sip2 does so weakly (23). Glycogen is a major
storage carbohydrate, and in glucose-grown cultures, glycogen is
synthesized during late exponential phase dependent on SNF1
activity (4, 27) and is used after cells enter stationary phase (28).
Deletion of the GBD from Gal83 relieved glucose inhibition of
SNF1; in cells expressing Gal83AGBD as the only p-subunit,
Snfl Thr210 was highly phosphorylated during exponential
growth on high levels of glucose (29). This phenotype most likely
results from the absence of the GBD rather than loss of glycogen
binding, because glycogen is low under these growth conditions,
and cells with WT Gal83 but lacking glycogen synthase showed
normal regulation of SNF1 (29). However, we considered the
possibility that, under conditions when glycogen levels are high,
the binding of glycogen could displace the GBD relative to the
SNF1 heterotrimer, thereby relieving inhibition; according to
this view, deletion of the GBD would mimic displacement.

To assess the role of glycogen in regulation of SNF1, we ex-
amined strains with altered glycogen metabolism, including the
regl A mutant, which exhibits elevated glycogen accumulation (15,
30, 31). Unexpectedly, we found that abolishing glycogen synthesis
in the reglA mutant restored dephosphorylation of Snfl Thr210
during exponential growth on high levels of glucose. These findings
implicate glycogen synthesis in regulation of SNF1 and indicate
that Regl-Glc7 phosphatase is not solely responsible for dephos-
phorylation of Thr210. We present evidence for a role of Sit4, a
type 2A-like protein phosphatase, in the regulation of SNF1.

Results

Genetic Alterations of Glycogen Metabolism Do Not Affect Snf1
Thr210 Phosphorylation. We first examined the regulation of Snfl
Thr210 phosphorylation in cells with elevated glycogen levels during
exponential growth in glucose. Mutants lacking the degradative
enzymes glycogen phosphorylase (Gphl) or glycogen debranching
enzyme (Gdbl) and cells overexpressing glycogen synthase Gsy2
accumulated glycogen (Fig. 1 A and C). For assays of Thr210
phosphorylation, cells were grown in 2% glucose and collected by

Author contributions: A.R. and M.C. designed research; A.R. and X.X. performed research;
A.R. and M.C. analyzed data; and A.R. and M.C. wrote the paper.

The authors declare no conflict of interest.

To whom correspondence may be addressed. E-mail: mbc1@columbia.edu.

PNAS | April 19,2011 | vol. 108 | no.16 | 6349-6354

n
=
=
w
=
]
o



mailto:mbc1@columbia.edu
www.pnas.org/cgi/doi/10.1073/pnas.1102758108

L T

z

D\

>

5o 15
g3 10
2’0(03 5 H
o~ oL, . SR I o I : : :
2 WT gph1 gdbt WT glg1,2 gsy1,2 glc3
B WT gpht gdbt WT glg1,2 gsy1,2 glc3
HLHL HL HL HL L HL
pT210 4 " = - o o=
Snf1 — i ——— ——— —— — —
C D vector pGSY2
o dox - + - +
oy LHL HLHL
884 PT210 ~ B - - -
B- & Snfl - ———— -
-
0
vector pGSY2  Gsy2

Fig. 1. Regulation of Snf1 Thr210 phosphorylation in strains with altered
glycogen metabolism. (A and B) Strains were WT and mutants, as indicated, in
the W303 (Left) or BY4741 genetic background (Right); similar results were
obtained for all mutants in both genetic backgrounds. (A) Glycogen content
was determined. Values are averages of six determinations (bars show SD). (B)
Cells were grown in SC plus 2% (H, high) glucose, and an aliquot of the
culture was collected by rapid filtration. Another aliquot was collected,
resuspended in SC plus 0.05% (L, low) glucose for 10 min, and collected.
Extracts were prepared, and proteins (10 pg) were analyzed by immuno-
blotting with antiphospho-Thr-172-AMPK antibody to detect phosphoryla-
tion on Thr210 of Snf1 (pT210). Lower exposure did not reveal differences in
phosphorylation in low glucose. Membranes were reprobed with anti-
polyhistidine antibody to detect Snf1. (Cand D) W303-1A cells carrying vector
pCM252 or pGSY2 expressing Gsy2-3xHA from the doxycycline-inducible
tetO; promoter (57) were grown overnight in selective SC plus 2% glucose,
diluted in fresh media to an ODggo 0f 0.2 in the presence (+) or the absence (-)
of 2 pg/mL doxycycline (dox), and grown for 6 h. Control cultures were treated
with the drug vehicle (ethanol). Similar results were obtained with induction
times up to 16 h. (C) Glycogen content was determined for induced cultures as
above. (D) Aliquots were collected for analysis of phosphorylated Thr210
(pT210) and Snf1. Gsy2-3xHA was detected with 12CA5 antibody.

rapid filtration to preserve the phosphorylation state of Snfl, and an
aliquot was subjected to glucose depletion by resuspension in 0.05%
glucose for 10 min. Extracts were prepared, and phosphorylation
was assayed by immunoblot analysis. In all cases, Thr210 was
dephosphorylated in glucose-grown cells and became phosphory-
lated in response to glucose limitation (Fig. 1 B and D), indicating
that the accumulation of glycogen to the levels achieved in these
cells had no effect. Glycogen-deficient mutants lacking the self-
glucosylating initiator proteins Glgl and Glg2, the glycogen syn-
thases Gsyl and Gsy2, or the branching enzyme Glc3 also showed
normal regulation of Thr210 phosphorylation (Fig. 1 4 and B).

Abolishing Glycogen Synthesis Restores Dephosphorylation of Thr210
in the reg1A Mutant. The reg/A mutant, lacking Regl1-Glc7 PP1,
exhibits constitutive phosphorylation and activation of SNF1 (10,
18) and accumulates glycogen (15, 30, 31) (Fig. 24). To explore
effects of the associated glycogen accumulation on the defect in
regulation of SNF1, we examined the reg/A mutant and several
glycogen-deficient derivatives. During exponential growth on 2%
glucose, the reglA mutant exhibited highly elevated glycogen
accumulation (Fig. 24), with levels similar to those of WT cells in
stationary phase (48 pg glycogen/10® cells), and phosphorylation of
Thr210 was elevated relative to the amount of Snfl protein (Fig. 2B).
Surprisingly, reglA glglA glg2A, reglA gsylA gsy2A, and reglA glc3A
mutant cells exhibited normal glucose inhibition of Snfl Thr210
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Fig. 2. Mutations abolishing glycogen synthesis restore glucose inhibition of
Snf1in reg1A cells. Strains were W303 derivatives; the reg1 allele was reg7A::
HIS3 or for studies of the effects of glc3, reg1A::URA3. (A) Glycogen content
was determined as in Fig. 1A. (B) Immunoblot analysis of phosphorylated
Thr210 and Snf1 as in Fig. 1B. Values indicate relative intensity of the bands
corresponding to phosphorylated Snf1-Thr210 and total Snf1 protein (pT210/
Snf1). (C) Cells were grown overnight in YEP plus 2% glucose and spotted
with serial fivefold dilutions on solid YEP containing 2% glucose (Glu), 2%
sucrose (Suc), or 2% sucrose plus 200 pug/mL 2-deoxy-D-glucose (Suc+2DG).
Plates were incubated at 30 °C for 2 or 3 d (Suc+2DG) and photographed.

phosphorylation (Fig. 2B), indicating that, in the absence of glyco-
gen synthesis, Reg1-GIc7 is not required to maintain Snfl Thr210
in the dephosphorylated state. Glycogen deficiency also suppressed
other reglA mutant phenotypes, including slow growth on glucose
and resistance to the glucose analog 2-deoxyglucose, which inhibits
SNF1 in glucose-limited cells (32) (Fig. 2C). These findings suggest
that another phosphatase can dephosphorylate Thr210.

Reg1-Glc7 Contributes to Dephosphorylation of Activated Snf1 in
Response to Increased Glucose Availability. The addition of glucose
to glucose-depleted cells results in the rapid dephosphorylation
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Fig. 3. Reg1 is required for Snf1 dephosphorylation in response to glucose
replenishment. Strains were as in Fig. 2. (A) Inmunoblot analysis was as in
Fig. 1B except that, after cells were resuspended in SC plus 0.05% glucose for
10 min, an aliquot was incubated in SC plus 2% glucose (+G) for 15 min and
collected. Values indicate relative intensity of the bands corresponding to
phosphorylated Snf1-Thr210 and total Snf1 protein (pT210/Snf1). (B) Cells
were grown to midlog phase in SC plus 2% glycerol and 3% ethanol (GE); an
aliquot was shifted to SC plus 2% glucose for 15 min (G). Cells were collected
and analyzed as above.

and inactivation of Snfl, thereby facilitating adaptation to this
environmental change. To address the role of Regl-Glc7 in this
process, we grew cells on 2% glucose, shifted to 0.05% glucose
for 10 min, and then restored glucose to 2% for 15 min. Re-
plenishment of glucose resulted in rapid and complete de-
phosphorylation of Thr210 in WT and glc3A cells but not regl/A
cells; partial dephosphorylation occurred in reglA glc3A cells
(Fig. 34). We further examined cells growing exponentially in
2% glycerol plus 3% ethanol, the use of which requires SNF1
activity. Thr210 was phosphorylated in all cultures; WT and
reglA cells contained 26 and 30 pg glycogen/10® cells, respec-
tively. When cells were shifted to 2% glucose for 15 min, Thr210
was dephosphorylated in WT and glc3A cells but remained highly
phosphorylated in regl/A cells and partially phosphorylated in
reglA glc3A cells (Fig. 3B). Thus, regardless of the cell’s capa-
bility for glycogen synthesis, Reg1-Glc7 clearly contributed to the
rapid dephosphorylation of Snf1 in response to increased glucose
availability. However, in reglA glc3A cells, it was apparent that
another phosphatase also contributes.

Sit4 Phosphatase Has a Role in Dephosphorylation of Thr210. We next
assessed the involvement of other protein phosphatases in
maintaining Snfl Thr210 in the dephosphorylated state during
growth in glucose. PP2A and PP2Ca dephosphorylate the corre-
sponding Thr of mammalian AMPK in vitro (9, 33-35), Ppm1E
and PP1-R6 have been implicated in mammalian cells (36, 37),
and mammalian PP2A inactivates SNF1 in vitro (6). The PP2C
family in S. cerevisiae includes seven members (Ptcl to Ptc7); Ptcl
is the most closely related to Ppml1E. The seven single ptcA
mutants and the triple ptcIA ptc2A ptc3A mutant (38) showed
normal regulation of Thr210 phosphorylation during growth in
glucose and in response to glucose depletion. PP2A comprises
a catalytic subunit (Pph21 or Pph22), a regulatory subunit (Rts1 or
Cdc55), and a scaffold subunit (Tpd3); we found no defect in
Pph21A pph22A, rts1A cdc554, or tpd3A mutants.

We then examined mutants of the BY4741 background car-
rying deletions of additional genes encoding nonessential cata-
Iytic or regulatory subunits of protein phosphatases: bni4, budli4,
finl, gacl, gipl, gip2, glc8, mhpl, pigl, pig2, redl, ref2, reg2, shpl,
slal, ppzl, ppz2, sal6, pph3, psy2, psy4, ppgl, sit4, sap4, sapl55,
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Fig. 4. Effects of sit4A on Snf1 regulation. Strains carried the indicated
mutations introduced into strain CY4029 (W303-1A SSD71-v1); the SSD1-v1
allele is essential for viability of W303 sit44 mutants (41). (A) Cells were
collected and analyzed as in Fig. 3A. (B) Glycogen content was determined as
above. Similar results were obtained with the BY4741 sit4A mutant. (C) Sit4-
TAP was expressed from the genomic locus of snf1A SIT4-TAP cells, and Snf1-
3xHA was expressed from the native promoter on centromeric plasmid
pYL225 or multicopy (2p) plasmid pYL230, derivatives of vectors pRS316 (58)
and pRS426 (59), respectively. Cells carrying pRS426 (V) served as control.
Cells were grown to midlog phase in SC plus 2% glucose (H), and an aliquot
was shifted to 0.05% glucose for 10 (L10) or 30 min (L30). Extracts were
prepared, Sit4-TAP was isolated, and copurifying proteins were analyzed by
immunoblotting, as described in Materials and Methods. TAP-purified pro-
teins were recovered from 200 pg cell extract. Input was 5 pg cell extract.

sapl85, sap190, cnbl, pptl, ptpl, ptp2, ptp3, mihl, lipl, siwl4,
tepl, ymrl, dbf2, ppsl, yvhl, msg5, and sdpl. The sit4A mutant
was the only one of this set that showed elevated Thr210 phos-
phorylation during growth on 2% glucose (Fig. 44).

Sit4 is a PP2A-like phosphatase that functions in the mitotic
G1/S transition (39) and is involved in the target of rapamycin
(TOR) pathway (40). Further analysis of the sit4A mutant showed
that phosphorylation of Thr210 increased on glucose depletion,
and subsequent glucose replenishment resulted in partial de-
phosphorylation (Fig. 44). Sit4 associates with four noncatalytic
subunits that are nonessential, Sap4, Sap155, Sap185, and Sap190
(41), and the cognate quadruple deletion mutant exhibited a de-
fect in dephosphorylation of Thr210 similar to that of the sit4A
mutant. Sit4 is involved in the control of glycogen metabolism
(42, 43), and sit4A cells accumulated modest levels of glycogen
during exponential growth in glucose (Fig. 4B). Analysis of sit44
glc3A cells showed that the absence of glycogen synthesis restored
dephosphorylation of Thr210 in glucose-grown cells but did not
abrogate the defect observed on glucose replenishment (Fig. 44),
which was also the case for reglA glc3A cells. These findings in-
dicate that Sit4, like Regl-Glc7, contributes to the rapid de-
phosphorylation of Thr210 in response to increased glucose
availability, and they raise the possibility that Regl-Glc7 and
Sit4 are together responsible for dephosphorylating Thr210 in

PNAS | April 19,2011 | vol. 108 | no.16 | 6351

GENETICS



A gsy1,2
gsyl,2 sip2 sip2
gal83 gal83 gal83 gal83 snf1

REG1: WT A WTA WTA WT A WT
HHHHHHHHH
~- -
—————— —

1.2 3 4 5 6 7 8 9

pT210
Snf1

B BA reg1A BA
Galg3: WT W184AW184A WT
HL HL

HL HL

pr2r0 [
st |

Fig. 5. Regulation of Snf1 Thr210 phosphorylation in the presence of dif-
ferent p-subunits. Cells were grown in SC plus 2% glucose (H) or shifted to
0.05% glucose (L) and collected for immunoblot analysis of phosphorylated
Thr210 and Snf1. (A) Strains were derivatives of W303 carrying REGT (WT) or
reg1A (A). (B) Gal83 (WT) and its derivative Gal83W184A were expressed as
fusions to GFP from the native promoter on a centromeric plasmid (22) in
gal83A sip1A sip2A (BA) or reg1A gal83A sip1A sip2A (reg1A pA) cells. All lanes
are from the same blot.

glucose-grown cells. The regl A sit4A and regl A sit4A glc3A mutants
are inviable.

Previous studies detected physical interaction of Regl with Snfl
(16, 17). To assess the association of Sit4 with Snfl, we expressed
HA-tagged Snfl from its native promoter on a centromeric or
multicopy plasmid in a snflA strain expressing tandem affinity
purification (TAP)-tagged (44) Sit4 from the genomic SIT4-TAP
locus. Extracts were prepared from cultures grown under different
conditions, and Sit4-TAP was purified. The copurifying proteins
were resolved by SDS/PAGE and analyzed by immunoblotting.
Copurification of Snfl-HA with Sit4-TAP was barely detectable
when Snf1-HA was expressed from the centromeric plasmid, but it
was clearly evident when Snfl-HA was expressed at higher levels
(Fig. 4C). This evidence for physical association is consistent with
the idea that Sit4 directly dephosphorylates Thr210.

reg1A Affects Regulation of SNF1 Containing Different GBDs. Having
initiated this work because deletion of the GBD from Gal§3
relieves glucose inhibition of SNF1, we returned to the possibility
that, in regl/A cells, the binding of glycogen displaces the GBD
relative to the SNF1 heterotrimer, thereby affecting Thr210
phosphorylation. The GBD of Gal83, the major f-subunit in
glucose-grown cells (22, 45), bound glycogen in vitro, whereas the
Sip2 GBD bound glycogen much less strongly, and the GBD is
not well-conserved in Sip1 (23). To assess the role of the GBD, we
examined the effects of reg/A in cells expressing only Sipl and
Sip2 (gal83A) or only Sipl (gal83A sip2A). In both cases, reglA
caused phosphorylation of Thr210 in glucose-grown cells (Fig. 54,
compare lanes 1 and 2 and lanes 5 and 6), and introduction of
gsy1A gsy2A restored dephosphorylation (Fig. 54, lanes 4 and 8).
The reglA and gsylA gsy2A mutations also affected 2-deoxyglucose
resistance, as in Fig. 2C, regardless of the f-subunit present.

We also examined the effect of reglA in cells expressing
Gal83W184A in which Ala is substituted for Trp184, which is
highly conserved in carbohydrate-binding modules (25). Sub-
stitution of the analogous residue of the GBD of mammalian
AMPK, Trp100, abolished binding to glycogen, and the crystal
structure of AMPK GBD with bound f-cyclodextrin identified
Trp100 as a key residue (24, 46). Previous studies showed that
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Fig. 6. Model for the roles of Reg1-Glc7 and Sit4 in regulation of Snf1 phos-
phorylation during growth on high glucose. Reg1-Glc7 and Sit4 indepen-
dently dephosphorylate Snf1 (arrows). The high glucose signal promotes
dephosphorylation (arrow), possibly by promoting access of phosphatases to
Snf1 Thr210 or by direct regulation of phosphatases. Reg1-Glc7 and Sit4 also
inhibit (bars) glycogen synthesis; other mechanisms controlling glycogen syn-
thesis are not shown. Elevated glycogen synthesis during growth on high
glucose inhibits dephosphorylation of Snfl Thr210; dashed lines indicate
that possible mechanisms include direct inhibition of dephosphorylation and
down-regulation of the glucose signal. In the absence of one of the phospha-
tases, increased glycogen synthesis inhibits dephosphorylation by the remain-
ing phosphatase. If glycogen synthesis is abolished, the function of the
remaining phosphatase is sufficient for dephosphorylation of Thr210.

the GBD of Gal83W184A,R214Q did not bind glycogen in vitro
(23). In glucose-grown reglA gal83A siplA sip2A (reglA pA) cells,
Thr210 phosphorylation was elevated to the same extent in cells
expressing WT Gal83 or Gal83W184A (Fig. 5B). Together, these
findings suggest that the effect of reg/A on Thr210 phosphory-
lation does not depend on glycogen binding to the GBD.

Discussion

Previous evidence that the GBD of the p-subunit Gal83 is required
for glucose inhibition of SNF1 led us to assess the role of glycogen
in regulation of SNF1. Analysis of the reg/A mutant, which exhibits
both elevated glycogen accumulation and elevated Snfl Thr210
phosphorylation during growth on high levels of glucose, gave an
unexpected result. Mutations that abolished glycogen synthesis
restored dephosphorylation of Snfl Thr210, indicating that ele-
vated glycogen synthesis has a role in the phosphorylation of Snfl
in glucose-grown reglA cells and that Regl-Glc7 PP1 cannot be
solely responsible for dephosphorylation of Snfl.

We present evidence that the PP2A-related phosphatase Sit4
also contributes to the dephosphorylation of Snfl. The sit4A
mutant similarly exhibited Thr210 phosphorylation and elevated
glycogen accumulation during growth on high glucose, and abol-
ishing glycogen synthesis similarly restored dephosphorylation. In
glucose-depleted sit4A cells, the rapid dephosphorylation of ac-
tivated Snfl in response to glucose replenishment was impaired.
We also show that Sit4, like Regl, is physically associated with
Snf1, consistent with a direct role in dephosphorylation. The sit4A
reglA and sit4A reglA glc3A mutants are inviable, but we have
found that introduction of snflA restores viability. The simple
model is that Regl-Glc7 and Sit4 are together responsible for
dephosphorylation of Thr210 (Fig. 6).

It is possible that other phosphatases contribute to regulation
of SNF1, perhaps under different growth conditions. Analysis of
mutants lacking nonessential catalytic and regulatory subunits did
not identify another phosphatase that plays a role in the inhibition
of SNF1 during growth on high levels of glucose; however, such an
activity could be encoded by multiple genes with overlapping func-
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tions or by an essential gene. Mass spectrometric analysis identified
Snfl as a kinase associated with the cell cycle phosphatase Cdc14
(47); in preliminary experiments, we did not detect phosphorylation
of Snfl Thr210 after growth of the temperature-sensitive cdc4-3
mutant (48) at restrictive temperature on high levels of glucose or
after glucose depletion and replenishment.

Elevated glycogen synthesis is critical for the activation of SNF1
in reglA and sit4A cells during growth on high glucose. However,
elevated glycogen synthesis alone does not suffice, because over-
expression of glycogen synthase in WT cells, containing both Regl-
Glc7 and Sit4, resulted in glycogen accumulation to a level twofold
that of the sit4A mutant but did not cause Thr210 phosphorylation
during growth on high glucose. We suggest that, in the absence of
one of the phosphatases, increased glycogen synthesis inhibits
dephosphorylation by the other phosphatase, whereas if glycogen
synthesis is abolished, the function of the remaining phosphatase
is sufficient for dephosphorylation (Fig. 6).

What is the role of glycogen in regulation of SNF1? Studies of
SNF1 containing Sip1, Sip2, or Gal83W184A do not support the
idea that glycogen binding regulates phosphorylation of SNF1 in
vivo. We note that the SNF1 B-subunits carry a Leu substitution
for a highly conserved aromatic residue in the putative glycogen-
binding site (25, 46), raising the possibility that, in vivo, none of
these subunits binds glycogen. Together with previous evidence
(29, 49), the present findings suggest that the GBD contributes to
glucose inhibition of SNF1 through its interaction with the rest of
the SNF1 heterotrimer rather than through binding glycogen,
although it remains possible that the GBD binds other carbo-
hydrates. A direct effect of glycogen on the phosphatases has not
been excluded.

We suggest that elevated glycogen synthesisinreglA andsit4A cells
promotes activation of SNF1 through its effects on glucose metab-
olism. Altered glucose metabolism may reduce glucose signaling
to the SNF1 pathway. We propose that the absence of either Regl-
Glc7 or Sit4 phosphatase, in combination with decreased glucose
signaling, impairs dephosphorylation of Snfl Thr210 (Fig. 6).

Materials and Methods

Strains and Genetic Methods. S. cerevisiae strains had the W303-1A (MATa
ade2 can1 his3 leu2 trp1 ura3) or BY4741 (MATa his3 leu2 met15 ura3) genetic
background. The alleles reg7A::HIS3 (16), reg1A::URA3 (15), snf1A::LEU2 (50),
sip1A::kanMX6, sip2A::kanMX4, gal83A::TRP1 (23), snflA:KanMX4, glglA:
KanMX4, gsylA:KanMX4, gcl3A:KanMX4, gphlA:KanMX4, and gdbiA:
KanMX4 (51) have been described. To construct gsy2A::LEU2 and glg2A::
URA3, we replaced the KanMX4 marker in the cognate alleles (Open Bio-
systems) as described (52). To construct sit4A::nat1, we replaced the 0.7-kb
Xbal-Smal fragment of S/IT4. The above alleles were introduced into the W303
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background. Derivatives of BY4741 with KanMX4-marked deletions of genes
affecting glycogen metabolism and genes encoding phosphatase subunits
were obtained from Open Biosystems or constructed in this laboratory unless
otherwise noted. We introduced snf14::KanMX4 into strain BY4741 SIT4-TAP
(Open Biosystems). Standard methods for genetic analysis and transforma-
tion were used. Yeast cultures were grown in rich yeast extract peptone (YEP)
or synthetic complete (SC) medium lacking appropriate supplements to select
for plasmids (53).

Preparation of Cell Extracts and Imnmunoblot Analysis of Snf1 Phosphorylation.
Cultures were grown to exponential phase (ODggo of 0.6-0.8) in SC medium
containing 2% glucose. Cells (100 mL) were harvested by rapid filtration and
immediately frozen in liquid nitrogen or resuspended in 0.05% glucose for
10 min and collected. For some experiments, after incubation in 0.05%
glucose, an aliquot of cells was incubated in 2% glucose for 15 min and
collected. Extracts were prepared by vortexing cells with glass beads 20 times
for 10 s in 50 mM Tris-HCl, pH 7.5, 50 mM NaF, 5 mM sodium pyrophosphate,
1 mM EDTA, 0.5% Triton X-100, 10% (vol/vol) glycerol, 1 mM DTT, 0.2 mM
phenylmethylsulfonyl fluoride, and complete protease inhibitor mixture
(Roche), and protein concentrations were determined by Bio-Rad assay.
Proteins (10 pg) were separated on 7.5% SDS/PAGE and analyzed by im-
munoblotting using antiphospho-Thr-172-AMPK antibody (Cell Signaling
Technologies). Membranes were incubated in 0.2 M glycine, pH 2, for 10 min
and reprobed with antipolyhistidine antibody (Sigma) to detect Snf1, which
contains polyhistidine. Antibodies were detected by enhanced chem-
iluminescence using ECLPlus (GE Healthcare). Intensity of the bands was
quantified using ImagelJ software from National Institutes of Health (54).

Purification of Sit4-TAP and Immunoblot Analysis. Cells were collected, and
extracts were prepared as above except that the extraction buffer contained
150 mM Nadl. Cell extract (1 mg) was incubated with 10 pL protein G
Sepharose 4 Fast Flow (GE Healthcare) in 1 mL extraction buffer at 4 °C for
3 h. Beads were washed three times with 1 mL extraction buffer, and pro-
teins were eluted by boiling in 50 pL 2x SDS/PAGE loading dye. Proteins were
subjected to immunoblot analysis, as above, using 12CA5 antibody (Roche)
to detect Snf1-3xHA and P1291 antibody (Sigma) to detect Sit4-TAP.

Determination of Glycogen Content. Cultures were grown to exponential
phase in SC plus 2% glucose, and cells (10 mL) were harvested by centrifu-
gation. Assays of cellular glycogen content were performed as described (55)
with minor modifications using 6.7 U/mL Aspergillus niger amyloglucosidase
(catalog number A-7420; Sigma). The amount of glucose released was
quantified using the glucose oxidase reaction (56).
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