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The SNF1/AMP-activated protein kinase (AMPK) family is
required for adaptation to metabolic stress and energy homeo-
stasis. The y subunit of AMPK binds AMP and ATP, and muta-
tions that affect binding cause human disease. We have here
addressed the role of the Snf4 () subunit in regulating SNF1
protein kinase in response to glucose availability in Saccharo-
myces cerevisiae. Previous studies of mutant cells lacking Snf4
suggested that Snf4 counteracts autoinhibition by the C-termi-
nal sequence of the Snfl catalytic subunit but is dispensable for
glucose regulation, and AMP does not activate SNF1 in vitro.
We first introduced substitutions at sites that, in AMPK, con-
tribute to nucleotide binding and regulation. Mutations at sev-
eral sites relieved glucose inhibition of SNF1, as judged by cata-
Iytic activity, phosphorylation of the activation-loop Thr-210,
and growth assays, although analogs of the severe human muta-
tions R531G/Q had little effect. We further showed that alter-
ations of Snf4 residues that interact with the glycogen-binding
domain (GBD) of the 8 subunit strongly relieved glucose inhibi-
tion. Finally, substitutions in the GBD of the Gal83 3 subunit
that are predicted to disrupt interactions with Snf4 and also
complete deletion of the GBD similarly relieved glucose inhibi-
tion of SNF1. Analysis of mutant cells lacking glycogen synthase
showed that regulation of SNF1 is normal in the absence of gly-
cogen. These findings reveal novel roles for Snf4 and the GBD in
regulation of SNF1.

The SNF1/AMP-activated protein kinase (AMPK)® family
plays a central role in responses to metabolic stress and regula-
tion of energy homeostasis in eukaryotes (1, 2). In mammals,
AMPK regulates many metabolic processes, notably glucose
and lipid metabolism, and controls transcription and protein
synthesis to maintain energy balance. AMPK is activated by
hormones and by stresses that deplete cellular ATP, thereby
elevating the AMP:ATP ratio, and in humans, it is a target of
drugs used in treatment of type 2 diabetes. AMPK is a hetero-
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trimer comprising the catalytic a subunit and two regulatory
subunits, B and vy, which exist as different isoforms (a1, a2, 81,
B2, v1, y2, and y3). The kinase is activated by phosphorylation
on Thr-172 in the activation loop of the « subunit by upstream
kinases, including LKB1 (3-6), Ca®>"/calmodulin-dependent
protein kinase kinase (7-10), and possibly TAK1 (11). AMP
activates AMPK allosterically, inhibits dephosphorylation, and
may enhance phosphorylation, whereas ATP is inhibitory (4,
12-16).

The effects of nucleotides are mediated by the y subunit,
which comprises four cystathionine 3-synthase (CBS) repeats
(17) (Fig. 1). CBS repeats occur in a variety of proteins as tan-
dem pairs, termed Bateman domains (18), and bind adenosine
derivatives (19). Biochemical studies suggested that each y sub-
unit can bind two AMP or ATP molecules (19). Crystallo-
graphic analysis of a partial heterotrimer of rat AMPK, com-
prising the C-terminal domains of a1 and 32 and the complete
v1 subunit, revealed three nucleotide-binding sites, one of
which contained tightly bound, nonexchangeable AMP (20).
The first identification of a -y subunit mutation was the substi-
tution R200Q in y3 of pig, which increases glycogen levels in
skeletal muscle (21). In humans, mutations in the y2 subunit
cause cardiac hypertrophy, glycogen accumulation, and ven-
tricular pre-excitation associated with Wolff-Parkinson-White
syndrome (19, 22-26). Such mutations decrease the affinity of
the y subunit for AMP and ATP, reduce allosteric AMP activa-
tion, and despite some controversy, appear to increase the basal
phosphorylation and activity of AMPK in cells expressing LKB1
(18, 19, 26 —28). Many of the altered residues are located close
to nucleotide-binding sites in the mammalian enzyme struc-
ture (20).

Structural analysis of AMPK from the fission yeast Schizo-
saccharomyces pombe suggested that the ability of the y subunit
to bind nucleotide is broadly conserved (29, 30). The crystal
structure of a partial heterotrimeric AMPK, lacking the cata-
lytic domain, defined a binding site for AMP and ATP in the
C-terminal Bateman domain of the y subunit (29). This site
corresponds to the site in the mammalian enzyme that contains
nonexchangeable AMP and is not involved in AMP/ATP sens-
ing (20). Additional studies of the S. pombe partial heterotrimer
revealed a binding site for ADP in the N-terminal Bateman
domain (30). However, S. pombe AMPK has not been well char-
acterized genetically or biochemically, and it is not known
whether it is regulated by nucleotides.

In the budding yeast Saccharomyces cerevisiae, SNF1 protein
kinase is the ortholog of AMPK (for review, see Ref. 31). SNF1 is
required for the adaptation of cells to metabolic stress, notably
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FIGURE 1. Sequence alignment of CBS motifs of Snf4 and human AMPK 1, y2, and /3 subunits. Equivalent amino acid residues in the four CBS motifs are
aligned vertically. Identical residues within each CBS motif are shaded black. Residues altered by mutation are indicated, with those in the -y subunits labeled

as such, and marked (arrows). The residues are indicated by single-letter code.

carbon stress (32), but also starvation for other nutrients (33—
35) and various environmental stresses (36—40). Carbon
metabolism is particularly important for yeast, and SNF1 is
required for the adaptation of yeast cells to glucose limitation
and for growth on carbon sources that are less preferred than
glucose; the initial snfl mutation was named for the sucrose-
nonfermenting phenotype (41). The kinase is required to acti-
vate transcription of genes involved in the metabolism of
sucrose and other carbon sources (42, 43); it is not required for
growth on glucose, which inhibits its activity. In addition to
regulating transcription, SNF1 controls the activity of meta-
bolic enzymes involved in fatty acid metabolism and carbohy-
drate storage (44 —46).

Like other members of the AMPK family, SNF1 protein
kinase is heterotrimeric, comprising the Snfl catalytic («) sub-
unit, one of three 3 subunit isoforms (Gal83, Sip1, or Sip2), and
the Snf4 () subunit. Snfl is phosphorylated on Thr-210 in the
activation loop by the upstream kinases Sak1l, Tos3, and Elm1
(3,47, 48) and is dephosphorylated by Reg1-Glc7 protein phos-
phatase 1 (49, 50). SNF1 is activated by glucose limitation (46,
50-52), but the regulatory signal(s) is not known. Acute glu-
cose limitation depletes ATP and elevates the AMP:ATP ratio
(51), but AMP does not allosterically activate SNF1 in vitro (45,
46, 51). The possibility remains that AMP or ATP controls
SNF1 activity in vivo.

The B subunits control subcellular localization of SNF1 (53)
and interactions with substrates (54). Gal83 is the major iso-
form during growth on glucose (53) and contributes the most to
SNF1 activity in response to acute glucose limitation (55).
Gal83 and Sip2 contain a conserved glycogen-binding domain
(GBD) and bind glycogen in vitro (56).

The Snf4 subunit, like mammalian -y subunits, consists of
four CBS repeats (Fig. 1). Snf4 interacts directly with Snfl and
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the B subunits (52,57, 58) and is important for SNF1 function in
vivo and in vitro; very little catalytic activity is detected in snf4
mutant cells, which exhibit a phenotype similar to that of sufl
cells (46, 59, 60). In contrast, Snf4 is not required for function of
the truncated Snf1 catalytic domain (residues 1-309) (61) or of
Snfl lacking residues 381488 (62), and Snf4 interacts directly
with the C terminus of Snfl (52, 58), suggesting that Snf4 coun-
teracts autoinhibition by a C-terminal autoinhibitory sequence.
However, several lines of evidence indicated that Snf4 is dispen-
sable for glucose regulation. Various Snf4-independent mutant
Snfl proteins conferred glucose-regulated gene expression in
the absence of Snf4 function (52, 61, 62), and the phosphoryla-
tion of Thr-210 on full-length Snfl remained glucose-regulated
in snf4A mutants (50, 63). These data indicate that at least one
glucose regulatory mechanism operates independent of Snf4.
The question remains: does Snf4 have any direct role in medi-
ating regulatory signals?

Structural analysis has not yet resolved the issue of whether
Snf4 binds nucleotide. The crystal structure of the C-terminal
Bateman (Bateman2) domain revealed a dimer with a pocket at
its center, and residues corresponding to those altered by dis-
ease-causing mutations were located near this pocket (64). The
structure of a partial heterotrimer of SNF1, containing C-ter-
minal fragments of Snfl and Sip2 and full-length Snf4, was
reported (58). This structure lacked bound nucleotide,
although AMP was included in the crystallization solution, and
comparison with the S. pombe structure revealed side chain
differences in Snf4 that would interfere with AMP binding;
however, another crystal appeared to have AMP bound to Snf4
at a similar position as in the S. pombe subunit (58).

In this study, we used genetic analysis to address the regula-
tory role of Snf4. We first introduced substitutions at sites that,
in mammalian vy subunits, contribute to nucleotide binding,
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including alterations analogous to those causing human dis-
ease, and assayed the effects of each mutant Snf4 protein on
regulation of Thr-210 phosphorylation and activity of SNF1 in
yeast cells. Some of these mutations relieved glucose inhibition
of phosphorylation and activity, providing evidence that Snf4
participates in a glucose regulatory mechanism, which may
involve ligand binding. Additional substitutions that lack mam-
malian counterparts and alter residues that are distant from
putative nucleotide-binding sites also relieved glucose inhibi-
tion of SNF1. Inspection of the crystal structure suggested that
interactions of Snf4 with the GBD of the B subunit were per-
turbed. We further showed that substitutions in the GBD and
deletion of the GBD similarly relieve glucose inhibition of
SNF1. Finally, we showed that glucose inhibition of SNF1 is
normal in cells lacking glycogen. These findings provide evi-
dence for novel roles of Snf4 and the GBD in glucose regulation
of SNF1.

EXPERIMENTAL PROCEDURES

Expression of Mutant Snf4 Proteins—Centromeric plasmid
pOV75 expresses Snf4 from the native promoter; this plasmid
contains a Notl site at the C terminus of the open reading frame
and differs from pOV76 (53) in lacking green fluorescent pro-
tein sequence. Mutations were introduced into pOV75 by using
the QuikChange II XL site-directed mutagenesis kit (Strat-
agene) and confirmed by sequencing. Wild-type and mutant
Snf4 proteins were expressed from pOV75 and its mutant
derivatives in snf4A mutant cells of S. cerevisiae strain
MCY2634 (MATa snf4A2 his3 leu2 ura3), which has the S288C
genetic background. The elcIA::KanMX4 mutant strain was a
derivative of BY4741 (MATa his3 leu2 metl5 ura3; Research
Genetics).

Expression of Mutant Gal83 Proteins—Centromeric plasmid
pRT12 expresses Gal83 fused to green fluorescent protein
from the native promoter (53). pOV81 and pHW39 (56) are
derivatives of pRT12 that express Gal83G235R and
Gal83W184A,R214Q), respectively. The GBD (codons 153—
243) was deleted from pRT12 by site-directed mutagenesis,
yielding pMM66. Wild-type and mutant Gal83 proteins were
expressed from these plasmids in S. cerevisiae strain MCY4099
(MATa gal83A:TRP1 siplA:kanMX6 sip2A:kanMX4 ade2
canl his3 leu2 trpl ura3) (56), which has the W303 genetic
background.

Assay of SNF1 Catalytic Activity by Phosphorylation of SAMS
Peptide—Cultures were grown to exponential phase (A, of
0.7-1.0) in selective synthetic complete (SC) medium contain-
ing 2% glucose. Cells (100 ml) were collected by rapid filtration
and were either scraped from the filter and frozen in liquid
nitrogen or resuspended in 0.05% glucose for 10 min, collected,
and frozen. For some experiments, after incubation in 0.05%
glucose, an aliquot of cells was incubated in 2% glucose for 10
min, collected, and frozen. Cell extracts were prepared from
two to three independent cultures as described (55). SNF1 was
partially purified by chromatography on DEAE-Sepharose
(Amersham Biosciences) and assayed for phosphorylation of a
synthetic peptide (HMRSAMSGLHLVKRR, called the SAMS
peptide) (65) as described (46, 55), using different protein con-
centrations to confirm linearity. Protein concentrations were
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FIGURE 2. Locations of altered residues relative to the structure of S. cer-
evisiae SNF1. A schematic representation of the partial heterotrimer of SNF1
is shown, adapted from that of Amodeo et al. (58), including Snf4 (green), the
GBD (residues 161-247) of Sip2 (cyan), residues 347-412 of Sip2 (magenta),
and residues 460 -498 of the Snf1 regulatory sequence (RS; red); the position
of AMP (stick model) corresponds to that observed in the S. pombe structure
(29). The positions corresponding to Snf4 residues that were altered in this
study, indicated in single-letter code, are marked (asterisks).

determined by Bio-Rad assay. Kinase activity is expressed as
nanomoles of phosphate incorporated into the peptide/
min/mg of protein (65).

Immunoblot Analysis—Proteins (2—4 pg) from assayed frac-
tions were separated on 10% SDS-PAGE, except where noted
otherwise, and analyzed by immunoblotting using anti-Thr(P)-
172-AMPK (Cell Signaling Technologies), anti-polyhistidine
(Sigma), anti-Snfl (32), and anti-Snf4 (66) antibodies. Before
the membrane was reprobed, it was incubated in 0.2 M glycine,
pH 2, for 10 min. ECL Plus or ECL Advance (Amersham Bio-
sciences) was used for visualization.

Growth Assay for 2-Deoxyglucose Resistance—Fresh over-
night cultures were grown in selective SC plus 2% glucose and
diluted to A, of 2 in selective SC. The cells were spotted with
2-fold dilutions on selective SC medium containing 2% sucrose,
2-deoxy-p-glucose (200 wg/ml), and antimycin A (1 ug/ml).
The media contained the respiratory inhibitor antimycin A to
increase the stringency of the assay. The control plates lacked
2-deoxyglucose. The plates were incubated at 30°C and
photographed.

RESULTS

Strategy to Assess Function of SNF1 Protein Kinase Contain-
ing a Mutant Snf4 Subunit—To determine whether alteration
of Snf4 at sites that cause disease in humans would affect the
regulation of SNF1, we introduced mutations into the SNF4
gene, under the control of its own promoter on a centromeric
plasmid, and expressed the mutant proteins in snf4A yeast cells.
The positions of the altered residues are shown in the Snf4
structure from the partial SNF1 heterotrimer, with AMP posi-
tioned as it is in the S. pombe vy subunit (58) (Fig. 2). We used
three assays to analyze the function of the mutant SNF1. First,
we assessed the regulation of kinase activity in response to glu-
cose availability. The cells were grown to mid-log phase in 2%
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FIGURE 3. Effects of mutations in the Bateman1 domain on SNF1 catalytic
activity, Thr-210 phosphorylation, and resistance to 2-deoxyglucose.
Wild-type (WT) and mutant Snf4 proteins were expressed at native levels from
plasmids in snf4A mutant cells. A and B, cells were grown to mid-log phase in
selective SC plus 2% (high, H) glucose, and an aliquot of cells was collected by
rapid filtration for assay (filled bars). Another aliquot was collected, resus-
pended in SC plus 0.05% (low, L) glucose for 10 min, and collected by filtration
for assay (open bars). A, partially purified SNF1 was assayed for catalytic activ-
ity by phosphorylation of the SAMS peptide, and the values are the averages
of results of at least six assays from two independent experiments. B, protein
fractions used in A were analyzed by immunoblotting with anti-Thr(P)-172-
AMPK antibody to detect phosphorylated Thr-210 (p7270). The blots were
reprobed with Snf1 and Snf4 antibodies. C, cells were grown overnight in
selective SC plus 2% glucose and spotted with serial 2-fold dilutions on selec-
tive SC solid medium containing 2% sucrose, 2-deoxyglucose, and antimycin
A (Suc + 2DG) and on control medium lacking 2-deoxyglucose (Suc — 2DG).
The plates were incubated at 30 °C and photographed after 36 h (Suc — 2DG)
or 60 h (Suc + 2DG).

glucose, and an aliquot was subjected to abrupt glucose deple-
tion. The cells were collected by rapid filtration to preserve the
phosphorylation state of the kinase, and SNF1 activity was
assayed by phosphorylation of the SAMS peptide. In cells
expressing wild-type Snf4, the kinase was inhibited by glucose
and activated by glucose depletion (Fig. 3A4). Second, we exam-
ined the phosphorylation of Thr-210 in the activation loop of
Snfl by immunoblot analysis of the same protein samples. Anti-
body against Thr(P)-172 of AMPK specifically recognizes
Thr(P)-210 of Snfl (11, 35, 47). For wild-type SNF1, phospho-
rylation of Thr-210 increased substantially in response to glu-
cose limitation, whereas Snfl and Snf4 protein levels remained
constant (Fig. 3B). Finally, we used a growth assay to assess the
mutant phenotype. The glucose analog 2-deoxyglucose, which
is phosphorylated but not metabolized, prevents growth of
wild-type cells on sucrose, and mutations that relieve glucose
inhibition of the SNF1 pathway, such as those affecting Regl-
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Glc7 protein phosphatase 1, confer 2-deoxyglucose resistance
(67). The addition of 2-deoxyglucose to glucose-limited cells
inhibits SNF1 (68). The cells expressing wild-type protein
kinase did not grow, whereas cells expressing various mutant
forms grew to differing extents (Fig. 3C).

Together, these assays provided information on mutations
causing a range of phenotypes. The assay of catalytic activity
provided quantitative data for those mutants with dramatically
altered regulation, whereas growth provided the most sensitive
assay for the detection of subtle mutant phenotypes, as well as
evidence for physiologically relevant effects in vivo.

Mutations in the Batemanl Domain of Snf4 Corresponding to
Human Disease-causing Mutations—We first introduced into
Snf4 the substitution V63Q, which is equivalent to R70Q and
R302Q in human vyl and +v2, respectively (Fig. 1). R70Q
increases basal phosphorylation and activity of AMPK in cells
and reduces allosteric control by AMP in vitro (27). R302Q
causes human cardiac disease (22, 25) and affects binding of
AMP and ATP to isolated Bateman domains and allosteric acti-
vation of AMPK by AMP (19, 28). In pig, the mutation R200Q in
v3 (R226Q in human) increases glycogen levels in skeletal mus-
cle (21). In the structure of the mammalian enzyme, this Arg
residue interacts with bound nucleotide (20). In S. cerevisiae,
the mutant Snf4V63Q subunit modestly increased SNF1 activ-
ity in glucose-grown cells, indicating a loss of glucose inhibi-
tion, whereas activity in glucose-depleted cells was normal (Fig.
3A). Phosphorylation of Thr-210 was modestly elevated in glu-
cose-grown cells, as judged by immunoblot analysis of the
assayed protein samples (Fig. 3B). Finally, the cells were tested
in the growth assay, and the Snf4V63Q subunit conferred
resistance to 2-deoxyglucose (Fig. 3C). V63A had little or no
effect (Fig. 3 and data not shown).

The mutation H383R in the y2 subunit (Fig. 1) is associated
with human disease (24) and causes defects in binding of AMP
and allosteric activation of AMPK (19, 28), and the substitution
H151G at the analogous site in 1 virtually abolishes AMP allo-
steric control (18). In the mammalian crystal structure, this His
residue (His-150) interacts with nucleotide bound to both the
site in the Batemanl domain and the nonexchangeable site in
the Bateman2 domain (20). The corresponding Snf4 residue is
Gly-145, but the absence of His at this position does not appear
to account for the lack of AMP activation of SNF1 because we
detected no allosteric effect of AMP (200 um) on the
Snf4G145H mutant kinase (data not shown). The alteration
Snf4G145E, however, resulted in a mutant kinase that was
highly resistant to glucose inhibition, exhibited marked consti-
tutive phosphorylation of Thr-210, and conferred resistance to
2-deoxyglucose (Fig. 3).

Studies of yl showed that the substitutions R152Q and
R171Q abolished allosteric control by AMP and inhibition by
ATP (18). In the mammalian structure, the residue equivalent
to Arg-152 interacted with bound ATP in both exchangeable
sites (20). The Snf4 analogs, R146Q and R169A (Fig. 1), relieved
glucose inhibition of SNF1 activity and Thr-210 phosphoryla-
tion and conferred growth in the presence of 2-deoxyglucose
(Fig. 3).

The human mutation T400N in 2 causes glycogen storage
disorder, cardiac hypertrophy, and Wolff-Parkinson-White
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syndrome (25) and affects nucleotide binding and activation of
AMPK (19), and this Thr residue was close to nucleotide-bind-
ing sites in the structure (20). Previous studies showed that the
equivalent yeast mutation, T166N, caused a modest increase in
the interaction of Snf4 and Snfl in the two-hybrid system (25),
which could reflect increased nuclear localization of SNF1
resulting from increased activation (55). Consistent with these
results, we found that T166N increased SNF1 activity in glu-
cose-grown cells and conferred resistance to 2-deoxyglucose
(Fig. 3). T166A had little or no effect (data not shown).

These findings indicate that the regulation of SNF1 is
affected, to varying extents, by mutations in the Batemanl
domain of Snf4 corresponding to, or at the same sites as, human
mutations that affect regulation of AMPK by AMP and ATP in
vitro. Taken together, the assays of catalytic activity, phospho-
rylation of Thr-210, and cell growth phenotype indicate that
these mutations relieve glucose inhibition of SNF1 in vivo. In all
cases, activity in glucose-depleted cells was normal.

Mutations in the Bateman2 Domain at Sites Corresponding
to Disease-causing Mutations—The substitution N488I in y2 is
associated with human cardiac glycogen storage disorder and
Wolff-Parkinson-White syndrome (25) and has been reported
to cause increased basal activity and loss of nucleotide regula-
tion in mouse heart (69, 70), but this Asn residue is not located
close to the nucleotide-binding sites in the crystal structure
(20). The corresponding substitution in Snf4, N2511, showed
somewhat improved resistance to 2-deoxyglucose, but the
effects on kinase activation were marginal; N251 A had no effect
(Fig. 4 and data not shown).

Residue His-293 is located in CBS4 of Snf4 at a position cor-
responding to that of Gly-145 in CBS2. Similarly to G145E, the
substitution H293E, and also H293A, elevated SNF1 activity
and phosphorylation of Thr-210 in glucose-grown cells and
conferred resistance to 2-deoxyglucose (Fig. 4). The corre-
sponding residue in mammalian AMPK, His-297, interacts
with phosphate groups of nucleotides bound to both sites in the
Bateman2 domain (20), whereas in the S. pombe structure, His-
289 contacts ADP bound to the Batemanl1 site (30).

The substitutions R531G/Q in human y2 cause very strong
phenotypes, particularly R531Q, which causes fatal congenital
cardiac glycogenosis (23, 26). Both mutations strongly reduce
binding of nucleotides and allosteric AMP activation of AMPK
and increase basal activity of AMPK in cells (19, 26, 28). The
equivalent R298G in rat y1 also causes defects (16), and Arg-
298 interacts with nucleotide bound to the exchangeable site in
the Bateman2 domain (20). In the S. pombe structure with one
molecule of nucleotide bound, the corresponding residue coor-
dinated nucleotide phosphate (29), although the functional sig-
nificance of this residue remains to be determined. In contrast
to the very substantial effects on mammalian AMPK, the anal-
ogous substitutions R294G/Q in Snf4 had little or no effect on
SNF1. Catalytic activity was not elevated in glucose-grown
cells, nor was phosphorylation of Thr-210, and the very sensi-
tive growth assay showed only slight growth of cells expressing
Snf4R294Q (Fig. 4). These findings indicate differences
between Snf4 and mammalian -y subunits.

Mutations That Alter Residues Cys-136 and Asn-177—We
also examined the effects of two mutations that lack counter-
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FIGURE 4. Effects of mutations in the Bateman2 domain. Wild-type (WT)
and mutant Snf4 proteins were expressed in snf4A mutant cells. Analysis was
as in Fig. 3. A, cells were grown in high glucose or shifted to low glucose, and
SNF1 catalytic activity was assayed in two independent experiments. The
values are the averages of at least six assays. B, protein fractions used in A were
subjected to immunoblot analysis to detect phosphorylated Thr-210 (p7270),
Snf1, and Snf4. C, cells were tested for growth on Suc + 2DG and Suc — 2DG
medium.

parts in mammalian vy subunits and alter residues that are dis-
tant from putative nucleotide-binding sites (Fig. 2) but have
been shown to affect glucose regulation of transcription. The
SNF4-C136Y allele was isolated from a strain carrying a domi-
nant GAL82 allele (71) and was confirmed to affect glucose
repression of GAL genes.* We found that expression of
Snf4C136Y caused high level SNF1 activity and strong phos-
phorylation of Thr-210 in glucose-grown cells (Fig. 5), which
was particularly striking because levels of Snfl and Snf4C136Y
proteins were reproducibly low (Fig. 5B). The mutation also
conferred resistance to 2-deoxyglucose (Fig. 5C). The substitu-
tion C136A had little effect (Fig. 5). We note that a Tyr residue
at position 136 is not compatible with the observed crystal
structure (58). C136Y, and also R146Q), described above, alter a
pseudosubstrate sequence that has been proposed to inhibit the
catalytic domain (72); our findings neither support nor refute
this model.

Cys-136 was reported to lie within a consensus elongin
C-binding site ((T/S)(L/M)XXX(C/S)XXX(V/L/1)) (73), and the
yeast elongin C, called Elc1, binds Snf4 (74). Elc1 is a homolog of

4P. Becker and M. Johnston, personal communication.
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FIGURE 5. Effects of alteration of residues Cys-136 and Asn-177. Wild-type
(WT) and mutant Snf4 proteins were expressed in snf4A mutant cells. Analysis
was as in Fig. 3. A, cells were grown in high glucose, or shifted to low glucose,
and SNF1 catalytic activity was assayed. The values are the averages of results
of at least six assays from two independent experiments. B, protein fractions
used in A were subjected to immunoblot analysis to detect phosphorylated
Thr-210 (pT210), Snf1, and Snf4. C, cells were tested for growth on Suc + 2DG
and Suc — 2DG medium.

Skp1, of the Skp1-Cullin-F-box ubiquitin ligase. Elc1 is a com-
ponent of nucleotide excision repair factor 4 (75) and has been
proposed to be a component of a ubiquitin ligase required for
polyubiquitylation of RNA polymerase II in response to DNA
damage (76). Snf4 protein levels were modestly reduced in the
elcl mutant (77), but no SNF1-related growth defect was
detected (74). We assayed elcIA cells and found no defect in
glucose regulation of SNF1 activity or Thr-210 phosphorylation
(data not shown). These results do not support a regulatory role
for Elcl in the SNF1 pathway, but it is possible that Elc1 affects
some as yet unidentified function of Snf4; whereas the molar
excess of Snf4 relative to Snfl is controversial (53, 63, 78), sub-
cellular localization studies suggest that not all Snf4 molecules
are associated with Snfl (53).

The N177Y allele of SNF4 was recovered as a dominant sup-
pressor that restored INOI transcription in a TATA-binding
protein mutant; it reduced glucose repression of SUC2 and
increased the two-hybrid interaction of Snfl with Snf4 in glu-
cose-grown cells (79). We found that N177Y substantially
reduced glucose inhibition of SNF1, conferring high level activ-
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FIGURE 6. Locations of altered Snf4 and Gal83 GBD residues relative to
the structure of SNF1. A schematic representation of the interacting regions
of Snf4 (green) and the GBD of Sip2 (cyan) within the SNF1 partial heterotrimer
has been adapted from that of Amodeo et al. (58). Relevant Gal83 and Snf4
residues are indicated in single-letter code. The numbers correspond to Sip2
residues, with equivalent Gal83 residues indicated in parentheses. Arg-169
forms hydrogen bonds with main chain carbonyl groups of GBD residues 234,
235, and 236 (not shown).

ity and phosphorylation of Thr-210 in glucose-grown cells, and
also allowed strong growth in the presence of 2-deoxyglucose
(Fig. 5). Moreover, we found that N177A had nearly the same
phenotype (Fig. 5). In the crystal structure of the partial SNF1
heterotrimer (58), Asn-177 is located near the Sip2 GBD and
forms hydrogen bonds with Arg-216 and the main chain car-
bonyl and amide groups of the Gly-237 and Phe-239 residues,
respectively (Fig. 6). In addition, we noted that the alteration
R169A, described above, would disrupt interactions of Snf4 res-
idue Arg-169 with main chain carbonyl groups of residues 234,
235, and 236 of the GBD. These findings suggested that the
interaction of Snf4 and the GBD is important for glucose
regulation.

Mutation of the Gal83 GBD Relieves Glucose Inhibition of
SNF1—The GBD sequence is conserved in both Gal83 (resi-
dues 161-243) and Sip2 (residues 163—245). Gal83 binds glyco-
gen strongly in vitro, whereas Sip2 binds weakly (56). The sub-
stitutions W184A,R214Q (and W186A,R216Q in Sip2) and
G235R in Gal83 abolished binding (56), and equivalent residues
in AMPK B-GBD affected glycogen binding (80) and interac-
tion with B-cyclodextrin in a crystal structure (the equivalent
G147R is predicted to affect conformation) (81). Gal83 is the
major isoform during growth on glucose (53) and is thus impor-
tant for SNF1 activation in response to glucose withdrawal (55).
Gal83W184A,R214Q and Gal83G235R enhanced various
SNF1-dependent processes, including transcriptional activa-
tion by Sip4 and activation of the carbon source-responsive
element after a shift from glucose to nonfermentable carbon
source, glycogen accumulation, and haploid invasive growth
(56). SNF1 activity was not elevated in cells after a shift to non-
fermentable carbon source, but activity in glucose-grown cells
was not tested.
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FIGURE 7. Mutations in the Gal83 GBD alter regulation of SNF1. A and B,
wild-type (WT) and mutant Gal83 proteins (fused to green fluorescent pro-
tein) were expressed in gal83A sip1A sip2A mutant cells (MCY4099). Analysis
was as in Fig. 3, except that after cells were resuspended in SC plus 0.05%
glucose for 10 min, an aliquot was also incubated in SC plus 2% glucose (+G)
for 10 min and then harvested. A, SNF1 catalytic activity was assayed in three
independent experiments. The values are the averages of six assays. B, pro-
tein fractions used in A were separated by 8% SDS-PAGE and subjected to
immunoblot analysis; separate blots were probed with anti-histidine anti-
body to detect Snf1 and with antibody specific for phosphorylated Thr-210
(pT210). C, Gal83 proteins were expressed in gal83A siplA sip2A
snf4A::hphMX4 cells (derivative of MCY4099) that coexpressed SNF4. The cells
were tested for growth on Suc — 2DG and Suc + 2DG medium; for the latter,
the plates were photographed after 84 h.

To determine whether these alterations relieve glucose inhi-
bition of SNF1, we expressed Gal83W184A,R214Q and
Gal83G235R in the gal83A sipIA sip2A triple mutant, which
has the W303 genetic background. In control experiments,
Snf4N177Y, SnfdG145E, and Snf4R169A behaved similarly in
the W303 background as in the $288C background used above
(data not shown). Both mutant Gal83 proteins not only restored
SNF1 activation in the triple mutant but also relieved glucose
inhibition of activity and Thr-210 phosphorylation; they also
prevented re-establishment of inhibition when cells that had
been subjected to glucose depletion were returned to glucose-
replete medium (Fig. 7, A and B). These alterations also con-
ferred resistance to 2-deoxyglucose (Fig. 7C). Previous findings
that Gal83W184A,R214Q and Gal83G235R affect SNFI1-
dependent functions as assayed following a shift from glucose
to nonfermentable carbon source (56) most likely reflect the
increased SNF1 activity in cells prior to the shift.

We then deleted codons 153-243 of Gal83 to remove the
entire GBD. Expression of Gal83AGBD in the triple mutant
similarly relieved glucose inhibition of SNF1 activity and Thr-
210 phosphorylation (Fig. 7, A and B) and conferred 2-deoxy-
glucose resistance (Fig. 7C). None of the three mutant Gal83
proteins conferred SNF1 function in the absence of Snf4, as
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FIGURE 8. Cells lacking glycogen exhibit normal regulation of SNF1.Aand
B, gsy1A gsy2A cells (MCY4101, MATa gsy1A:kanMX4 gsy2A::kanMX4 his3 leu2
lys2 ura3) (56) and wild-type (WT) cells of the same genetic background
(BY4741) were grown to mid-log phase in YEP plus 2% glucose. Analysis was
as in Fig. 7 except that rich medium was used. A, cells were grown in high
glucose, shifted to low glucose, and incubated again in high glucose. SNF1
catalytic activity was assayed in three independent experiments. The values
are the averages of six assays. B, protein fractions used in A were subjected to
immunoblot analysis to detect phosphorylated Thr-210 (p7270) and Snf1.
C, cells were spotted with serial 5-fold dilutions on YEP solid medium contain-
ing 2% glucose. The cells were exposed to iodine vapor for 3 min to stain
glycogen and were photographed.

judged by growth assays (data not shown). These findings indi-
cate that the interaction of the GBD and Snf4 is essential for
glucose inhibition of SNF1.

To determine whether glycogen binding by the GBD is
important for inhibition of SNF1 activity, we assayed gsylA
gsy2A mutant cells, which lack glycogen synthase and cannot
synthesize glycogen. Glucose inhibition of SNF1 activity and
Thr-210 phosphorylation were normal in these cells (Fig. 8,
A and B), and the absence of glycogen was confirmed by
iodine staining (Fig. 8C). We previously showed that
Gal83W184A,R214Q affects Sip4 transcriptional activator
function and activation of the carbon source-responsive ele-
ment in gsyIA gsy2A cells (56). These results support the
view that the GBD interacts with Snf4 to affect glucose inhi-
bition of SNF1 by a mechanism that is independent of glyco-
gen binding. The possibility that glycogen binding has other
regulatory effects is not excluded.

DISCUSSION

We present evidence for regulatory roles of Snf4 and the
GBD of Gal83 in glucose inhibition of SNF1. Previous studies of
mutant cells lacking Snf4 indicated that Snf4 counteracts auto-
inhibition of Snfl by C-terminal regulatory sequences but is not
required for glucose-regulated phosphorylation of Thr-210 (46,
50, 52, 61-63), implying that at least one glucose regulatory
mechanism functions independently of Snf4. Here, studies of
cells containing heterotrimeric SNF1 with various mutant
Snf4 subunits have revealed that Snf4 also has regulatory
roles in glucose inhibition of Thr-210 phosphorylation and
SNF1 activity.

We have shown that regulation of SNF1 is affected by alter-
ations of Snf4 at sites corresponding to those of human muta-
tions that affect nucleotide binding by AMPK. In S. cerevisiae
cells, these mutations relieved glucose inhibition of SNF1 activ-
ity, as judged by a combination of assays of catalytic activity,
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Thr-210 phosphorylation, and growth. These findings are con-
sistent with the view that Snf4 binds nucleotide and that bind-
ing affects function; moreover, a crystal of a partial SNF1 het-
erotrimer with AMP bound at one site has been reported (58).
Our genetic findings, however, are equally compatible with the
possibility that, in vivo, Snf4 binds another adenosine deriva-
tive, as is the case for other Bateman domains (19). Analysis of
Snf4R294G/Q indicates that the regulation of SNF1 is distinct
from that of mammalian AMPK in another respect besides the
lack of AMP allosteric activation (45, 46, 51). Whereas
R531G/Qin y2 and R298G in g1 cause severe defects (16, 19, 23,
26, 28) and Arg-298 interacts with nucleotide (20), the analo-
gous R294G/Q had little effect, suggesting that Arg-294 does
not contribute to ligand binding or that binding to the cognate
site has no functional consequence. Although the question of
ligand binding remains unresolved, these findings nonetheless
establish that Snf4 not only counteracts autoinhibition but
also has a regulatory role in glucose inhibition of Thr-210
phosphorylation.

The increased phosphorylation of Thr-210 in glucose-grown
cells carrying these mutant Snf4 subunits could result from
increased phosphorylation, decreased dephosphorylation, or
both. For AMPK, it has been reported that AMP binding pro-
motes phosphorylation of the activation loop Thr-172 by LKB1
(4) and also that it attenuates dephosphorylation of Thr-172 by
protein phosphatase 2Ca (13, 15, 16). Previous studies sug-
gested that Regl-Glc7 protein phosphatase 1 is active toward
wild-type SNF1 in glucose-grown cells but not in glucose-lim-
ited cells (8) and that access of phosphorylated Thr-210 to
Regl-Glc7 is glucose-regulated (82).

We further found that alteration of Asn-177, which is located
distant from putative ligand-binding sites (Fig. 2), strongly
relieved glucose inhibition of SNF1 activity. In the crystal struc-
ture of the SNF1 partial heterotrimer (58), Asn-177 is located
near the Sip2 GBD and forms hydrogen bonds with several
residues. Arg-169 also interacts with the GBD, and the R169A
substitution relieved glucose inhibition, although less mark-
edly. These findings suggested that N177Y, N177A, and R169A
affect glucose inhibition by altering the interaction of Snf4 with
the GBD of the 8 subunit. We then showed that alterations of
Gal83 GBD residues that are involved in such interactions, as
determined from the structure, similarly relieved glucose inhi-
bition of SNF1 activity and Thr-210 phosphorylation, as did
simple deletion of the GBD. Analysis of SNF1 regulation in
gsyIA gsy2A cells lacking glycogen indicated that the GBD
affects glucose inhibition of SNF1 by a mechanism that is inde-
pendent of glycogen binding. These findings reveal a new reg-
ulatory role for the GBD and indicate that the interaction of the
GBD and Snf4 is essential for glucose inhibition of SNF1.
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