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The SNF1/AMP-activated protein kinases are central energy
regulators in eukaryotes. SNF1 of Saccharomyces cerevisiae is
inhibited during growth on high levels of glucose and is acti-
vated in response to glucose depletion and other stresses. Acti-
vation entails phosphorylation of Thr?'® on the activation loop
of the catalytic subunit Snfl by Snfl-activating kinases. We have
used mutational analysis to identify Snfl residues that are
important for regulation. Alteration of Tyr'°® in the aC helix or
Leu'%® adjacent to the Asp-Phe-Gly motif on the activation loop
relieved glucose inhibition of phosphorylation, resulting in
phosphorylation of Thr*'® during growth on high levels of glu-
cose. Substitution of Arg for Gly®?, at the N terminus of the
kinase domain, increased activation on both high and low glu-
cose. Alteration of the ubiquitin-associated domain revealed a
modest autoinhibitory effect. Previous studies identified altera-
tions of the Gal83 () and Snf4 (y) subunits that relieve glucose
inhibition, and we have here identified a distinct set of Gal83
residues that are required. Together, these results indicate that
alterations at dispersed sites within each subunit of SNF1 cause
phosphorylation of the kinase during growth on high levels of
glucose. These findings suggest that the conformation of the
SNF1 complex is crucial to maintenance of the inactive state
during growth on high glucose and that the default state for
SNF1 is one in which Thr*'? is phosphorylated and the kinase is
active.

The SNF1/AMP-activated protein kinase (AMPK)? family is
conserved from yeasts to humans. In mammals, AMPK regu-
lates metabolism and energy status at both cellular and organ-
ismal levels (1, 2). SNF1 of the budding yeast Saccharomyces
cerevisiae is the founding member of this family (3). SNF1 is
inhibited during growth of cells in nutrient-rich conditions and
is activated in response to nutrient limitation, notably glucose
depletion, and other environmental stresses; the kinase regu-
lates the transcription of a large set of genes and the activity of

* This work was supported, in whole or in part, by National Institutes of Health
Grant GM34095 (to M. C.).

T Current address: Medical Faculty, University of Novi Sad, Hajduk Veljkova 3,
21000 Novi Sad, Serbia.

2 To whom correspondence should be addressed: 701 W. 168th St., HSC1216,
New York, NY 10032.Tel.: 212-305-3851; Fax: 212-305-1468; E-mail: mbc1@
columbia.edu.

3 The abbreviations used are: AMPK, AMP-activated protein kinase; GBD, gly-
cogen-binding domain; UBA, ubiquitin-associated; SC, synthetic complete
medium.

23544 JOURNAL OF BIOLOGICAL CHEMISTRY

metabolic enzymes (4). Activation of SNF1 requires phosphor-
ylation of the conserved Thr*'* on the activation loop of the
catalytic subunit Snfl (5, 6) by any one of three activating
kinases: Sakl, Tos3, or Elm1 (7-9). Regl-Glc7 protein phos-
phatase 1 has roles in dephosphorylation of Thr**° and inhibi-
tion of SNF1 catalytic activity (6, 10, 11), and evidence suggests
that access of Reg1-Glc7 to phosphorylated Thr?*° is restricted
under conditions of glucose limitation (12); however, Regl-
Glc?7 is not solely responsible for dephosphorylation of Thr?*°,
and Sit4, a type 2A-like protein phosphatase, also contributes
(13).

SNF1/AMPK is a heterotrimer comprising the catalytic «
subunit and regulatory 8 and <y subunits. For mammalian
AMPK, AMP activation is mediated by the binding of AMP to
the vy subunit (14, 15), which allosterically activates the kinase,
inhibits dephosphorylation of the activation-loop Thr of the «
subunit, and promotes phosphorylation by upstream kinases
(16-19). For S. cerevisiae SNF1, the vy subunit Snf4 is required
for catalytic function (20), but AMP does not allosterically acti-
vate SNF1 or protect SNF1 from dephosphorylation in vitro
(17, 21, 22); however, alteration of several Snf4 residues analo-
gous to those involved in AMP binding and regulation of
AMPK modestly relieved glucose inhibition of SNF1 in vivo
(23). In addition, alteration of residues at the interface between
Snf4 and the B subunit (Asn'”” and Arg"®®) caused substantial
phosphorylation of Thr*'® during growth on high glucose, as
did alteration of Cys'®® to Tyr, which is predicted to disrupt the
structure of Snf4 (23).

The B subunits also play regulatory roles. SNF1 includes one
of three alternate 8 subunits, Gal83, Sip1, or Sip2, which con-
trol the subcellular localization of the kinase and its interac-
tions with substrates (24 —26). Gal83 is the major isoform when
cells are grown on glucose, whereas Sip2 is highly expressed
during growth on a nonfermentable carbon source (26). A gly-
cogen-binding domain (GBD), or carbohydrate-binding mod-
ule, is conserved in Gal83 and Sip2 and to a much lesser extent
in Sip1 (27). Deletion of the Gal83 GBD and substitutions of
single residues within the GBD that interact with Snf4 resulted
in Thr*'® phosphorylation and SNF1 catalytic activity during
growth on high glucose (23); several lines of evidence indicate
that the effects of the GBD on SNF1 do not involve the binding
of glycogen (13, 23).

The Snfl catalytic subunit contains sequences C-terminal to
the kinase domain that interact physically with Snf4 and the 8
subunit (28 -30) (see Fig. 1A4). Although the function of full-
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length Snfl requires Snf4, truncation of Snfl after the kinase
domain at residue 309 or deletion of residues 381—414 allevi-
ated the dependence on Snf4 in growth and other indirect
assays, suggesting that Snf4 counteracts autoinhibition by
C-terminal Snfl sequences (20, 28, 31). The structure of the
SNF1 heterotrimer core showed extensive interaction between
Snfl residues 460—498 (called the regulatory sequence) and
Snf4 (30), but mutational analysis provided no evidence that
this interaction serves a regulatory function (32). A putative
ubiquitin-associated (UBA) domain, which contains the con-
served MGY/F motif and hydrophobic residues but does not
appear to bind ubiquitin (33, 34), lies distal to the kinase domain
in Snfl (residues 347-398) and AMPK-related kinases (33,
35-37). The UBA domain in the AMPK-related MARK protein
kinases enhances phosphorylation and activation by LKB1 (33)
but has a moderate inhibitory effect on activation of MARK1/2
by MARKK (38). The mammalian AMPK « subunit has a UBA-
like domain lacking the MGY/F motif, which inhibits the cata-
lytic activity of recombinant proteins and facilitates Thr
dephosphorylation in vitro (39 —41).

To assess the contribution of sequences within the Snfl sub-
unit to the regulation of SNF1 in response to glucose availabil-
ity, we introduced deletions and substitutions that altered the
UBA domain and other features, based on sequence conserva-
tion and structural information. We expressed each mutant
Snfl subunit in sufIA cells and assessed regulation of the result-
ing mutant SNF1 protein kinase by monitoring phosphoryla-
tion of Thr*'° and catalytic activity. In addition, examination of
the structure of the SNF1 heterotrimer core (30) led us to
identify other residues of the Gal83 GBD that affect regulation
of Thr*'° phosphorylation. Our findings indicate that altera-
tions at many sites within the SNF1 heterotrimer allow phos-
phorylation of Thr*'® and activation of SNF1 during growth of
cells on high levels of glucose, suggesting that the default state
for SNF1 is one in which Thr*'° is phosphorylated and the
kinase is active.

EXPERIMENTAL PROCEDURES

Plasmids and Strains—Snfl, Snf4, and functional Gal83-
green fluorescent protein fusion were expressed from their
native promoters on centromeric plasmids pCE108 (20),
pOV75 (23), and pRT12 (26), respectively. Mutations were
introduced into plasmids using the QuikChange site-directed
mutagenesis kit (Agilent) and confirmed by sequencing. Pro-
teins were expressed in S. cerevisiae strains derived from
W303-1A (MATa ade?2 trpl his3 canl ura3 leu2): MCY4908
(W303-1A snfIA10) (42), MCY5713 (W303-1A snfIAIO
snfdA:kanMX), MCY4099 (W303-1A gal83A:TRPI sipIA:
kanMX sip2A:kanMX) (27), MCY5733 (W303-1A gal83A::
TRP1 siplA:kanMX sip2A:kanMX snfdA:hphMX), and
MCY5751 (W303-1A sufIA10 snf4A:hphMX gal83A::TRP1
siplAz:kanMX sip2A::kanMX).

Assay for Catalytic Activity—Cultures were grown in selec-
tive synthetic complete (SC) medium containing 2% glucose.
After reaching exponential phase (A4o, of 0.7—0.8), cells were
collected by rapid filtration and either frozen in liquid nitrogen
or resuspended in SC plus 0.05% glucose for 10 min and then
harvested by filtration and frozen. For some experiments, after
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incubation in 0.05% glucose, an aliquot of cells was incubated in
SC plus 2% glucose for 10 min and collected. SNF1 was partially
purified from two to four independent cultures as described
(43) except with an additional washing step with 0.1 M NaCl (3
ml) before the final elution from DEAE-Sepharose (GE Health-
care). Catalytic activity of SNF1 was assayed by measuring
phosphorylation of SAMS peptide (HMRSAMSGLHLVKRR)
(44) as described (21, 43), except ATP was at 1 mm, with differ-
ent protein concentrations to confirm linearity. Kinase activity
is expressed as nanomoles of phosphate incorporated into the
peptide/min/mg of protein (44). Values are averages for 612
assays from 2—4 independent experiments.

Immunoblot Analysis—Partially purified protein samples,
prepared as above, were separated on 8% SDS-PAGE, trans-
ferred to a PVDF membrane, and probed with anti-Thr(P)-172-
AMPK (Cell Signaling) to detect phosphorylated Thr?'° or anti-
polyhistidine (Sigma) to detect Snfl, which contains a stretch of
His residues. ECL Plus (GE Healthcare) was used for visualiza-
tion. The intensity of the bands was quantified using Image]
software from the National Institutes of Health (45).

RESULTS

Mutation of the UBA Domain Increases Activation of SNF1—
To assess the role of the UBA domain in regulating SNF1, we
expressed mutant Snfl proteins from the native promoter on a
centromeric plasmid in sufIA cells. Cultures were grown to
exponential phase in medium containing 2% (high) glucose and
were harvested by rapid filtration to maintain the phosphory-
lation state of Snfl. An aliquot was resuspended in medium
containing 0.05% (low) glucose for 10 min and then harvested.
We partially purified SNF1 and assayed Thr?'° phosphoryla-
tion and kinase activity.

First, we deleted codons 347-398, encoding the UBA do-
main (Fig. 1, A and B). SNF1 protein kinase containing the
Snf1A347-398 catalytic subunit showed modestly increased
Thr*'® phosphorylation and kinase activity, relative to wild-
type SNF1, when cells were grown on high levels of glucose, and
catalytic activity increased further when cultures were depleted
for glucose (Fig. 1, C and D). We next introduced mutations to
alter key residues. For the UBA-like domain of AMPK, altera-
tion of the invariant Leu®*® to GIn (L328Q) (Fig. 1B) increased
the catalytic activity of a bacterially expressed AMPK fragment
(41). The analogous SnflL385Q mutant kinase was more
highly phosphorylated on Thr?*!° and more active than wild-
type kinase during growth on high glucose (Fig. 1, C and D).
Substitution of the Met and Tyr residues of the MGY/F motif
(Fig. 1B), which is predicted to disrupt the structure of the
UBA domain in AMPK-related kinases (33, 34), resulted in
increased activation of SnflM356A,Y358A on high glucose
(Fig. 1, Cand D).

In a structure of the Schizosaccharomyces pombe kinase
domain-autoinhibitory domain (KD-AID) (39), Leu®® in the
kinase domain contributes to hydrophobic interactions with
the UBA domain (called AID) involving the invariant Leu®*'
(equivalent to Snfl Leu®®®). Leu®® is conserved in S. cerevisiae
Snfl (Leu'®’), as is the neighboring Leu®” (Leu''°) at the end of
the aC helix, and the double mutation L109A,L110A conferred
a phenotype resembling that caused by alteration of Leu®®” (Fig.
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FIGURE 1. Effects of the Snf1 UBA domain on Thr?'® phosphorylation. A, schematic representation of Snf1 catalytic subunit. UBA, UBA domain. RS,
regulatory sequence that interacts with Snf4 in the crystal structure (30). B, sequence alignment of UBA and UBA-like domains of the catalytic subunits of SNF1,
S. pombe (Sp) AMPK, and human AMPKs and MARKs. Residues are indicated in single-letter code. Conserved hydrophobic residues are highlighted. Secondary
structure designation is based on Chen et al. (39). C and D, wild-type (WT) and mutant Snf1 proteins were expressed in snf1A cells. Cells were collected after
growth in 2% (high, H) glucose (filled bars) or after a shift to 0.05% (low, L) glucose for 10 min (open bars), as described under “Experimental Procedures.” In some
cases, after incubation in 0.05% glucose, an aliquot of cells was incubated in SC plus 2% glucose (+G) for 10 min and collected. C, assays of SNF1 catalytic
activity. D,immunoblot analysis to detect phosphorylated Thr?'® (pT270) and Snf1 protein. Two exposures for detection of pT210 are shown in the upper panels.
The bar indicates that lanes were from the same blot, but not adjacent. Immunoblot analysis was carried out on three independent transformants expressing

each mutant protein; representative samples are shown. Values indicate the relative intensity of the bands corresponding to phosphorylated Snf1-Thr

210and

total Snf1 protein, normalized to a value of 1 for WT in low glucose. For the upper panels, values were determined using the shorter exposures; for
Snf1M356A,Y358A on high glucose, the longer exposure gave a value that was 4-fold greater than that for WT.

1, C and D). We note that the UBA domain is in a different
position relative to the kinase domain in the MARK structures
(38, 39) than in the S. pombe structure.

In each of the above cases, the effect was modest, but the
mutations yielded a consistent pattern indicating that the UBA
domain contributes to inhibition of Thr*!° phosphorylation of
SNF1. Deletion of sequences extending beyond or located
immediately C-terminal to the UBA domain (A367-415,
A345-441, and A425-450) did not identify any substantial reg-
ulatory role for this region (Fig. 1D and data not shown); these
deletions shorten the linker to the Snfl segment that is bound
to Snf4.

Substitutions in the Snfl Kinase Domain Cause Thr*'° Phos-
phorylation during Growth on High Glucose—Crystal struc-
tures of the Snfl kinase domain differ with respect to the posi-
tion of the aC helix (46-48), which is important in the
activation of various protein kinases; for example, in cyclin-de-
pendent kinase, the binding of cyclin causes movement of the
aC helix toward the kinase domain, which results in activation
(49). To investigate the role of the aC helix in Snfl function, we
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introduced Ala substitutions (Fig. 2, A and B). Most of the sub-
stitutions reduced SNF1 activity but did not affect regulation of
Thr*'® phosphorylation. Unexpectedly, substitution of Tyr*°®
relieved glucose inhibition, causing substantially increased
Thr?'° phosphorylation and activity during growth on high glu-
cose. Tyr is not conserved at this position; the corresponding
residue in human AMPKa isoforms is Asn. SnflY106A pro-
vided Snfl function in growth assays and also conferred resis-
tance to the glucose analog 2-deoxyglucose, which prevents
growth of wild-type cells on sucrose (Fig. 2H). Mutations that
relieve glucose inhibition of the SNF1 pathway, such as regl,
confer resistance (50), and addition of 2-deoxyglucose to glu-
cose-limited cells inhibits SNF1 (51).

Structures of the Snfl kinase domain also differ with respect
to the position of the invariant Asp'?>-Phe'*®-Gly'®” (DFG)
motif (46-48). We introduced Ala substitutions for Leu'?,
which is conserved as a hydrophobic residue in the SNF1/
AMPK family (Fig. 2C), and the next three residues. The L198A
substitution virtually abolished catalytic activity (Fig. 2D), but,
unexpectedly, SnflL198A was strongly phosphorylated on
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FIGURE 2. Residues in the Snf1 kinase domain affect SNF1 activity and phosphorylation. A, B, and D-G, WT and mutant Snf1 proteins were expressed in
snf1A cells. Assays of catalytic activity and immunoblot analysis were as in Fig. 1. Immunoblot analysis of three transformants expressing each mutant protein
gave similar results. C, sequence alignment of the DFG motif and following residues for yeast and human members of the SNF1/AMPK family. Conserved
residues are highlighted. Asterisk, phosphorylated Thr. H, cells were grown overnight in selective SC plus 2% glucose and spotted with serial 5-fold dilutions on
selective SC solid medium containing 2% sucrose or 2% sucrose plus 200 ug/ml 2-deoxy-D-glucose (2DG). Plates were incubated at 30 °C for 2 or 3 days,
respectively, and photographed. Rows were from the same plates.
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FIGURE 3. C-terminal acidic residues of Snf1 are not required for regu-
lated Thr?'® phosphorylation. A, alignment of sequences lying between the
kinase domain (KD) and UBA domain of yeast and human SNF1/AMPKs (resi-
dues 305-358 of Snf1). Residues that were changed to Ala in Snf1EA and
Snf1EADA are highlighted. B, immunoblot analysis as in Fig. 1. Snf1 proteins
were expressed in snf1A cells. The sequence encoding Snf1EADA was con-
firmed for codons 1-500.

Thr?!? in cells grown on high levels of glucose (Fig. 2E). Alter-
ation of residues immediately following Leu'®® did not cause
comparable effects, although S199A resulted in some activation
on high glucose. In one structure (47), Leu'*® is located near
Tyr'®. Consistent with the lack of catalytic activity in vitro,
Snf1L198A did not provide Snfl function in vivo, as judged by
growth on sucrose or glycerol plus ethanol.

Gly>® is located at the N terminus of the conserved kinase
domain. The mutation SNFI-G53R was repeatedly isolated as a
suppressor of growth defects of the snf4A mutant and was
shown to partially restore SUC2 expression (5, 20). Assays of
immunoprecipitated SnflG53R for phosphorylation of copre-
cipitated proteins showed elevated activity, relative to Snfl, in
both snf4A and wild-type SNF4 strains; however, this elevated
activity was still markedly Snf4-dependent (5). Additional stud-
ies using a transcriptional activation assay confirmed that
SnflG53R has elevated catalytic activity in vivo (52).

At the time of the previous studies, procedures for maintain-
ing the phosphorylation state of Snfl Thr*'° during preparation
of cell extracts had not been developed, so we have revisited the
properties of SnflG53R. We found that SnflG53R exhibits
increased Thr*'° phosphorylation and catalytic activity, relative
to wild-type Snfl, in cells grown on high glucose, and is further
activated in response to glucose depletion (Fig. 2, Fand G). Cells
expressing SnflG53R exhibited resistance to 2-deoxyglucose
(Fig. 2H).

Previous studies reported that Snf1G53R conferred glucose-
regulated SUC2 expression and transcriptional activation (5,
20, 52). We note that the subcellular localization of SNF1 is
regulated, and its enrichment in the nucleus, where key targets
are localized, is inhibited during growth on high glucose
(43, 51).

Negatively Charged Residues and a Conserved Sequence
C-terminal to the Kinase Domain Are Not Required for Regula-
tion of SNFI—The region between the Snfl kinase domain and
the UBA domain is enriched for acidic residues (Fig. 34), sim-
ilar to the negatively charged common docking domains of
MAPKSs, which interact with other proteins, including kinases
and phosphatases (53). To determine whether this region
affects phosphorylation of Thr*'°, we substituted Ala for four
of these acidic residues, Glu residues 324, 325, 326, and 328.
The resulting quadruple mutant protein, designated SnflEA,
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showed normal regulation of Thr*'® phosphorylation (Fig. 3B).
Additional mutation of Asp residues 340, 342, 345, and 346 and
Glu*, to yield SnflEADA, with nine Ala substitutions, did not
alter Thr*'® phosphorylation (Fig. 3B). Thus, the negatively
charged residues in this region are not required for interactions
with Snfl-activating kinases or protein phosphatases.

The C terminus of Snfl includes the sequence KKSKTRWH-
FGIRSRSYPLDV (residues 499 through 518; distal to the re-
gulatory sequence segment), which is completely conserved
among divergent yeast species, including Candida albicans,
Debaryomyces hansenii, Kluyveromyces lactis, and Pichia stiptis
(32). The position of the kinase domain relative to the SNF1
heterotrimer core (30) (see Fig. 5) is not known, but Snfl resi-
dues 1-392 interacted with residues 392-518, and not with
residues 392-513, in two-hybrid assays (28). To explore the
functional importance of this region, we introduced various
mutations. SnflS511A,S513A,Y514A,P515A,L516A,D517A
and Snf1S443A,S501A,T503A,S513A exhibited glucose-regu-
lated SNF1 catalytic activity (1.1 = 0.15 and 3.6 = 0.59 nmol/
min/mg on high glucose and 18 = 1.8 and 20 = 1.5 nmol/
min/mg on low glucose, respectively). Alteration of basic
residues in this conserved segment similarly had no effect,
but we noted that these basic residues are positioned on a
face of the core heterotrimer structure that has multiple
positively charged residues; we therefore substituted Ala
for thirteen basic residues on the Snfl C terminus, Gal83,
and Snf4 (Snfl1K492A,K499A,K500A,K502A,R504A,R510A,
R512A; Gal83K391A,H392A; and Snf4dK51A,K52A,K246A,
R263A) and expressed all three mutant proteins together in
suflA snf4A gal83A siplA sip2A cells. The resulting multiply
substituted SNF1 complex showed glucose-regulated SNF1
activity, 1.1 = 0.04 and 8.0 = 0.3 nmol/min/mg on high and low
glucose, respectively; values were low when all subunits were
expressed from plasmids (9.0 = 0.07 nmol/min/mg for wild-
type SNF1 on low glucose).

Substitutions in the Gal83 GBD Activate SNF1 during
Growth on Glucose—In the structure of the SNF1 heterotrimer
core (30), Snfl Ile*”” interacts with hydrophobic residues
Met'®?, 1le*'8, and Leu?*® of the Sip2 GBD from another het-
erotrimer in the crystal. Substitution of the corresponding
hydrophobic residues in Gal83M187A,1216A,L221A (Fig. 4A)
caused substantial activation of SNF1 in gal83A sipIA sip2A
cells on high glucose, with only a 2-fold increase in activity in
response to glucose depletion (Fig. 4, B and C; note that Snfl
protein levels were reduced in the mutant samples). The sub-
stitution I1477A caused lesser effects (Fig. 4, D and E), in accord
with other evidence that the interaction in the structure is an
artifact of crystal packing (32).

More important, these findings identified a set of GBD resi-
dues that affect glucose regulation and are not involved in inter-
actions with Snf4. The Lys'®° residue next to Met'®” was also of
interest, because the orientation of the corresponding side
chain differs in the structures of Sip2 GBD and mammalian
AMPK B1 GBD (30, 54) (Fig. 4A). Expression of Gal83K186A or
Gal83K186A,M187A,1216A,L221A in gal83A sip1A sip2A cells
caused substantial activation of SNF1 on high glucose (Fig. 4, F
and G). Alteration of the highly conserved residue Trp'®* in
Gal83W184A did not alter regulation of Thr*'® phosphoryla-
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structures of Sip2 GBD (PDB accession code 2QLV) (30) with corresponding Gal83 residue numbers in parentheses, and mammalian GBD bound to -cyclo-
dextrin (PDB accession code 1Z0M) (54). For residues mentioned in the text, the corresponding side chains are shown for each structure. The structure figures
were produced with PyMOL (DeLano, W. L. (2002) The PyMOL Molecular Graphics System, DeLano Scientific LLC, San Carlos, CA). B-G, assays of catalytic activity
and immunoblot analysis as in Fig. 1. B, C, F, and G, Gal83 proteins were expressed in gal83A sip1A sip2A cells. D and E, Snf1 proteins were expressed in snflA
cells. Immunoblot analysis of three transformants gave similar results. Values indicate relative intensity of the bands corresponding to phosphorylated

Snf1-Thr?'° and total Snf1 protein on the longer exposures.

tion or SNF1 activity (Fig. 4, B and C); the analogous residue in
mammalian 81 GBD, Trp'®, is essential for the binding of gly-
cogen to the GBD (54, 55). This finding is concordant with
other evidence that glycogen binding to the GBD is not involved
in regulation of SNF1 (13, 23).

DISCUSSION

In this study, we showed that residues in different regions of
the Snfl catalytic subunit are required to maintain inhibition of
SNF1 during growth of cells on high levels of glucose (Fig. 5).
Substitution of Ala for Tyr'® in the aC helix of the kinase
domain resulted in substantial phosphorylation of Snfl Thr>*°
and catalytic activity during growth on high glucose. Substitu-
tion of Ala for Leu'®® adjacent to the DFG motif in the activa-
tion loop similarly relieved glucose inhibition of Thr*'° phos-
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phorylation, although alteration of this conserved residue
abolished catalytic activity. Substitution of Arg for Gly>” at the
N terminus of the kinase domain increased phosphorylation
and activation of SNF1 on high glucose, with yet further activa-
tion occurring in response to glucose depletion. Finally, dele-
tion of the UBA domain, or substitution of conserved residues,
led to a modest increase in Thr*'° phosphorylation and SNF1
activity on both high and low levels of glucose, consistent with a
role in autoinhibition.

We also identified another set of residues of the Gal83 GBD
that affect glucose inhibition of SNF1. Previously, we showed
that the Gal83 GBD mutations W184A,R214Q and G235R,
which affect interactions between residues at the interface of
the GBD and Snf4 in the crystal structure of the SNF1 hetero-
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Snf1 KD

Snf1 RS

FIGURE 5. Alterations that activate SNF1 during growth on high levels of
glucose. Schematic representations are shown of the structures of the Snf1
kinase domain (PDB accession code 3HYH) (46) and the SNF1 core hetero-
trimer with Snf1 C-terminal sequence, including the regulatory sequence
(residues 460-498) (red), Snf4 (green), and Sip2 C-terminal sequence, includ-
ing the GBD (cyan) (PDB accession code 2QLV) (30). The B subunit residues are
numbered as in Gal83. The positions of residues that, when altered, cause
phosphorylation of Thr?'® and activation of SNF1 during growth on high glu-
cose are marked (asterisks). Representations of the structures were produced
with PyMOL (DeLano, W. L. (2002) The PyMOL Molecular Graphics System,
Delano Scientific LLC, San Carlos, CA).
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trimer core (30), resulted in Thr*'® phosphorylation and SNF1
catalytic activity during growth on high glucose, as did deletion
of the entire Gal83 GBD (23). R214Q disrupts interaction with
Snf4 Asn'”’, mutation of which confers a similar phenotype
(23, 30). Here, we identified additional substitutions in the
Gal83 GBD that have similar effects but alter residues that are
not involved in interactions with Snf4 in the structure: K186A
and M187A,1216A,L221A. These residues may participate in
other interactions within the SNF1 complex that are not evi-
dent from the structure of the heterotrimer core, which lacks
the kinase domain.

Residues in distinct regions of Snf4 contribute to inhibition
of SNF1 in glucose-grown cells (23). In addition to Asn'”” and
Arg'®®, which interact with the 8 subunit, residues of Snf4 that
are not located near the 8 subunit in the crystal structure
affected glucose inhibition. Notably, substitution of Asp for
Gly'** (analogous to His®*®? in the nucleotide-binding pocket of
AMPK v2) and Tyr for Cys'*®, which is predicted to disrupt the
structure of Snf4, caused activation of SNF1 on high glucose.

Thus, alterations at dispersed sites within the SNF1 hetero-
trimer, in all three subunits, caused phosphorylation of Thr*'®
and activation of SNF1 during growth of cells on high levels of
glucose. Maintenance of the dephosphorylated, inactive state in
glucose-grown cells appears to require a specific conformation
of the kinase complex that can be perturbed by a variety of
alterations. It remains to be determined whether some of these
alterations interfere with recognition of a glucose signal that
acts directly on SNF1 to induce a particular conformation. The
conformation assumed by wild-type SNF1 during growth on
high glucose could either prevent phosphorylation or promote
dephosphorylation, and either recognition of SNF1 or access to
Thr?*'° by kinases or phosphatases could be affected. It has been
reported that, under conditions of glucose limitation, Regl-
Glc7 phosphatase is active but its access to Thr*'° is blocked
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(12); however, recent studies of the regl A mutant (13) suggest a
need to revisit the evidence that Regl-Glc7 is active in low glu-
cose. For AMPK, the binding of AMP inhibits dephosphory-
lation of the activation-loop Thr in vitro (17, 18) but also pro-
motes phosphorylation by upstream kinases (19). Regardless of
whether the regulated event during growth on high glucose is
phosphorylation or dephosphorylation, our findings suggest
that the conformation of the SNF1 complex is crucial to main-
tenance of the inactive state and that the default state for SNF1
is one in which the kinase is phosphorylated and active. These
findings suggest new strategies for targeting AMPK to activate
the kinase.
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