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Phosphorylation of the Saccharomyces cerevisiae Snfl kinase
activation loop is determined by the integration of two reaction
rates: the rate of phosphorylation by upstream kinases and the
rate of dephosphorylation by Glc7. The activities of the Snfl-
activating kinases do not appear to be glucose-regulated, since
immune complex kinase assays with each of the three Snfl-ac-
tivating kinases show similar levels of activity when prepared
from cells grown in either high or low glucose. In contrast, the
dephosphorylation of the Snfl activation loop was strongly reg-
ulated by glucose. When de novo phosphorylation of Snfl was
inhibited, phosphorylation of the Snfl activation loop was
found to be stable in low glucose but rapidly lost upon the addi-
tion of glucose. A greater than 10-fold difference in the rates of
Snfl activation loop dephosphorylation was detected. However,
the activity of the Glc7-Regl phosphatase may not itself be
directly regulated by glucose, since the Glc7-Regl enzyme was
active in low glucose toward another substrate, the transcription
factor Migl. Glucose-mediated regulation of Snfl activation
loop dephosphorylation is controlled by changes in the ability of
the Snf1 activation loop to act as a substrate for Glc7.

The Snfl protein kinase of Saccharomyces cerevisiae is a
founding member of a family of protein kinases that includes
the mammalian AMP-activated protein kinase (AMPK)? (1)
and is present in all eukaryotes. Interest in this family has been
increased by the finding that the medications used to treat type
2 diabetes activate AMPK (2). Indeed, the metabolic conse-
quences of AMPK activation, which include increased glucose
uptake and oxidation, increased fatty acid oxidation, inhibition
of anabolic reactions, and stimulation of reactions that regen-
erate ATP (3), are beneficial to patients experiencing hypergly-
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cemia. With the rise in the prevalence of obesity and type 2
diabetes in Western cultures, a more complete understanding
of the mechanisms that regulate the activity of the Snfl/AMPK
enzymes is needed.

The Snfl/AMPK enzymes function as heterotrimers with a
catalytic a subunit associated with regulatory 8 and vy subunits.
The a subunit contains a canonical kinase domain in its N ter-
minus and an autoinhibitory domain in its C terminus (4). The
catalytic activities of the Snfl/AMPK enzymes are regulated in
a complex manner. First, subunit interactions within the Snfl/
AMPK heterotrimer regulate enzymatic activity in response to
the cellular energy status. Although not all agree on the mech-
anism, the y subunit appears to play an important role in the
regulation of Snfl/AMPK catalytic activity. The mammalian y
subunit can bind AMP (5) and can interact with the a subunit
autoinhibitory domain to abrogate its inhibitory potential (4, 6).
An alternative but not necessarily exclusive model posits the
presence of a pseudosubstrate sequence in the y subunit (7).
Second, Snfl/AMPK kinases require phosphorylation of a con-
served threonine residue in their activation loops by a distinct
upstream kinase (8 —10). Concerted effort by several research
groups led to the identification of the activating kinases for Snfl
and AMPK (11-15). Yeasts encode three Snfl-activating
kinases (SAKs), Sakl, Tos3, and Elm1 (11-13), and all three
SAKs must be deleted to block Snfl signaling. In mammalian
cells, LKB1 is the primary activating kinase of AMPK under
conditions of energy stress (15, 16), although other kinases may
contribute to AMPK activation in specific cell types or in
response to other stimuli (17-20).

It was hoped that the identification of the activating kinases
for Snfl and AMPK would rapidly lead to an understanding of
the means by which cellular energy status controlled the activ-
ity of the Snfl/AMPK pathway. However, several lines of evi-
dence suggest that the Snfl/AMPK activating kinases are not
themselves regulated by energy status. First, LKB1, the primary
activator of AMPK (14, 15), is the activation loop kinase for at
least 12 other kinases that are responsive to different stimuli
(16). If LKB1 were in fact regulated by cellular energy status,
one would predict increased activity toward all of its substrates
under conditions of nutrient limitation. This is not observed.
Furthermore, when LKB1 was expressed in yeast in place of the
SAKs, Snfl activation loop phosphorylation responded nor-
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TABLE 1
S. cerevisiae strains
Strain Genotype
MSY857 MATa ura3A0 leu2A0 his3A1 met1SA0 saklA:KAN tos3A:KAN elmi1A:KAN
MSY923 MATa ura3 leu2 his3 sak1A:KAN tos3A:KAN elm1A:KAN snflA10
MSY955 MATa ura3-52 leu2A1 his3A200 SNF1-3HA
MSY963 MATo ura3-52 leu2A1 his3A200 trp1A63 SNF1-3HA reglA::HIS3
MSY951 MATa ura3 leu2 his3 saklA:KAN tos3A:KAN elmlA:KAN SNFI-3HA
MSY966 MATa ura3 leu2 his3 saklA::KAN tos3A:KAN elmIA::KAN SNF1-3HA reglA::HIS3
MSY961 MATa ura3 leu2 his3 tos3A::KAN elmIA:KAN SNFI1-3HA
MSY983 MATa ura3 leu2 his3 tos3A:KAN elm1A:KAN SNF1-3HA reglA::HIS3
MSY958 MATa ura3 leu2 trp1A63 his3 sak1A:KAN elm1A:KAN SNF1-3HA
MSY965 MATa ura3 leu2 trp1A63 his3 sak1A:KAN elm1A:KAN SNF1-3HA reglA:HIS3
MSY956 MATa ura3 leu2 trpl1A63 his3 lys2A0 sak1A:KAN tos3A:KAN SNFI1-3HA
MSY964 MATa ura3 leu2 trp1A63 his3 lys2A0 sak1A:KAN tos3A:KAN SNFI1-HA regl A::HIS3
MSY987 MATo ura3-52 leu2A1 trp1A63 his3A200 snflA10 regl A::HIS3
FY1193 MATa ura3-52 leu2A1 trp1A63 his3A200 snflA10

mally to changes in glucose levels (21). Either LKB1 could sense
energy status in both yeast and mammalian cells or the phos-
phorylation status of the Snfl activation loop was not regulated
at the level of phosphate addition. Third, reactions with puri-
fied components showed that the addition of AMP did not
stimulate LKB1-mediated phosphorylation of AMPK but
rather inhibited its dephosphorylation (22, 23). Fourth, muta-
tions in the y subunit of AMPK affect the ability of the PP2C «
phosphatase to dephosphorylate the AMPK activation loop
(23). Finally, one of the three SAKs, Elm1, is required for normal
cell morphology (24, 25). Cells lacking Elm1 display the charac-
teristic elongated morphology for which Elm1 was named.
Since yeast cells display normal morphology in both glucose-
rich and glucose-limited media, the EIm1 kinase must be active
in both growth conditions. However, the Snfl kinase activation
loop shows a much greater degree of phosphorylation when
cells are grown in limiting glucose conditions (8). The fact that
Snfl is not phosphorylated in glucose-rich media even when
Elm1 is active suggests that the phosphorylation status of the
Snfl activation loop might not be regulated by phosphate
addition, but rather by dephosphorylation. All of these data
taken together suggest that the dephosphorylation reaction
may be the regulated step in determining the phosphoryla-
tion status of the Snfl/AMPK activation loop.

Genetic studies have long indicated that the dephosphoryla-
tion of the Snfl activation loop was mediated by the yeast PP1
protein phosphatase Glc7 (26). Deletion of the GLC7 gene is
lethal, thus complicating study of the PP1 phosphatase in yeast.
Glc7 can bind to several alternative regulatory subunits that are
thought to direct the phosphatase to different substrates (27).
The accessory subunit that directs Glc7 to the Snfl signaling
pathway is Regl (28). Deletion of the REG I gene results in con-
stitutive activation of Snfl and hyperphosphorylation of its
activation loop (8). Models for the Snfl/AMPK pathway in
which dephosphorylation is the key to regulation have been
lacking, perhaps because the laboratories studying AMPK and
Snfl (ours included) tend to have a kinase-centric world view.
The experiments in this report are designed to directly test
whether the SAKs, the deactivating phosphatase, or both are
regulated by glucose.

EXPERIMENTAL PROCEDURES

Media and Strains—Strains used in this study are presented
in Table 1. Yeast were grown at 30 °C in standard media. Glu-

JANUARY 4, 2008« VOLUME 283+NUMBER 1

cose was present at 2 or 0.05% (g/100 ml), as indicated in the
relevant figure legends. Raffinose medium contained 2% (g/100
ml) raffinose, 0.05% (g/100 ml) glucose, and 1 ug/ml antimycin
A. In order to create a complete deletion of the REGI gene, a
reglA::HIS3 allele was created using the HIS3 gene from
pRS403 (1622-bp Sspl fragment) flanked by the sequences from
the REGI locus. The upstream sequences from REGI were the
824-bp EcoRI-BsaAl fragment representing nucleotides —953
to —129 relative to the REGI ATG codon. The downstream
sequences from REGI were the 237-bp BsaAI-Xbal fragment
representing sequences 143-380 downstream from the REG1
stop codon. REG1 gene replacement was confirmed by PCR.

Plasmids and Mutagenesis—All Snfl-activating kinases were
expressed from their own cognate promoters, tagged with five
copies of the V5 epitope at the C terminus, and introduced to
cells on low copy plasmids based on pRS315 (29). Point muta-
tions in the ATP-binding pockets of Sakl, Tos3, and Elm1 were
introduced with the Stratagene QuikChange site-directed
mutagenesis kit (Stratagene, La Jolla, CA). TAP-tagged versions
of the three SAKs have been described previously (30). A low
copy plasmid expressing the Migl protein tagged with the HA
epitope at the C terminus has been previously described (31).

Screen for Altered Semsitivity Alleles—Overnight saturated
yeast cultures (200 ul) grown at 30 °C were suspended in 3 ml of
47 °C top agar (containing 0.07% (g/100 ml) Bacto Agar, syn-
thetic complete media lacking uracil with 2% (g/100 ml)
sucrose, 1 pug/ml antimycin A, and 0.01% (g/100 ml) glucose).
The mixture was carefully mixed and poured onto agar plates
containing synthetic complete media lacking uracil with 2%
(g/100 ml) sucrose, 0.01% (g/100 ml) glucose, and 1 ug/ml anti-
mycin A. The top agar mixture was allowed to cool and harden.
Sterile filter discs were gently placed on the surface of the top
agar. 3 ul of 2.5 or 25 uM candidate inhibitor drugs (in Me,SO)
were applied to the filter discs. Me,SO alone was used as a
negative control. Plates were incubated at 30 °C overnight and
photographed. The design and use of the altered sensitivity
allele of Snf1 will be described in detail elsewhere.?

Invertase Assay—Invertase activity of midlog cells grown in
high and low glucose was determined quantitatively using a
colorimetric assay coupled to glucose oxidase (32). Three inde-
pendent cultures were assayed, and the mean and S.E. values are

3 M. K. Shirra, R.R. McCartney, C. Zhang, K. M. Shokat, M. C. Schmidt, and K. M.
Arndt, manuscript in preparation.
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plotted. The units of invertase activity used were milliunits/OD
where one unit equals 1 wmol of glucose released/min.

Western Blotting—Protein extracts were prepared using the
NaOH cell lysis method as described previously (8). To detect
Snfl activation loop (Thr*'°) phosphorylation, 600 —1200 ug of
protein was immunoprecipitated in radioimmune precipitation
buffer as previously described (8). Rabbit polyclonal antibody
directed against phosphorylated Snfl T210 was used as the pri-
mary antibody (1:1000) to detect phosphorylated Snfl. Horse-
radish peroxidase-conjugated goat anti-rabbit antibody was
used as secondary antibody (1:15,000) (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA). For Snfl-HA detection, 20-40 ug of
protein extract was used. Snfl-HA was detected by a horserad-
ish peroxidase-conjugated antibody (1:1000) recognizing the
HA epitope (Santa Cruz Biotechnology).

Snfl-activating Kinase Assay—Protein extracts were pre-
pared from cells expressing a single SAK as a C-terminal TAP
fusion (30) or without any SAK. SAKs were collected from 300
ug of protein extract by immunoprecipitation with IgG beads.
Precipitates were washed five times in radioimmune precipita-
tion buffer and two times in kinase assay buffer as described
(30). Precipitates were then incubated in 20 ul of kinase assay
buffer with 0.2 mm [y->*P]JATP (1000 cpm/pmol) and purified
recombinant Snfl kinase domain as the substrate. Reactions
were incubated for 1 h at 30 °C and then subjected to SDS-
PAGE and autoradiography.

RESULTS

Snfl-activating Kinases Are Active in High and Low Glucose—
If the phosphorylation status of the Snfl activation loop were
regulated by phosphate addition, then one would predict that
the SAKs would be inactive in high glucose and activated by low
glucose. We have described above several lines of evidence that
suggest the opposite, that the SAKs may be active in both high
and low glucose. Three different experiments were conducted
to assess whether glucose regulates the activity of one or more
of the SAKs. First we measured invertase activity in cells
expressing a single SAK with and without the PP1 regulatory
subunit Regl. When Regl is absent, Snfl-dependent invertase
expression is elevated in both high and low glucose (28), and the
Snfl activation loop becomes phosphorylated in high glucose
(8). Consistent with prior observations, strains expressing Regl
and all three SAKs exhibit normal, glucose-regulated invertase
induction (Fig. 1). In the absence of Regl, cells with all three
SAKs display elevated invertase activity independent of glu-
cose, indicating that one or more of the SAKs is active in high
glucose. In the absence of all three SAKs, invertase activity is
minimal regardless of the glucose concentration or the pres-
ence or absence of Regl, confirming previous work indicating
that Sak1, Tos3, and EIm1 represent the complete complement
of SAKs (12, 13). In order to determine if any of the SAKs were
responsive to changes in glucose levels, Sakl, Tos3, and Elm1
were each expressed as the only SAK in the presence and
absence of Regl. In the absence of Regl, invertase is elevated in
both high and low glucose regardless of which SAK is present
(Fig. 1), indicating that each of the three SAKs is capable of
activating Snfl in high glucose. When Regl is present, glucose
regulation of invertase activity is restored. These results sup-
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FIGURE 1. Snf1-activating kinases are active in high and low glucose.
Invertase activity was measured in cells containing all three, none, or only
one of the SAKs in the presence or absence of REGT as indicated. Aliquots
were assayed from cells grown in high glucose (2%) or after shifting to low
glucose (0.05%) for 2 h. The mean value from three independent cultures
is plotted with the error bars indicating one S.E.

port the idea that the SAKs are active regardless of the glucose
concentration.

Earlier work has suggested that Sakl is the primary SAK. Of
the three SAKs, only Sak1 is found in stable complex with Snfl
(30). Sakl most efficiently activates all three 8 subunit-specific
isoforms of Snfl under multiple conditions (33) and is the only
SAK that can promote nuclear localization of the Gal83 isoform
of Snfl (34). Consistent with these data, Sakl most robustly
induces invertase activity, particularly in the absence of Regl
(Fig. 1). The reduced induction of invertase in cells expressing
Elm1 as the only SAK may be a reflection of sequestration of
Elm1 at the bud-neck for its role in regulating cell cycle and
morphogenesis (25).

A second measure of SAK activity is the measurement of
activation loop phosphorylation using a phosphopeptide anti-
body specific for Snfl phosphorylation on the activation loop
threonine 210 (PT210) (8). In this experiment, cells were grown
in high glucose in the presence or absence of Regl, protein
extracts were prepared, and total Snfl and Thr*'® phosphory-
lation was determined by Western blotting with either HA anti-
bodies (Fig. 2, bottom) or PT210 antibodies (top), respectively.
In multiple independent experiments, the presence or absence
of Regl affected the phosphorylation status of the Snfl activa-
tion loop but did not affect the level of total Snfl protein.
Results from a representative experiment are shown in Fig. 2. In
wild type cells, phosphorylation of the Snfl activation loop is
regulated in response to changes in glucose levels (lanes I and
2). In high glucose, cells expressing all three SAKs show low but
detectable Thr*'® phosphorylation when Regl is present and
distinctly elevated phosphorylation when Regl is absent (lanes
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FIGURE 2. Phosphorylation of the Snf1 kinase activation loop in reg1A
cells. Western blot of Snf1 protein using antibodies directed against the
phosphorylated form of the Snf1 activation loop («PT210) or against the HA
epitope. Cells expressing all three, one, or none of the SAKs (as shown) were
grown in high (H) or low (L) glucose. Cells contained the wild-type REGT gene
(+) or a complete deletion of the of REGT (A) as indicated.

3and 4). In the absence of all three SAKs, no phosphorylation of
Thr?'° is detected, regardless of whether Regl is present or not
(lanes 5 and 6). When the SAKs are expressed individually, the
level of Thr*'° phosphorylation is increased by the absence of
Regl, regardless of which SAK is present (lanes 7—12). Some
variation is observed between the individual SAKs. Sakl and
Elm1 show higher basal phosphorylation (lanes 7 and 11) com-
pared with Tos3 (lane 9). Nonetheless, the conclusion we reach
is that the SAKs are capable of phosphorylating Snfl in high
glucose, supporting the idea that the SAKs are active in both
high and low glucose conditions. However, these two experi-
ments do not exclude the possibility that the Glc7-Regl com-
plex regulates the SAKs. Therefore, our next experiment was
designed to measure SAK activity without disrupting the Glc7-
Regl complex.

Previously, we have used the tandem affinity purification
protocol to isolate the three SAKs, Sakl, Tos3, and Elm1
(30). In that study, we also showed that the Sakl complex
constituents and activity were not affected by carbon source
(glucose versus sucrose). The activity of Tos3 and Elm1 pre-
pared from different carbon sources was not measured. In
the third experiment to measure the activity of the SAKs, we
conducted in vitro kinase assays with each SAK isolated from
cells grown in high glucose or 2 h after a shift to low glucose.
The SAKs were collected by immunoprecipitation and
assayed for the ability to phosphorylate purified recombi-
nant Snfl kinase domain (Fig. 3). In earlier experiments, we
have shown that the SAKs phosphorylate the Snfl kinase
domain exclusively on threonine 210 (30). In order to be cer-
tain that we were in the linear range of the assay, immune com-
plexes were collected from increasing quantities of extract
(0-300 pg). The reaction depended on exogenous substrate,
since no incorporation was observed when recombinant Snfl
kinase domain was omitted from the reaction. For each SAK, a
similar level of activity was observed in reactions using extracts
prepared from cells grown in high and low glucose. The first
three experiments described here all support the idea that the
SAKs are active in both high and low glucose. Since the phos-
phorylation status of the Snfl activation loop is regulated by
glucose, the simplest model remaining is that the dephospho-
rylation of Snfl is regulated by glucose.
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FIGURE 3. Activity of Snf1-activating kinases isindependent of glucose. In
vitro kinase assays were performed with SAKs immunoprecipitated from pro-
tein extracts of cells grown in either high or low glucose. Cells expressed a
single, TAP-tagged SAK (as shown). Precipitates were incubated in the pres-
ence of [y->2P]ATP with (+) or without (—) the addition of recombinant Snf1
kinase domain (Snf1-KD) as a substrate. Activity present in a titration from 0 to
300 ug of protein extract is shown.

Identification of an Altered Sensitivity Allele of TOS3—To
monitor the rate of Snf1 activation loop dephosphorylation, we
sought to develop a means to rapidly and selectively inactivate
the SAKs. In the absence of de novo phosphate addition,
changes in Snfl phosphorylation status may be attributed to the
phosphatase, enabling us to determine if the activity of Glc7-
Regl is regulated by changes in glucose concentration. A chem-
ical genetic method has been developed for specifically inacti-
vating protein kinases (35). By changing the “gatekeeper”
residue in the ATP binding pocket from a bulky hydrophobic
residue to glycine or alanine, kinases can be engineered that are
selectively inhibited by adenine analogues. An analogue-sensi-
tive variant of the SAK Elm1 (T200G) has been reported (36).
Because the primary role of EIm1 seems not to be Snfl activa-
tion but rather participation in cell morphology signaling, we
sought to identify analogue-sensitive alleles of the other SAKSs,
Sakl and Tos3, whose only described role is activation of Snfl.

The gatekeeper residues of Sakl (Leu**®) and Tos3 (Leu'?”)
were changed to glycine and alanine. Plasmids encoding these
kinase variants were introduced to cells that lacked the genes
for all three SAKs. A library of adenine analogues was screened
for the ability to block Snfl signaling in cells expressing ana-
logue-sensitive variants of the SAKs without affecting signaling
in cells expressing the wild-type kinase. All attempts to identify
a specific inhibitor for the altered sensitivity alleles of Sakl were
unsuccessful. However, we were successful with Tos3, using the
Tos3-L135@G allele in combination with the adenine analogue
CZ22 (Fig. 4). In a screen to identify specific inhibitors for our
mutant kinases, cells were grown as a lawn with sucrose as the
carbon source and antimycin to prevent aerobic metabolism.
Under these conditions, Snfl signaling is required for growth.
Adenine analogues suspended in Me,SO were spotted onto fil-
ter discs. Formation of a halo around the disc was indicative of
compromised Snfl signaling, an outcome expected when the
only SAK present in cells is inhibited. When cells were exposed
to CZ22, a halo of growth inhibition was observed when Tos3-
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L135G was the only SAK. No halo was observed with cells ex-
pressing wild-type Tos3 (Fig. 4A4). Therefore, the growth inhibi-
tion by CZ22 is specific to the sensitized allele of TOS3.

In order to determine the effective concentration of CZ22,
induction of the enzyme invertase was measured in cells grown
in high glucose and shifted to low glucose as an indicator of Snfl
activation by Tos3-L135G or wild-type Tos3 (Fig. 4B). Cells
expressing the wild-type or sensitized Tos3 kinase as the only
SAK were initially grown in glucose-rich media. CZ22 was
included in the media at the shift to low glucose at concentra-
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FIGURE 4. Analogue-sensitive allele of the Snf1-activating kinase Tos3.
A, cells expressing either Tos3 or Tos3-L135G as the only SAK were mixed with
top agar and overlaid onto a plate containing sucrose as the carbon source.
Sterile discs were spotted with either Me,SO (DMSO) or the adenosine ana-
logue CZ22 dissolved in Me,SO. B, invertase assay. Cells expressing either
the wild-type Tos3 or the analogue-sensitive Tos3-L135G as the only SAK
were assayed for invertase induction after growth in high glucose (H) or
following 2 h of incubation in media containing 0.05% glucose (L). The
adenosine analogue CZ22 was added to the final concentration indicated.
Mean values of invertase activity from three independent cultures are
plotted with the error bar signifying one S.E. C, CZ22 blocks Snf1 activation
loop phosphorylation. Cells expressing Tos3-L135G as the only SAK were
grown in high glucose (H) or shifted to low glucose (L) in the presence of
added Me,SO or 2.5 um CZ22 dissolved in Me,SO. Total and activated Snf1
protein was assessed by Western blotting with anti-HA antibodies or the
phosphopeptide antibody specific for the phosphorylated activation loop
of Snf1 (a-PT210). Representative Western blots are shown. D, structure of
the adenosine analogue CZ22.

L Glucose

tions of 0 (Me,SO only), 1, 2.5, or 25 um. In the absence of
CZ22, cells expressing either the wild-type Tos3 or the sensi-
tized Tos3-L135G show robust invertase induction upon shift-
ing to low glucose, indicating that the Tos3-L135G allele is fully
functional. When CZ22 is included in the reactions at 1 and 2.5
M, cells expressing wild-type Tos3 exhibited no defect in the
induction of invertase. In contrast, significant inhibition (85%)
of invertase induction was observed in cells expressing Tos3-
L135G exposed to the same analogue concentration. Increasing
the concentration of CZ22 did not produce a significant
improvement in the degree of inhibition. All subsequent exper-
iments with Tos3-L135G used 2.5 um CZ22.

We observed a subtle but reproducible stimulation of invert-
ase activity when Tos3 cells were subjected to glucose limita-
tion in the presence of 1 um CZ22 (Fig. 4B). The mechanism by
which this occurs is not clear. However, the purpose of these
experiments was to generate a tool with which we could rapidly
and efficiently shut off SAK-to-Snfl signaling. Here we have
generated a variant of Tos3 that functions like the wild-type
kinase but can be efficiently inhibited by the addition of low
concentrations of CZ22.

We next directly analyzed the capacity of CZ22 to prevent
Tos3-L135G-mediated phosphorylation of Snfl (Fig. 4C). Cells
expressing analogue-sensitive Tos3 as the only SAK were
grown in glucose-rich media and shifted to low glucose in the
presence of Me,SO or 2.5 um CZ22. The phosphorylation state
of the Snfl activation loop as well as the level of total Snfl
protein were assessed by Western blotting. Glucose-grown
cells exhibit low level basal phosphorylation. As previously
reported, Snfl becomes phosphorylated when cells are shifted
to low glucose media for 2 h in the absence of CZ22 (8). When
CZ22 is included at the shift to low glucose, however, Snfl
never becomes phosphorylated beyond basal levels, clearly
demonstrating that CZ22 inhibits the activity of Tos3-L135G
toward the Snfl activation loop. These data establish our ana-
logue-sensitive allele of TOS3 as a legitimate tool to study the
regulation of Glc7-Regl protein phosphatase activity.

Snfl Dephosphorylation Is Regulated by Glucose—To test
whether dephosphorylation of the Snfl activation loop is regu-
lated by glucose, the rate of dephosphorylation was measured in
cells with active (phosphorylated) Snfl. In one case, de novo
phosphorylation of Snfl was blocked by inhibiting the sole
SAK, and the rate of dephosphorylation in low glucose was then
measured. In the second case, de novo phosphorylation was
blocked, glucose was added back to cultures, and the rate of

dephosphorylation upon shifting to

+DMSO +CZ22 + glucose 155535«3 high glucose was measured. By
EE— S EE—— EE— comparing these two conditions, we

HL i 3.5 H L 1.3 3 H L 1 3 3 Lt 3 35 were able to assess whether the
—— — — I _ | |aPT210 dephosphorylation reaction is regu-

. lated by glucose. In multiple ex-

w —on et | EEeDeEET e e a-HA periments, we found that the rate
1 2 3 4 5 6 7 8 9 10 111213 1415 16 17 18 19 20 of Snfl dephosphorylation was

FIGURE 5. Activity of the Glc7-Reg1 phosphatase is regulated by glucose. Cells expressing the analogue
sensitive Tos3-L135G protein as the only SAK were grown in high glucose media (H) and then shifted to low
glucose (L) for 30 min. Me,SO (DMSO), CZ22 dissolved in Me,SO, or glucose was added, and aliquots were
removed after 1, 3, or 5 min. Extracts were prepared, and the HA-tagged Snf1 protein was collected by immu-
noprecipitation and analyzed by Western blotting using antibodies directed against the phosphorylated form

of the Snf1 activation loop (a-PT210) or against total Snf1 protein (a-HA).
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strongly regulated by glucose. A
representative experiment is shown
in Fig. 5. Cells expressing the sensi-
tized Tos3-L135G kinase as the only
SAK were grown in high glucose
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(2%) and then shifted for 2 h to media containing only 0.05%
glucose. Snfl activation loop phosphorylation status and total
Snfl protein levels were again assessed by Western blotting.
The phosphorylation status of the Snfl activation loop is greatly
increased when cells are shifted to low glucose (lanes 1 and 2).
As a negative control, Me,SO was added to the low glucose
culture. When aliquots were removed after an additional 1, 3, or
5 min in low glucose plus Me,SO, the activation loop phospho-
rylation remained stable and high (lanes 3—5). In contrast, when
glucose was added to the cultures with or without CZ22,
dephosphorylation of Snfl to basal levels was observed after
only 1 min of glucose addition (lanes 13 and 18). Therefore, the
rate of dephosphorylation upon glucose addition is extremely
rapid (ti5 < 0.5 min). Technical limitations prevent analysis of
shorter time points. To assess the rate of dephosphorylation
occurring in low glucose, de novo phosphorylation was inhib-
ited by the addition of CZ22 to 2.5 um. In the absence of new
phosphorylation events, the activation loop of Snfl retained its
high level of phosphorylation (lanes 8 —10); therefore, the half-
time for the dephosphorylation reaction in low glucose must be
greater than 5 min. This indicates that the rate of Snfl dephos-
phorylation is at least 10 times slower under glucose limitation
than is observed under glucose abundance (compare t, of <0.5
min and >5 min). These results provide the first direct evidence
that the rate of Snfl dephosphorylation is regulated by glucose
concentration in vivo. These experiments have also been
undertaken with the analogue-sensitive Elm1-T200G (36) with
similar results (data not shown).

Glc7-Regl Phosphatase Complex Is Active in Low Glucose—
The glucose-regulated dephosphorylation of Snfl could occur
by one of two mechanisms. First, glucose concentration could
control the phosphatase activity of the Glc7-Regl complex.
Second, glucose levels might regulate the availability of phos-
phorylated Snfl as a substrate to the inactivating phosphatase.
Supporting the latter model, in vitro experiments with purified
mammalian proteins have shown that AMP binding to the y
subunit of AMPK decreases the rate of AMPK activation loop
dephosphorylation (22, 23). To test whether the regulation of
Snfl activation loop dephosphorylation is controlled by
changes in Glc7-Regl activity or accessibility of the phospha-
tase to the Snfl activation loop, we analyzed the glucose-regu-
lated activity of Glc7-Regl toward another substrate, the tran-
scription factor Migl.

In order to examine the activity of Glc7-Regl phosphatase
toward Migl in low glucose, we utilized an adenine analogue-
sensitive variant of Snfl, Snfl-I132G, to be described else-
where.? In a manner similar to the inhibition of Tos3-L135G by
CZ22, the 1132G mutation in the ATP binding pocket of Snfl
rendered it sensitive to the related compound, 2NM-PP1.

We first tested the capacity of 2NM-PP1 to completely
inhibit Snf1-1132G phosphorylation of Migl tagged with the
HA epitope (31). The phosphorylation status of Migl-HA can
be determined by anti-HA Western blotting, as phosphorylated
isoforms exhibit a slower electrophoretic migration (37). Cells
expressing Migl-HA and either wild-type Snfl or Snf1-1132G
were grown in high glucose, where Mig1 is normally not phos-
phorylated. Aliquots were taken, and the remainder of the cells
were divided and treated with either Me,SO (as a negative con-
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FIGURE 6. Glc7-Reg1 phosphatase is active toward Mig1 in high and low
glucose. A, phosphorylation of Mig1 was measured by Western blotting of
protein extracts prepared from cells grown in high glucose (H) or 1 h after
shifting to low glucose (L). Cells expressed either wild-type Snf1 (lanes 1-3) or
the analogue-sensitive Snf1-1132G (lanes 4-11). Cells were treated with
Me,SO (D) or the Snf1 inhibitor, 2NM-PP1 (NM), prior to and throughout the
shift to low glucose as indicated (lanes 71-6). Cells were grown in high glucose
(H) and shifted to low (L) glucose for 1 h (lanes 7 and 8, respectively). After 1 h
in low glucose, cells were treated for 5 min with the addition of Me,SO (D), the
Snf1-1132G inhibitor, 2NM-PP1 dissolved in Me,SO (NM), or glucose (G) (lanes
9-11). B, cells carrying a complete deletion of the REGT gene were trans-
formed with low copy plasmids expressing wild-type Reg1 protein (+) or
empty vector (A). Cells also expressed HA-tagged Mig1 and the analogue-
sensitive Snf1-L132G. Cells were grown in high glucose and shifted to low
glucose to allow for phosphorylation of the Mig1 protein and were subse-
quently treated for 5 min with either Me,SO (+D), 2NM-PP1 (+NM), or glu-
cose (+Glu), as indicated. Extracts were prepared and phosphorylation of
Mig1 determined by Western blotting.

trol) or 25 um 2NM-PP1 (suspended in Me,SO) for 10 min
prior to and throughout the shift to low glucose. In cells
expressing either wild-type Snfl or Snf1-1132G, Migl-HA was
seen as the dephosphorylated faster migrating isoform in high
glucose (Fig. 64, lanes 1 and 4). The addition of 2NM-PP1 com-
pletely blocked the ability of Snf1-1132G to phosphorylate Migl
(lane 6) but had no effect on the wild-type Snfl (lane 3). The
addition of Me,SO did not inhibit either form of Snfl kinase.
Thus, the Snfl-1132G mutant is functional but can be selec-
tively inhibited by 2NM-PP1.

We next wanted to analyze the activity of the Glc7-Regl
phosphatase toward phosphorylated Migl-HA in high and low
glucose. In multiple experiments, we have found that Migl1 is
rapidly dephosphorylated in low glucose when Snfl kinase is
inactivated by 2NM-PP1. A representative experiment is shown in
Fig. 6. Cells expressing the analogue-sensitive Snfl1-1132G and
Migl-HA were grown in high glucose, shifted to low glucose for
1 h such that Migl-HA would be in the phosphorylated state.
Cells were treated with either Me,SO, 2NM-PP1 suspended
in Me,SO, or glucose for 5 min. Migl-HA was found as the
faster, unphosphorylated migrating form in high glucose
(Fig. 6A, lane 7) and the slower, phosphorylated migrating
form upon shifting to low glucose (lane 8). The addition of
Me,SO had no effect on the Migl-HA phosphorylation status
(lane 9). Within 5 min of the addition of glucose to the media,
Migl-HA was quantitatively returned to the faster, unphospho-
rylated form (lane 11). When the de novo phosphorylation of
Migl was blocked with 2NM-PP1, Migl-HA returned to the
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faster, unphosphorylated isoform within the same 5 min (lane
10). Therefore, the Glc7-Regl phosphatase is active toward
Migl even in low glucose. These experiments demonstrate that
Snfl dephosphorylation by Glc7-Regl is regulated by glucose
(Fig. 5), whereas Migl dephosphorylation is not (Fig. 6). Taken
together, these results suggest that the catalytic activity of the
Glc7-Regl phosphatase is not controlled by glucose availability;
rather, it seems the availability of phosphorylated Snfl as a sub-
strate for dephosphorylation by Glc7-Regl is regulated by envi-
ronmental glucose concentration.

The conclusion that the Glc7-Regl phosphatase is active
toward one substrate (Migl) under conditions where it is not
active toward another (Snfl activation loop) is based on the
assumption that Migl is a direct substrate of the Glc7-Regl
phosphatase. Although this conclusion is sometimes stated as if
it were proven, an alternative interpretation for the effect of
mutations in the REGI and GLC7 genes on Migl phosphoryla-
tion has been noted (38). Mutations in REGI and GLC?7 cause
hyperactivation of Snfl, which may in turn explain the
increased phosphorylation state of Migl. We used the ana-
logue-sensitive allele of Snf1 to examine the effect of deletion of
the REGI gene on the phosphorylation of Migl. In this way, any
changes in the phosphorylation state of Migl as a result of
REGI deletion would be independent of the hyperactivation of
Snfl. Cells expressing HA-tagged Migl and Snf1-1132G were
shifted to low glucose for 1 h to allow for phosphorylation of
Migl. Cells were then treated for 5 min with 2NM-PP1 to
inhibit the Snf1-1132G kinase activity. For controls, cells were
either treated with Me,SO or glucose (Fig. 6B). When Snfl
kinase was inhibited by the addition of glucose, the dephospho-
rylation of Migl was rapid when Regl was present (lane 9).
Deletion of REGI caused an increase in the phosphorylation
state of Migl in both high and low glucose (lanes 2 and 4).
When the activity of Snfl was inhibited by the addition of
2NM-PP1, Migl was rapidly dephosphorylated (lane 7). Dele-
tion of REGI inhibited the dephosphorylation of Mig1 (lane 8).
Therefore, the effect of Regl on the phosphorylation state of
Migl was not dependent on the hyperactivation of Snfl kinase.
This experiment is the first to separate the role of Glc7-Regl in
the dephosphorylation of Migl from the hyperactivation of
Snfl. These data provide strong evidence that Glc7-Regl is
indeed active toward Migl in low glucose, although it is largely
inactive toward the activation loop of Snfl.

DISCUSSION

Glucose abundance regulates the Snfl signaling pathway.
The identity of the glucose signal and the mechanism(s) by
which it is transduced to the Snfl kinase have remained elusive.
The phosphorylation status of the Snfl activation loop is deter-
mined by the relative rates of phosphorylation by the SAKs and
dephosphorylation by the inactivating phosphatase PP1 (Glc7-
Regl). Until the present report, it has been unclear whether
phosphate addition, phosphate removal, or both are regulated
by changes in glucose availability.

We first asked if phosphorylation of Snfl is regulated by glu-
cose concentration. Snfl-dependent invertase activity was ele-
vated in high and low glucose conditions in the absence of the
PP1 regulatory subunit Regl when Sakl, Tos3, or EIm1 were
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FIGURE 7. Model for the regulation of Snf1 kinase at the level of dephos-
phorylation. In high glucose media, the Snf1 kinase is largely unphosphoryl-
ated and inactive due to the accessibility of the activation loop threonine to
the GIc7-Reg1 phosphatase. Under conditions of glucose limitation, the
dephosphorylation of the Snf1 activation loop is inhibited by an unknown
factor (X), leading to the accumulation of phosphorylated and active Snf1
kinase.

ACTIVE

present as the only SAK (Fig. 1). Thus, each of the SAKs is
capable of activating the Snfl pathway in high glucose. Addi-
tionally, the fraction of total Snfl that was phosphorylated was
higher in glucose-rich conditions in regIA strains than in
REG1™ strains regardless of which SAK(s) was expressed (Fig.
2). These experiments support the idea that the SAKs are active
independent of glucose, but two other possibilities existed.
First, it was conceivable that the SAKs actually did exhibit glu-
cose regulation but that the lower level of activity in high glu-
cose was sufficient to activate Snfl when PP1 function was dis-
rupted. Second, the activity of the SAKs themselves might be
regulated by PP1. These two possibilities were addressed by our
third experiment; SAKs immunoprecipitated from extracts of
cells grown in high and low glucose exhibited similar activity
toward exogenous Snfl kinase domain substrate. These results
strongly suggest that the activities of the SAKs are glucose-
independent. Additional lines of evidence supporting this idea
were presented above.

If the SAKs are not regulated by glucose, then the dephos-
phorylation of Snfl by Glc7-Regl PP1 must be regulated by
glucose. Using an adenine analogue-sensitive mutant of the
SAK Tos3, we showed that the rate of Snfl dephosphorylation
is at least 10-fold greater in high glucose than in low glucose
(Fig. 5). This experiment did not distinguish between a direct
effect of cellular energy status on the catalytic activity of the
Glc7-Regl complex and an effect on the availability of the Snfl
activation loop to serve as a Glc7-Regl substrate. An adenine
analogue-sensitive allele of Snfl allowed us to determine that
Glc7-Regl was active in low glucose, rapidly dephosphorylating
another substrate, Migl, in conditions under which Snfl is
resistant to dephosphorylation. This result suggests that glu-
cose regulation of Snfl dephosphorylation is achieved by con-
trolling access of the phosphorylated Snfl activation loop to
PP1.

Our model of the regulation of Snf1 activation loop phospho-
rylation is presented in Fig. 7. The three SAKs and the PP1
phosphatase are catalytically active regardless of glucose avail-
ability. In low glucose, however, the phosphorylated activation
loop of Snfl is protected from dephosphorylation by an
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unknown factor (X in our schema), allowing the phosphoryla-
ted isoform of Snfl to accumulate.

How might the access of phosphorylated Snfl to Glc7-Regl
be controlled? We consider here two possibilities. The first is
that, in low glucose, phosphorylated Snfl and Glc7-Regl are
maintained in distinct subcellular compartments, thus protect-
ing phosphorylated Snfl from PP1. Dombek et al. (39) have
reported that Regl-GFP fusions display constitutively cytoplas-
mic localization. Snfl, by contrast, has been shown to exhibit a
complex, glucose-regulated subcellular localization pattern. In
glucose abundance, all three 8 subunit-specific isoforms of Snfl
are cytoplasmic (40). Upon a shift to low glucose, however, the
Sip1-Snf4-Snfl complex becomes localized to the vacuolar
periphery, the Gal83-Snf4-Snfl complex becomes enriched in
the nucleus, and the Sip2-Snf4-Snfl complex seems to remain
cytoplasmic under all conditions (40, 41). The idea that subcel-
lular localization might control Snfl dephosphorylation is chal-
lenged by the finding that the three isoforms of Snf1, each with
a distinct localization pattern, all show similar regulation by
glucose (31, 33). For this reason, we do not favor a model in
which Snfl dephosphorylation is controlled by subcellular
localization.

A second possibility is that the phosphorylated Thr="" resi-
due is protected from dephosphorylation by Glc7 in low glu-
cose by some protein factor (X in our model; Fig. 7). The iden-
tity of this protein factor is unclear; however, two strong
candidates come immediately to mind. One candidate is Snf4,
the +y subunit of the Snfl heterotrimer. In the mammalian
enzyme, the y subunit binds AMP and inhibits the dephospho-
rylation reaction (22, 23). In yeast, the y subunit does not
appear to bind AMP, and whether or not it binds some other
small metabolite is a topic of great interest in the field. Two-
hybrid interactions between Snfl and Snf4 are reported to
increase in response to glucose limitation (6). It is possible that
interactions of Snfl with the y subunit Snf4, possibly in con-
junction with the B subunits, preclude dephosphorylation by
PP1 in low glucose. It is clear, however, that although Snf4 and
the beta subunits are required for Snfl function in vivo, at least
some degree of glucose regulation of Snfl phosphorylation is
independent of the 3 and vy subunits, since cells lacking either
all three 3 subunits, the y subunit, or both retain glucose-reg-
ulated phosphorylation of Thr*'? (44). In fact, when Snf1 kinase
lacking its C-terminal regulatory domain is expressed in the
absence of B and 7 subunits, the activation loop still exhibits
glucose-regulated phosphorylation (44). Thus, some regulation
must lie outside the Snfl regulatory domain as well as the B and
v subunits.

The second strong candidate for X in our model is Regl.
Although Regl is thought to act as the targeting subunit for
Glc7 that promotes Snfl dephosphorylation in high glucose, it
is possible that Regl maintains dual roles in Snfl activation
loop regulation. Regl is an abundant component of the Snfl
kinase complex as determined by two-hybrid analysis (42) and
mass spectrometry (30). Furthermore, the interaction of Regl
with the Snfl kinase domain requires the activation loop thre-
onine and is stronger in low glucose (42). In low glucose Regl
could function to protect the phosphorylated Thr*'°. Some as
yet unidentified signal would control whether Regl serves as
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protector of Snfl activation loop phosphorylation or recruiter
for the PP1 phosphatase.

Additional candidates for the identity of the X factor are
other proteins found in the Snfl complex, including chaper-
ones and the phosphoprotein-binding 14-3-3 proteins, Bmh1l
and Bmh2 (30, 45). Finally, the Snfl kinase domain has been
reported to dimerize in a manner that could make the activa-
tion loop inaccessible (46). Whether or not there is regulatory
significance to the proposed Snfl dimerization is unknown.
Clearly, further experimentation will be needed to determine
precisely how glucose abundance controls Snfl availability for
dephosphorylation by PP1.

Finally, the glucose signal controlling Snfl phosphorylation
status is not known. Our data do not distinguish between a low
glucose signal that protects Snfl from dephosphorylation and a
high glucose signal that promotes its dephosphorylation. Iden-
tifying the molecular cue(s) that regulates Snf1 activation loop
phosphorylation status is of great interest. The primary conse-
quence of this study will be to redirect the focus of future inves-
tigations of Snfl activation loop phosphorylation away from the
regulation of phosphate addition and toward the regulation of
phosphate removal.
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