Subcellular localization of the Snfl
kinase is regulated by specitic B subunits
and a novel glucose signaling mechanism
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The Snfl/AMP-activated protein kinase family has broad roles in transcriptional, metabolic, and
developmental regulation in response to stress. In Saccharomyces cerevisiae, Snfl is required for the response
to glucose limitation. Snfl kinase complexes contain the « (catalytic) subunit Snfl, one of the three related
subunits Gal83, Sip1, or Sip2, and the vy subunit Snf4. We present evidence that the B subunits regulate the
subcellular localization of the Snfl kinase. Green fluorescent protein fusions to Gal83, Sip1, and Sip2 show
different patterns of localization to the nucleus, vacuole, and/or cytoplasm. We show that Gal83 directs Snfl
to the nucleus in a glucose-regulated manner. We further identify a novel signaling pathway that controls this
nuclear localization in response to glucose phosphorylation. This pathway is distinct from the glucose
signaling pathway that inhibits Snfl kinase activity and responds not only to glucose but also to galactose and
sucrose. Such independent regulation of the localization and the activity of the Snfl kinase, combined with
the distinct localization of kinases containing different B subunits, affords versatility in regulating

physiological responses.
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The Snfl/AMP-activated protein kinase (AMPK) family
is essential for metabolic regulation in response to stress
in fungi, plants, and animals (for review, see Hardie et al.
1998; Kemp et al. 1998). In mammals, AMPK controls
metabolic enzymes in response to stresses that affect the
cellular energy supply, including nutrient limitation,
hypoxia, heat shock, and exercise. Increases in the cel-
lular AMP : ATP ratio activate AMPK, which then
stimulates ATP-producing pathways and inhibits ATP-
consuming pathways. The recent identification of an
AMPK mutation in pigs that affects the glycogen content
of muscle, and hence meat quality, provides genetic evi-
dence for an important role of AMPK (Milan et al. 2000).
AMPK has been implicated further in exercise-stimu-
lated, insulin-independent glucose transport in muscle,
which is relevant to the beneficial effects of exercise for
patients with type II diabetes (Hayashi et al. 1998).
AMPK also inhibits glucose-activated transcription in
liver and pancreatic B cells (Silva Xavier et al. 2000;
Woods et al. 2000).

Like its mammalian counterparts, the Snfl kinase of
the yeast Saccharomyces cerevisiae has an essential role
in metabolic regulation in response to stress. Snfl is re-
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quired for the adaptation of cells to glucose limitation
(Gancedo 1998; Carlson 1999) and also has been impli-
cated in the response to salt stress, heat shock, and star-
vation for other nutrients (Thompson-Jaeger et al. 1991;
Alepuz et al. 1997). Snfl affects not only metabolic ad-
aptation to different environmental conditions but also
developmental processes. Mutations in the kinase com-
plex cause defects in meiosis and sporulation (Honigberg
and Lee 1998), filamentation and invasive growth
(Cullen and Sprague 2000), survival in stationary phase
(Ashrafi et al. 1998), and life span and aging (Ashrafi et al.
2000).

The role of Snfl in the metabolic adaptation to glucose
depletion and to growth on alternate carbon sources is
understood in some detail. The Snfl kinase is activated
when glucose is low or absent by an unidentified signal
(Woods et al. 1994; Wilson et al. 1996; Jiang and Carlson
1996); the AMP : ATP ratio may be important during car-
bon source transitions (Wilson et al. 1996) but does not
appear to be the primary signal during steady-state
growth (Gancedo 1998). Snfl regulates the transcription
of metabolic genes by controlling transcriptional repres-
sors and activators (Carlson 1999) and RNA polymerase
II holoenzyme function (Kuchin et al. 2000). Snfl also
regulates the activity of enzymes involved in fatty acid
and glycogen metabolism (Hardy et al. 1994; Mitchelhill
et al. 1994; Woods et al. 1994), which in some cases may
have effects that extend beyond metabolic control; for
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example, acetyl-CoA carboxylase activity affects nuclear
envelope morphology and mRNA transport (Schneiter
and Kohlwein 1997).

The diverse roles of the Snfl/AMPK kinases raise the
question: how is such versatility achieved? Genetic stud-
ies in yeast suggest that isoforms of the § subunit are
important for functional specificity. Snfl/AMPK kinase
complexes comprise three subunits, and in S. cerevisiae,
each complex contains the o (catalytic) subunit Snfl, one
of the three B subunits Sipl, Sip2, or Gal83, and the v
subunit Snf4. The «, B, and y subunits all have roles in
regulating the catalytic activity. In glucose-grown cells,
the regulatory domain of Snfl autoinhibits the catalytic
domain, and in response to glucose limitation, Snf4
binds to the Snfl regulatory domain and stabilizes the
kinase in an open, active conformation (see Fig. 8; Jiang
and Carlson 1996). The B subunit interacts with both
Snfl and Snf4 to maintain their association in a complex
(Yang et al. 1992, 1994; Jiang and Carlson 1997), and a
sip1A sip2A gal83A triple null mutant is defective for
Snfl function; this point was clarified recently by find-
ings that the original gal83A allele is partially functional
(Erickson and Johnston 1993; Schmidt and McCartney
2000). Genetic evidence indicates that the g subunit also
confers functional specificity to the kinase (Yang et al.
1994; Schmidt and McCartney 2000). In particular,
Gal83 has been shown to mediate the physical interac-
tion of Snfl with Sip4, a transcriptional activator of glu-
coneogenic genes (Vincent and Carlson 1999), and Sip2
has been implicated in control of life span and aging
(Ashrafi et al. 2000).

In this study, we present evidence that the § subunits
regulate the subcellular localization of the kinase. Sipl,
Sip2, and Gal83 show distinct localization patterns, and
the glucose-regulated nuclear localization of Snfl de-
pends on Gal83. These findings imply that the g sub-
units regulate the activity of Snfl toward differently lo-
calized substrates. We further identify a novel signaling
pathway that controls the nuclear localization of Gal83
and Snfl. This pathway is distinct from the glucose sig-
naling pathway that controls Snfl kinase activity and
responds not only to glucose but also to other ferment-
able carbon sources such as galactose. We suggest that
such independent regulation of the activity and localiza-
tion of Snfl provides the versatility needed for the Snfl
kinase to mediate diverse responses to stress.

Results

Distinct subcellular localization of the B subunits
Sip1, Sip2, and Gal83

To determine the localization of Sipl, Sip2, and Gal83,
we fused green fluorescent protein (GFP) to the C termi-
nus of each protein, which was expressed from its own
promoter on a centromere-containing plasmid. Immuno-
blot analysis confirmed the presence of full-length fusion
proteins and showed that Gal83-GFP is the most abun-
dant of the three B subunits in glucose-grown cells (Fig.
1A). In addition, expression of Sip2-GFP was found to be

Glucose-regulated localization of Snfl kinase
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Figure 1. Subcellular localization of Sipl, Sip2, and Gal83.
Strains MCY2649, MCY2700 (sip2A), and MCY4458 (gal83A)
were transformed with centromeric plasmids expressing Sipl—
GFP, Sip2-GFP, or Gal83-GFP, respectively; plasmids were
pOV90, pRTY, and pRT12. (A) Cells were grown in synthetic
medium with 2% glucose (Glu) or 2% glycerol plus 3% ethanol
(G + E). Protein extracts were prepared, separated by SDS-
PAGE, and immunoblotted with anti-GFP antibody. (B) The
subcellular localization of each GFP fusion protein was exam-
ined by fluorescence microscopy in cells grown on synthetic
medium with 2% glucose (Glu), 2% glycerol plus 3% ethanol
(Gly + Eth), or 5% glycerol (Gly). The arrows indicate that cells
were shifted from the growth medium to a different carbon
source and incubated for 20 min before observation. Cells grown
in glucose were shifted to 2% or 5% glycerol, and cells grown in
glycerol were shifted to 5% glycerol plus 2% glucose. Nuclear
export of Gal83 also was observed when cells were shifted from
5% glycerol to 2% glucose (data not shown). A low level of
autofluorescence was observed with untransformed strains (not
shown). DNA was stained with DAPI. (GFP) green fluorescent
protein.

DAPI

glucose regulated. All three fusion proteins are func-
tional in several assays (see Materials and Methods).
We examined the localization of the fusion proteins in
both glucose-repressed and -derepressed cells (Fig. 1B). In
glucose-grown cells, all three proteins were in the cyto-
plasm and were largely excluded from the nucleus. When
cells were grown on glycerol and/or ethanol, however,
each of the three fusion proteins showed different pat-
terns. For Sipl-GFP, fluorescence was detected mainly
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in the vacuole; moreover, when glucose-grown cells
were shifted to glycerol, fluorescence intensified at the
periphery of the vacuole within 20 min. Sip2-GFP re-
mained cytoplasmic and excluded from the nucleus.
Gal83-GFP was located predominantly in the nucleus of
glycerol-grown cells, with only low-level fluorescence
detectable in the cytoplasm. When glucose-grown cells
were shifted to glycerol (or shifted to water; data not
shown), Gal83-GFP was imported into the nucleus
within 20 min (within 5 min in other experiments; data
not shown); conversely, when glucose was added to glyc-
erol-grown cells, Gal83—-GFP was exported rapidly from
the nucleus.

Sipl, Sip2, and Gal83 have similar C termini (Fig. 2A),
suggesting that the sequences responsible for differential
localization lie in the divergent N-terminal regions. Sip2
is myristoylated (Ashrafi et al. 1998), which most likely
affects its localization. Because residues 44-74 of Gal83
are conserved (67 % identity) in the Kluyveromyces lac-
tis homolog Fogl (Goffrini 1996), we expressed the N-
terminal 90 residues of Gal83 fused to GFP. Gal83, o5
GFP was partially excluded from the nucleus in glucose-
grown cells and to some extent was enriched in the
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Figure 2. N terminus of Gal83 confers regulated localization.
(A) Sipl, Sip2, Gal83, and Fogl are represented schematically.
Shading indicates conserved sequences, which include two do-
mains that interact with Snfl and Snf4, designated KIS and
ASC, respectively (Yang et al. 1994; Jiang and Carlson 1997).
Numbers indicate amino acid residues in Gal83. Sipl is sub-
stantially larger than the other subunits, with 863 residues, as
indicated by the broken lines. (B) Fluorescence microscopy was
performed with strain MCY4458 (gal83A) expressing Gal83, oo
GFP from the GAL83 promoter on the centromeric plasmid
pOV92. Cells were grown to mid-log phase on synthetic me-
dium with 2% glucose (Glu) and shifted for 20 min to 5% glyc-
erol (Gly). Immunoblot analysis confirmed that Gal83,_o,—GFP
is intact. (GFP) green fluorescent protein.
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nucleus after a shift to glycerol (Fig. 2B). Thus, the N
terminus of Gal83 confers regulated localization, but not
as effectively as the full-length protein.

The distinct localizations of Sipl, Sip2, and Gal83 in
glucose-depleted cells imply that Snfl kinase complexes
containing these B subunits also show different localiza-
tions and, presumably, serve different functions. The
nuclear localization of Gal83 and the increased expres-
sion of Sip2 during growth in glycerol and/or ethanol are
consistent with genetic evidence that Sip2 and Gal83
function under these conditions; the sip2A gal83A
double mutant shows a growth defect (Schmidt and Mc-
Cartney 2000), and the gal83A mutant grows slowly after
a shift (Vincent and Carlson 1999). Gal83 is the only
subunit that translocates to the nucleus, suggesting a
specific role in mediating the effects of Snfl in the
nucleus. We therefore have focused on Gal83.

Snf1 shows regulated, Gal83-dependent
nuclear localization

It is not known whether the Snfl kinase complex is a
relatively stable entity or rather undergoes a dynamic
process of disassembly and reassembly. The observed
translocation of Gal83 into and out of the nucleus may
represent the translocation of an entire kinase complex,
or Gal83 may move as a separate subunit and reassemble
with Snfl and Snf4 to form a new kinase complex. To
assess the localization of Snfl and Snf4, we fused GFP to
the C terminus of each protein, which was expressed
from its own promoter on a centromeric plasmid. Both
fusion proteins are stable during growth in glucose and
after a shift to glycerol (Fig. 3A), and both restore wild-
type function in the cognate mutant strain.

In glucose-grown wild-type cells, Snf1-GFP was in the
cytoplasm and was largely excluded from the nucleus
(Fig. 3B). When cells were shifted to glycerol, most of the
Snf1-GFP was translocated rapidly to the nucleus. Some
fusion protein remained in the cytoplasm, presumably
because of its association with Sipl or Sip2, which are
present at much lower levels than Gal83 during growth
in glucose (Fig. 1A). We note that these results differ
from those of a previous study, in which this differential
localization probably was lost during fixation with form-
aldehyde (Celenza and Carlson 1986).

To determine whether this regulated localization re-
quires Gal83, we examined a gal83A strain (Fig. 3C). No
nuclear exclusion was detected in glucose-grown cells,
suggesting that Gal83 serves to retain Snfl in the cyto-
plasm under these conditions. When the mutant strain
was shifted to glycerol for 20 min, the extent of nuclear
enrichment of Snf1-GFP was strongly reduced relative to
the wild type.

We also examined cells during steady state growth in
glycerol plus ethanol. In the wild type, Snfl-GFP was
enriched in the nucleus, but more fluorescence was de-
tected in the cytoplasm than after a shift; in a gal83A
mutant, Snfl-GFP was largely excluded from the
nucleus (data not shown). These differences between
steady state growth and a shift most likely reflect the
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Figure 3. Glucose-regulated localization of Snfl-GFP and
Snf4-GFP. Strains MCY4455 (wild type, WT) and MCY4458
(gal83A) were transformed with centromeric plasmids pOV84
and pOV76, expressing Snfl-GFP and Snf4-GFP, respectively.
Cells were grown to mid-log phase on synthetic medium with
2% glucose (Glu) and shifted to 2% glycerol (Gly) for 20 min. (A)
Protein extracts were prepared from the indicated cultures,
separated by SDS-PAGE, and immunoblotted with anti-GFP an-
tibody. (B,C) Wild-type (B) and gal83A mutant (C) cells express-
ing the indicated proteins were examined by fluorescence mi-
croscopy. (GFP) green fluorescent protein.

increased expression of Sip2 during growth in glycerol
plus ethanol (Fig. 1A). Together, these findings indicate
that the nuclear localization of Snfl is regulated and
strongly dependent on Gal83.

In contrast, Snf4-GFP showed partial nuclear enrich-
ment in glucose-grown wild-type cells, with a slight in-
crease after a shift to glycerol. In the gal83A strain, Snf4—
GFP was still partially enriched in the nucleus in glu-
cose-grown cells; we are uncertain whether enrichment
increased after the shift. These results indicate that
Gal83 does not significantly affect the balance of nucleo-
cytoplasmic localization for Snf4 and suggest that in glu-
cose-grown cells the nucleus contains Snf4 proteins that
are not associated with other subunits of the kinase com-
plex.

Glucose-regulated localization of Snfl kinase

Snfl and Gal83 function together in the nucleus

The translocation of Snfl and Gal83 to the nucleus in
response to glucose depletion suggests that Snfl kinase
complexes containing Gal83 have specific nuclear func-
tions under these conditions. Two lines of evidence sup-
port this idea.

First, we examined the localization of Sip4, a tran-
scriptional activator of gluconeogenic genes (Lesage et al.
1996; Vincent and Carlson 1998). Gal83 mediates the
physical interaction of Snfl with Sip4, and Gal83 is re-
quired for the Snfl-dependent phosphorylation of Sip4
and up-regulation of its activator function in response to
glucose limitation (Vincent and Carlson 1999). We ex-
pressed GFP-Sip4 from the SIP4 promoter on a 2-um
plasmid and found that GFP-Sip4 is a nuclear protein
when cells are grown in glucose, shifted to glycerol, or
grown in glycerol plus ethanol (data not shown). These
findings imply that the Gal83-dependent interaction of
Snfl with Sip4 occurs in the nucleus.

Second, previous studies provided evidence for a regu-
latory shortcut between Snfl and the RNA polymerase II
holoenzyme. One line of evidence was that LexA-—
SnflG53R, a catalytically hyperactive Snfl kinase,
stimulates transcription of a lacZ reporter with LexA
sites in glucose-limited cells, dependent on the kinase
activity (Kuchin et al. 2000; Fig. 4A; see Materials and
Methods). We tested whether this stimulation depends
on Gal83. In filter assays for B-galactosidase activity,
LexA-Snf1G53R produced blue color in wild-type and
sip2A cells but not in gal83A cells. In quantitative as-
says, B-galactosidase activity was high in wild-type cells
after a 3-h shift to 0.05% glucose (which is rapidly con-
sumed) but was undetectable in gal83A mutant cells (Fig.
4B). Overexpression of Sip2 decreased activation in the
wild type, presumably because Sip2 and Gal83 compete
for binding to Snfl, and did not compensate for the ab-
sence of Gal83 in the mutant. Thus, Gal83 is specifically
required for the nuclear function of LexA-Snfl1G53R in
stimulating transcription. We note that this requirement
is unlikely to reflect a simple dependence on Gal83 for
nuclear import as overexpression of LexA proteins ap-
pears to partially bypass regulation of nuclear localiza-
tion (O. Vincent, unpubl.).

These findings together suggest that the nuclear im-
port of Snfl and Gal83 in response to glucose depletion
correlates with a requirement for Snfl and Gal83 for spe-
cific nuclear functions.

Regulated localization of Gal83 is independent
of Snf1, Hxk2, and Regl

We next addressed the mechanisms that regulate the lo-
calization of Gal83. To test whether the Snfl catalytic
activity or the Snfl or Snf4 proteins are required, we
examined a snf1-K84R mutant, which encodes a kinase-
dead protein, and snfIA and snf4A strains. When Gal83-
GFP was expressed from a centromeric plasmid, the fluo-
rescence was barely detectable, and immunoblot analy-
sis showed that levels of Gal83 were a fewfold reduced
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Figure 4. Gal83 is required for transcriptional activation of a
reporter by LexA-Snf1G53R. (A) The hyperactive kinase LexA-
SnflG53R is bound to LexA sites 5’ to the promoter of a lacZ
reporter. Previous studies showed that when cells are limited
for glucose, transcription of the reporter is stimulated, depen-
dent on Snfl catalytic activity (Kuchin et al. 2000). (B) CTY10-
5d (WT) and its isogenic derivative MCY4024 (gal83A) were
transformed with pRJ216 expressing LexA-SnflG53R (Kuchin
et al. 2000) and either pOV65, which overexpresses Sip2 from
the ADH1 promoter or its parent vector pSK134, which does not
express any protein (Vincent and Carlson 1999). Transformants
were grown selectively to mid-log phase in 2% glucose and
shifted to 0.05% glucose for 3 hr. B-galactosidase activity was
assayed in permeabilized cells and expressed in Miller units
(Miller 1972). Values are the average B-galactosidase activity of
at least three transformants. Standard errors were <8% for val-
ues >0.5. Immunoblot analysis confirmed the stable expression
of LexA-Snf1G53R in a gal83A mutant.

relative to the wild type. We therefore transferred the
gene fusion to a 2-um plasmid and confirmed that the
localization pattern in wild-type cells was as expected
(Fig. 5A).

Examination of the snf1-K84R strain showed that the
Snfl catalytic activity is not required for nuclear import
of Gal83-GFP on a shift to glycerol (Fig. 5A). In both
snflA and snf4A strains, Gal83-GFP was at least par-
tially excluded from the nucleus in glucose-grown cells
and accumulated in the nucleus after a shift to glycerol,
indicating that the Snfl and Snf4 proteins are not re-
quired for regulated localization of Gal83. However, after
the shift, the fluorescence patterns of the mutants ap-
peared more punctate than those of the wild type.

We then tested whether regulatory proteins that con-
trol Snfl kinase activity also control the localization of
Gal83 (Fig. 5B). Snfl kinase activity is regulated by the
hexokinase Hxk2 and by protein phosphatase 1 (PP1),
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which is targeted to Snfl by the Regl subunit; hxk2A and
reglA mutations abolish glucose regulation of the con-
formation of the Snfl kinase complex (Ludin et al. 1998;
Sanz et al. 2000) and abolish glucose repression of many
genes (for review, see Gancedo 1998). Gal83-GFP was
still excluded from the nucleus in glucose-grown hxk2A
cells and partially excluded in regIA cells. In both mu-
tants, Gal83-GFP was translocated to the nucleus after a
shift to glycerol. Thus, Hxk2 and Regl regulate Snfl ki-
nase activity but not the nuclear localization of Gal83.
These findings are consistent with evidence above that
localization of Gal83 is independent of Snfl activity and
suggest the existence of a distinct regulatory mecha-
nism.

Because components of the Snfl pathway are not re-
sponsible for regulated localization of Gal83, we exam-
ined the roles of two other signaling cascades that con-
trol nuclear localization of transcription factors in re-
sponse to nutrients, the TOR and cAMP-dependent
protein kinase (PKA) pathways (Gorner et al. 1998; Beck
and Hall 1999). Treatment with rapamycin, which inhib-

snf1-K84R
Glu»G

SNF1 SNF4
Glu —» Gly

m .
snf1A snfdA
Glu — G

Glu —» G

hxk2A regiAa
Glu —» Gly Glu —» Gly

Figure 5. Glucose-regulated localization of Gal83-GFP in mu-
tant strains. (A) The subcellular localization of Gal83-GFP ex-
pressed from the 2-um plasmid pRT14 was monitored in strains
with the indicated genotypes (MCY4458, MCY2634, MCY2916,
and MCY2693). Cells were grown to mid-log phase on synthetic
medium with 2% glucose (Glu) and shifted for 20 min to 5%
glycerol (Gly). (B) Gal83-GFP was expressed from pRT12 in
strain MCY3541 (hxk2A) and from pRT14 in MCY4408 (reg1A).
Cells were grown in 2% glucose and shifted for 20 min to 2%
glycerol. (GFP) green fluorescent protein.
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Figure 6. Glucose phosphorylation is required for nuclear ex-
port of Gal83-GFP. (A) Strains MCY4043 (hxk1A hxk2A) and
WAY.78-1 (hxk1A hxk2A glk1A) expressed Gal83-GFP from
pRT12. Cells were grown to mid-log phase on synthetic me-
dium with 2% glycerol plus 3% ethanol (Gly + Eth) and shifted
to 2% glycerol + 2% glucose (Gly + Glu) for 20 min. (B) Strain
MCY4458 (gal83A) expressing Gal83-GFP from pRTI12 was
grown on 5% glycerol and shifted to 5% glycerol + 0.02% 2-de-
oxyglucose (Gly + 2-DG) or 5% glycerol + 0.02% 6-deoxyglu-
cose (Gly + 6-DG) for 20 min. Nuclear export of Gal83-GFP
occurred normally in wild-type cells isogenic to WAY.78-1
(ENY-WA-1A; not shown). (GFP) green fluorescent protein.

its the TOR signaling cascade and mimics nutrient star-
vation, did not induce nuclear import of Gal83-GFP in
glucose-grown cells (data not shown). Regulated nuclear
translocation of Gal83-GFP occurred in a strain (ASY62)
lacking all three catalytic subunits of PKA (data not
shown).

Nuclear exclusion of Gal83 in glucose-grown cells
depends on glucose phosphorylation

Although Hxk2 is required for glucose repression of
many genes, phosphorylation of glucose by any of the
three glucose kinases Hxk1, Hxk2, or Glk1 is sufficient
to trigger some glucose repression mechanisms (De
Winde et al. 1996; Sanz et al. 1996; Yin et al. 1996). To
test whether glucose phosphorylation is required for the
glucose-dependent nuclear exclusion of Gal83, we exam-
ined hxkl1A hxk2A and hxklA hxk2A glkIA mutants.
Cells were grown on glycerol plus ethanol, and then glu-
cose was added to the medium. Gal83-GFP was exported
to the cytoplasm in the double mutant within 20 min
but was not exported in the triple mutant lacking glu-
cose kinases (Fig. 6A), even after 90 min (data not
shown).

We then tested the effect of the glucose analog 2-de-

Glucose-regulated localization of Snfl kinase

oxyglucose, which is phosphorylated but not further me-
tabolized, and 6-deoxyglucose, which cannot be phos-
phorylated. Addition of 0.02% 2-deoxyglucose to glyc-
erol-grown cells resulted in rapid nuclear export of
Gal83-GFP; in contrast, 0.02% 6-deoxyglucose had no
effect (Fig. 6B). Together with the genetic evidence, these
results suggest that phosphorylation of glucose is neces-
sary and sufficient for the glucose-regulated localization
of Gal83.

Gal83 is excluded from the nucleus in cells grown
on fermentable carbon sources other than glucose

The Snfl kinase is inhibited by glucose but is active and
required for growth on alternate fermentable carbon
sources such as sucrose and galactose. However, repres-
sion of some Snfl-dependent promoters is triggered not
only by glucose but also by sucrose and galactose (Scho-
ler and Schuller 1994; Gancedo 1998; Rodriguez and
Gancedo 1999), suggesting the existence of an additional
repression mechanism besides that regulating Snfl ki-
nase activity. We therefore tested the effect of these car-
bon sources on the localization of Gal83. We examined
cells growing on sucrose, raffinose, or galactose, and
Gal83-GFP in all cases was largely excluded from the
nucleus (Fig. 7). These results suggest that nuclear local-
ization of Gal83 is inhibited by any fermentable carbon
source and confirm the evidence from hxk2 and regl
mutants that Gal83 is nuclear excluded in some condi-
tions when the Snfl kinase is active. Thus, regulation of
the kinase activity and localization of Gal83 are not
coupled but rather are controlled by two distinct signal-
ing pathways, one that responds to glucose and another
that responds to glucose and also alternate fermentable
sugars.

Gal83-GFP

Sucrose Raffinose

Galactose

DAPI

Figure 7. Localization of Gal83-GFP in cells grown in different
fermentable carbon sources. Fluorescence microscopy was per-
formed with strain MCY4416 (gal83A) expressing Gal83-GFP
from plasmid pRT12. Cells were grown to mid-log phase on
synthetic medium with either 2% sucrose, 2% raffinose, or 2%
galactose. (GFP) green fluorescent protein.
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With respect to the functional roles of Snfl and Gal83
during growth on sucrose, raffinose, or galactose, these
data do not rule out the possibility that a small fraction
of Gal83-GFP, and hence Snfl, is in the nucleus. We also
note that Gal83 is not essential for growth on any of
these carbon sources (Schmidt and McCartney 2000; O.
Vincent, unpubl.).

Discussion

Previous studies showed that the g subunit plays a struc-
tural role in the Snfl kinase complex and confers speci-
ficity to the kinase in its interactions with target pro-
teins. Here, we present evidence that the 8 subunits also
regulate localization of the kinase in response to the car-
bon source. In cells grown on nonfermentable carbon
sources, the B subunits Sipl, Sip2, and Gal83 are each
differently localized, and Gal83 specifically directs the
Snfl kinase to the nucleus. We further present evidence
that localization of Snfl complexes is regulated by a
novel signaling pathway distinct from the glucose sig-
naling pathway that regulates Snfl kinase activity,
thereby revealing another layer of complexity in the
regulatory response of yeast cells to carbon source.

First, we show that GFP fusions to all three B subunits
reside in the cytoplasm in glucose-grown cells. When
cells are shifted to a nonfermentable carbon source,
these subunits assume distinct subcellular localizations:
Gal83 translocates to the nucleus, Sipl is directed to the
vacuole, and Sip2 remains cytoplasmic. The N terminus
of Gal83, which is not conserved in the other two B
subunits, has a role in localization. We then show that
Snfl is in the cytoplasm during growth on glucose and
becomes enriched in the nucleus on a shift to a nonfer-
mentable carbon source. This nuclear translocation is
strongly dependent on Gal83, indicating that the B sub-
unit directs Snfl to the nucleus and suggesting that Snfl
and Gal83 are associated during the import process. Evi-
dence that nuclear exclusion of Snf1-GFP is defective in
glucose-grown gal83A mutant cells further suggests that
Gal83 serves to anchor Snfl in the cytoplasm. This pro-
posed anchoring function may be shared by other g sub-
units as a sipIA sip2A mutant has a partial defect in
nuclear exclusion of Snfl during growth in glucose (O.
Vincent and R. Townley, unpubl.). Finally, we observed
that Gal83 does not significantly affect the nucleocyto-
plasmic distribution of Snf4, suggesting that in glucose-
grown cells the nucleus contains Snf4 that is not asso-
ciated with Snfl or Gal83.

The differential localization of the three B subunits
supports a role for these subunits in mediating the inter-
action of Snfl with specific substrates located in differ-
ent cellular compartments. Gal83 is the only subunit
that translocates from the cytoplasm to the nucleus, sug-
gesting that Gal83 mediates the effects of Snfl in the
nucleus. We present two lines of evidence supporting
such a role. First, the transcriptional activator Sip4 is an
exclusively nuclear protein, indicating that the Gal83-
and Snfl-dependent phosphorylation and up-regulation
of Sip4 (Vincent and Carlson 1999) reflect nuclear func-
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tions of the kinase. Second, stimulation of reporter tran-
scription by a hyperactive Snfl that is bound to the pro-
moter requires Gal83. These findings suggest that Snfl
complexes containing Gal83 have specific nuclear func-
tions. We expect that further study of Sipl and Sip2 will
reveal roles in Snfl kinase function that are consistent
with the localization of these g subunits. These findings
also raise the possibility that the § subunits confer speci-
ficity primarily by providing proximity to specific sub-
sets of differently localized substrates, rather than by
mediating sequence-specific interactions with sub-
strates, although the two mechanisms are not mutually
exclusive.

We also identify a previously unrecognized signaling
pathway that controls the nuclear localization of Gal83
and Snfl. Several lines of evidence indicate that this
pathway is distinct from the glucose signaling pathway
responsible for glucose inhibition of the Snfl kinase ac-
tivity (Fig. 8). First, glucose-regulated localization of
Gal83 does not require Regl or the hexokinase Hxk2,
whereas both regulate the conformation and activity of
the Snfl kinase. Second, phosphorylation of glucose is
necessary and sufficient for its inhibitory effect on
nuclear localization of Gal83; the effect of glucose re-
quires glucose kinase activity, and 2-deoxyglucose,

High Glucose, Sucrose,
Glucose Galactose, Raffinose

Figure 8. Model for regulation of Snfl kinase activity and lo-
calization by two distinct glucose signaling pathways. Snfl
complexes contain one of the three B subunits: Gal83 (black),
Sip2 (dark gray), or Sipl (light gray). Inactive Snfl kinase com-
plexes are depicted in a closed conformation in which the Snfl
catalytic domain is autoinhibited by the Snfl regulatory do-
main. Active Snfl complexes are shown in an open conforma-
tion and are phosphorylated (P). High glucose inhibits (indicated
by a bar) the activation of the Snfl kinase, and Hxk2 and Regl
are required for this inhibition. Glucose and other fermentable
carbon sources inhibit the nuclear localization of Snfl com-
plexes containing Gal83, and evidence cited in the text suggests
that glucose-6-phosphate (Glucose-6P) is necessary and suffi-
cient for this inhibition. This pathway also may regulate the
vacuolar localization of Sipl (not shown; see text).



which is phosphorylated but not further metabolized, is
sufficient for nuclear exclusion of Gal83. In contrast,
glucose phosphorylation is not sufficient for inhibition
of Snfl kinase activity, as inhibition is lost in an hxk2A
mutant despite the presence of two other glucose ki-
nases. Third, the Snfl kinase is active during growth in
sucrose, raffinose, or galactose, but Gal83 is still ex-
cluded from the nucleus. Thus, the mechanism respon-
sible for regulating localization responds not only to glu-
cose but also to other fermentable carbon sources that do
not inhibit Snfl kinase activity. The fact that galactose
has the same effect as glucose on the localization of
Gal83 further excludes a specific function of the glucose
kinases in this signaling pathway because metabolism of
galactose is independent of glucose kinases. As expected,
galactose causes nuclear exclusion of Gal83 in a hxk1A
hxk2A gIk1A triple mutant (O. Vincent and R. Townley,
unpubl.). We note that metabolism of galactose also
yields glucose-6-phosphate, suggesting this metabolite
as a candidate for a signaling role.

The pathway that controls localization of Gal83 also
may regulate the localization of Sipl. Sipl is located in
the cytoplasm in glucose-grown cells, remains cytoplas-
mic when cells are grown in sucrose (O. Vincent and R.
Townley, unpubl.), and is directed to the vacuole when
cells are grown in glycerol plus ethanol. This similar
pattern of carbon source responsiveness is consistent
with regulation by the same pathway.

The distinct regulation of Snfl activity and localiza-
tion may affect transcriptional control of particular
genes differently, depending on whether the Snfl-regu-
lated activators and repressors of the gene are restricted
to the nucleus or shuttle between the nucleus and cyto-
plasm. For example, the gluconeogenic genes are still
subject to glucose repression in an hxk2 mutant
(Gancedo 1998), suggesting that nuclear exclusion of
Snfl is sufficient for repression even when the kinase is
active. It is noteworthy that one of the Snfl-dependent
activators of gluconeogenic genes, Sip4, is restricted to
the nucleus (the activator Cat8 has not been localized
but is a related zinc-cluster protein). Thus, nuclear lo-
calization of Snfl during growth in nonfermentable car-
bon sources may facilitate activation of gluconeogenic
genes; the reduced growth rate of a gal83A mutant after
a shift to glycerol plus ethanol (Vincent and Carlson
1999] supports this view and is also consistent with the
presence of some fraction of Snfl in the nucleus. In con-
trast with the gluconeogenic genes, SUC2 is not glucose
repressible in an hxk2 mutant, indicating that repression
of SUC2 requires inhibition of Snfl kinase activity. Cor-
respondingly, the repressor, Migl, shuttles between the
nucleus and cytoplasm and could be phosphorylated by
Snfl in either compartment (DeVit et al. 1997; Ostling
and Ronne 1998; Treitel et al. 1998). The predominantly
cytoplasmic localization of Snfl during growth in su-
crose suggests that the function(s) of Snfl that are re-
quired for SUC2 transcription primarily occur in the cy-
toplasm, although a small fraction of Snfl may be
nuclear and have important functions.

The Snfl kinase has very broad roles in cellular re-
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sponses to carbon source availability; Snfl is required
not only for metabolic adaptation to glucose limitation
and growth on alternate carbon sources but also for vari-
ous developmental processes, including invasive growth,
meiosis, and control of life span (Gancedo 1998; Carlson
1999; Ashrafi et al. 2000; Cullen and Sprague 2000). The
findings reported here can account, at least in part, for
the versatility of the Snfl kinase in regulating diverse
responses to stress. We show that the Snfl kinase is regu-
lated by two distinct pathways that independently regu-
late the localization and activity of Snfl complexes.
These two pathways respond to different carbon source
signals. In addition, the three § subunits show different
localization patterns. The combinations of two signaling
pathways and three B subunits provide mechanisms by
which different inputs to the kinase result in phosphory-
lation of distinct sets of substrates, depending on their
subcellular localization.

The mammalian AMPXK also has broad roles in cellular
regulation, and evidence suggests that localization of
AMPK may be similarly important in regulating AMPK
activity toward specific substrates. AMPK containing
the B2 subunit appears to colocalize with its substrate
creatine kinase to the M line of myofibrils (Ponticos et
al. 1998), and the B1 subunit of AMPK is myristoylated,
as is Sip2 (Mitchelhill et al. 1997; Ashrafi et al. 1998). In
addition, AMPK containing the a2 subunit, but not al,
shows nuclear enrichment in some cell types (Salt et al.
1998). Our findings in yeast further raise the possibility
that specific signaling pathways control localization of
AMPK in mammalian cells.

Materials and methods

Strains and genetic methods

The S. cerevisiae strains used are listed in Table 1.
sip1A::KanMX6 is a complete deletion of the SIP1 coding se-
quence created by homologous recombination with the
KanMX6 marker by using the method of PCR synthesis of
marker cassettes (Wach 1996). sip2A3::LEU2 was described pre-
viously (Yang et al. 1994), and gal83A::TRP1 (Vincent and Carl-
son 1999) is a null allele, distinct from the gal83A::URAS3 allele
(Erickson and Johnston 1993) shown to confer partial function
(Schmidt and McCartney 2000). Inactivation of SIP1, SIP2, and
GALS83 by the alleles used here was confirmed by the growth
defect of sip2A gal83A mutants on glycerol plus ethanol and the
growth defect of sipIA sip2A gal83A mutants on raffinose, su-
crose, or galactose (Schmidt and McCartney 2000). Standard ge-
netic methods were followed, and yeast cultures were grown in
synthetic complete (SC) medium lacking appropriate amino ac-
ids to maintain selection for plasmids (Rose et al. 1990).

Plasmids

GFP fusion plasmids pRT9 (Sip2), pRT12 (Gal83), pOV76 (Snf4),
pOV84 (Snfl), and pOV90 (Sipl) were constructed in a centro-
mere-containing vector by using the following strategy. Two
DNA fragments, one containing the ORF and at least 600 bp of
5" sequence, and the other containing at least 380 bp 3’ to the
OREF, were generated by PCR with Vent DNA polymerase (New
England Biolabs), genomic clones as templates, and different
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Table 1. Strains used in this study

Strain Genotype Source
MCY2634 MATa snf4A2 his3-A200 leu2-3,112 ura3-52 This lab
MCY2649 MATa his3-A200 leu2-3,112 ura3-52 This lab
MCY2693 MATa snfl-K84R his3-A200 leu2-3,112 ura3-52 This lab
MCY2700 MATa sip2A3::LEU2 his3-A200 leu2-3,112 ura3-52 This lab
MCY2916 MATa snf1A10 his3-A200 leu2-3,112 ura3-52 This lab
MCY3541 MATa hxk2A::URAS3 his3-A200 lys2-801 This lab
MCY4040 MATa sip1A::KanMX6 sip2A3::LEU2 gal83A::TRP1 his3-A200 leu2-3,112 trp1A1 ura3-52 lys2-801 This study
MCY4043 MATa hxk1A::HIS3 hxk2A::TRP1 his8A200 leu2A1 trp1A63 ura3-52 This study
MCY4408 MATa reglA::HIS3 his3A200 leu2A1 trp1A63 ura3-52 This lab
MCY4416 MATa gal83A::TRP1 his3A200 leu2A1 trp1A63 ura3-52 This study
MCY4455 MATa his3-A200 leu2-3,112 trp1A1 ura3-52 lys2-801 This study
MCY4456 MATao sip2A3::LEU2 gal83A::TRP1 his3-A200 leu2-3,112 trp1A1 ura3-52 Iys2-801 This study
MCY4458 MATa gal83A::TRP1 his3-A200 leu2-3,112 trp1A1 ura3-52 lys2-801 This study
WAY.78-1 MATa hxkl::HIS3 hxk2::LEU2 glk1::LEU2 leu2-3,112 ura3-52 trpl-289 MAL2-8° MAL3 SUC3 P. Sanz
ENY-WA-1A MATa leu2-3,112 ura3-52 trp1-289 his3-A1 MAL2-8° MAL3 SUC3 P. Sanz
ASYG62 MATa tpk1A::ADES8 tpk2::HIS3 tpk3::TPR1 msn2A::HIS3 msn4A::LEU2 ura3-52 his3 leu2-

3,112 trpl ade8 S. Garrett
CTY10-5d MATa ade2-101 his3-A200 leu2-A1 trp1-A901 gald gal80 URAS::lexAop-lacZ R. Sternglanz
MCY4024 CTY10-5d gal83A::TRP1 This lab

sets of primers (sequences are available on request). The primers
5’ to the promoter and 3’ to the terminator create restriction
sites that were used for cloning in the pRS313 polylinker (Si-
korski and Hieter 1989). The other two primers create a Notl
site immediately 5’ to the stop codon. PCR fragments and
pRS313 were digested with the appropriate enzymes, and a
triple ligation was performed, resulting in a plasmid containing
the promoter, ORF, and terminator with a Notl site 5’ to the
stop codon. Finally, a Notl fragment from pSFGP1 (Kim and
Hirsch 1998) containing GFP sequence was inserted in the Notl
site of the construct, creating an in-frame fusion between the
ORF and GFP. In pRT9 and pRT12, the first 843 bp of SIP2 and
1114 bp of GAL83 were finally replaced by genomic DNA.
pOV72 and pRT14 are derivatives of pRS316 and pRS426, re-
spectively, containing the entire gene fusion on a Pvul fragment
from pRT12.

Sipl-GFP, Sip2-GFP, and Gal83-GFP each restored the
growth of a sipIA sip2A gal83A triple mutant on raffinose, su-
crose, or galactose, and Sip2-GFP and Gal83-GFP each restored
the growth of a sip2A gal83A strain on glycerol plus ethanol.
Gal83-GFP restored activation by LexA-Snf1G53R in a gal83A
mutant (see Fig. 4). Snfl-GFP and Snf4-GFP both function to
restore growth of the corresponding mutants on sucrose, raffi-
nose, galactose, and glycerol plus ethanol.

To construct pOV92 (Gal83, ,,—GFP), we amplified a DNA
fragment containing 600 bp of 5’ sequence and 90 codons of the
GALS83 ORF by PCR. The 3’ primer created an in-frame fusion
with the first 50 bp of the GFP gene. Yeast cells were cotrans-
formed with the PCR product and gapped pRT12 lacking the
GALS83 sequence from position 243 to 1114. Gap repair of the
plasmid resulted in an in-frame fusion between codon 90 of
Gal83 and GFP.

Immunoblot analysis

Protein extracts were prepared as described previously for im-
munoprecipitation assays (Vincent and Carlson 1999). Extracts
(30-50 ng) were analyzed by SDS-PAGE in 7.5% polyacrylamide
and immunoblotting with monoclonal anti-GFP (Boehringer
Mannheim). Antibody was detected by enhanced chemilumi-
nescence with ECLPlus reagents (Amersham).
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Fluorescence microscopy

Yeast strains expressing GFP fusion proteins were grown to
mid-log phase in synthetic media containing the appropriate
carbon source. Cells from 1-mL cultures were harvested by cen-
trifugation and resuspended in 1 mL nonfluorescent medium
(0.9 g/L KH,PO,, 0.23 g/L K,HPO,, 0.5 g/L MgSO,, 3.5 g/L
[NH,],SO,) containing the same carbon source, except that cells
grown in glycerol plus ethanol were resuspended in glycerol to
minimize background fluorescence. Nuclei were stained by ad-
dition of 0.8 pug/mL of DAPI to the cell suspension for 5 min.
Cells were collected by centrifugation and resuspended in ~20
L of the residual medium, and 1.4 pL of the suspension was
placed on a microscope slide. GFP localization in live cultures
was monitored by direct fluorescence within 5 min. For shift
experiments, cells were grown and harvested as above but re-
suspended in 1 mL of nonfluorescent medium containing a dif-
ferent carbon source, as indicated. Cells were incubated for 10
min, DAPI was added, and cells were incubated for an additional
5 min. Cells were then collected for examination as above. Cells
were viewed using a Nikon Eclipse E800 fluorescent micro-
scope. Images were taken with an Orcal00 (Hamamatsu) cam-
era using Open Lab (Improvision) software, and processed in
Adobe Photoshop 2.5.1.

Assay for transcriptional activation by LexA-Snf1G53R

This assay has been described previously (Kuchin et al 2000).
Briefly, strain CTY10-5d and its gal83A derivative contain a
chromosomal lacZ reporter with LexA-binding sites 5’ to the
promoter. Cells were transformed with plasmid pRJ216 express-
ing LexA-Snf1G53R, a functional LexA fusion to a catalytically
hyperactive mutant of Snfl, which contains a Gly-to-Arg sub-
stitution that is found in natural plant homologs of Snfl. When
cells were grown in high glucose, LexA-SnflG53R did not
stimulate reporter transcription. Cells that were limited for glu-
cose produced high-level B-galactosidase activity, dependent on
the binding of the fusion protein to the promoter and its cata-
lytic activity. Expression of Snf1G53R without a LexA moiety
did not activate transcription, and the kinase-dead derivative
LexA-Snf1G53R,K84R also did not activate.
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