
Copyright  2003 by the Genetics Society of America

Std1p (Msn3p) Positively Regulates the Snf1 Kinase in Saccharomyces cerevisiae

Sergei Kuchin,* Valmik K. Vyas,† Ellen Kanter,* Seung-Pyo Hong* and Marian Carlson*,†,1

*Departments of Genetics and Development and Microbiology and †Integrated Program in Cellular, Molecular and
Biophysical Studies, Columbia University, New York, New York 10032

Manuscript received September 11, 2002
Accepted for publication November 5, 2002

ABSTRACT
The Snf1 protein kinase of the glucose signaling pathway in Saccharomyces cerevisiae is regulated by an

autoinhibitory interaction between the regulatory and catalytic domains of Snf1p. Transitions between
the autoinhibited and active states are controlled by an upstream kinase and the Reg1p-Glc7p protein
phosphatase 1. Previous studies suggested that Snf1 kinase activity is also modulated by Std1p (Msn3p),
which interacts physically with Snf1p and also interacts with glucose sensors. Here we address the relation-
ship between Std1p and the Snf1 kinase. Two-hybrid assays showed that Std1p interacts with the catalytic
domain of Snf1p, and analysis of mutant kinases suggested that this interaction is incompatible with the
autoinhibitory interaction of the regulatory and catalytic domains. Overexpression of Std1p increased the
two-hybrid interaction of Snf1p with its activating subunit Snf4p, which is diagnostic of an open, uninhibited
conformation of the kinase complex. Overexpression of Std1p elevated Snf1 kinase activity in both in vitro
and in vivo assays. These findings suggest that Std1p stimulates the Snf1 kinase by an interaction with the
catalytic domain that antagonizes autoinhibition and promotes an active conformation of the kinase.

THE Snf1 kinase of the yeast Saccharomyces cerevisiae negatively regulates Snf1 function (Ludin et al. 1998;
Sanz et al. 2000).is a member of the Snf1/AMP-activated protein ki-

nase family, which is highly conserved in eukaryotes and Previous studies showed that the Snf1 kinase complex
undergoes glucose-regulated conformational changesis important for responses to metabolic stress (Hardie

et al. 1998; Kemp et al. 1998). In yeast, Snf1 has a primary (Jiang and Carlson 1996; Figure 1). Growth in abun-
dant glucose favors a conformation in which the nega-role in the adaptation of cells to glucose limitation, regulat-

ing both the transcription of metabolic genes and the tive regulatory domain of Snf1p inhibits the catalytic do-
main and binding of Snf4p to Snf1p is excluded.activity of metabolic enzymes (Gancedo 1998; Carlson

1999). Snf1 also affects developmental processes such Phosphorylation of T210 is required both to open the
catalytic cleft and to relieve this autoinhibition (Estruchas meiosis and sporulation, filamentation and invasive

growth (Cullen and Sprague 2000; Kuchin et al. 2002), et al. 1992; Ludin et al. 1998). During conditions of
glucose depletion or growth in alternate carbon sources,and life span and aging (Ashrafi et al. 2000).

The Snf1 kinase complex contains the catalytic (�) when T210 is predominantly phosphorylated (McCart-
ney and Schmidt 2001), Snf4p binds to the regulatorysubunit Snf1p, the stimulatory (�) subunit Snf4p, and

one of the three �-subunits, Sip1p, Sip2p, or Gal83p; domain and sequesters it from the catalytic domain
(Celenza and Carlson 1989; Jiang and Carlsonthe �-subunit maintains the association of Snf1p and

Snf4p in the complex, mediates interactions with down- 1996). PP1 facilitates the transition back to an autoinhib-
ited conformation (Ludin et al. 1998; Sanz et al. 2000).stream targets, and regulates the subcellular localization

of the kinase (Yang et al. 1994; Jiang and Carlson 1997; In addition to the above mechanisms for regulation
of Snf1 kinase activity, the homologous proteins en-Vincent and Carlson 1999; Schmidt and McCartney
coded by the STD1 (MSN3) and MTH1 (HTR1, DGT1,2000; Vincent et al. 2001). The signals controlling Snf1
BPC1, and GSF1) genes have been implicated in regula-activity in response to glucose availability are not under-
tion of Snf1 function. STD1 was identified as a multicopystood, although the AMP:ATP ratio may play a role
suppressor of defects caused by overexpression of a trun-under some conditions (Wilson et al. 1996; Gancedo
cated TATA-binding protein (TBP; Ganster et al. 1993),1998). An upstream kinase phosphorylates the con-
and further studies supported interaction betweenserved threonine residue in the activation loop (T210)
Std1p and TBP (Tillman et al. 1995). STD1 was alsoand thereby activates Snf1 (Woods et al. 1994; Wilson
recovered as a multicopy suppressor (MSN3) of defectset al. 1996; Ludin et al. 1998; McCartney and Schmidt
caused by a deficiency in Snf1 kinase activity; overexpres-2001). The Reg1p-Glc7p protein phosphatase 1 (PP1)
sion of Std1p restored SUC2 (invertase) expression in a
snf4� mutant and also partially relieved glucose repression
of SUC2 in wild-type cells (Hubbard et al. 1994). Overex-1Corresponding author: 701 W. 168th St., HSC922, New York, NY

10032. E-mail: mbc1@columbia.edu pression of the homolog Mth1p had minor effects. The
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Here we address the relationship between Std1p and
the Snf1 kinase. We show that Std1p interacts directly
with the catalytic domain of Snf1p and stimulates kinase
activity. We present evidence that the regulatory mecha-
nism involves antagonism of the autoinhibitory interac-
tion of the Snf1p regulatory and catalytic domains.

MATERIALS AND METHODS
Figure 1.—Model of the Snf1 kinase. When the Snf1 kinase

Strains: S. cerevisiae strains used here were CTY10-5d (MATais in its inactive conformation, the catalytic domain of Snf1p
ade2 his3 leu2 trp1 URA3::lexAop-lacZ gal4 gal80), TAT7 (MATa(KD) is autoinhibited by the negative regulatory domain (RD).
ade2 his3 leu2 trp1 ura3::lexAop-lacZ LYS2::lexAop-HIS3 gal80),Phosphorylation of T210 by an unidentified upstream kinase
FY250 (MAT� his3�200 leu2�1 trp1�63 ura3-52) and MCY2635promotes the opening of the catalytic cleft and also favors
(MATa snf4-�2 ura3-52 his3�200). Cultures were grown inan active conformation of the complex in which the Snf4p
synthetic complete (SC) medium (Rose et al. 1990) lackingactivating subunit binds to the regulatory domain of Snf1p,
appropriate supplements to maintain selection for plasmids.thereby sequestering it from the catalytic domain. In cells

Plasmids: Plasmids used in this study are listed in Table 1.grown in high concentrations of glucose, the Snf1 kinase is
pSK79 contains the STD1 BamHI fragment from pJH125 (Hub-predominantly in an unphosphorylated, inactive conforma-
bard et al. 1994) cloned into pACTII. pSK88, which expressestion. Glucose depletion or growth in alternate carbon sources
triple HA-tagged Mth1p (HA3-Mth1) from the ADH1 pro-favors the active conformation of the kinase. PP1 (Reg1p-
moter, was constructed by cloning a BamHI PCR fragmentGcl7p) has a role in dephosphorylation of Snf1. �, �-subunit
containing the MTH1 coding sequence into vector pWS93Gal83, Sip1, or Sip2.
(Song and Carlson 1998). pSK89 is the same except that
the URA3 marker was replaced with TRP1. pSK92 was derived
from pSK89 by replacing MTH1 with the STD1 BamHI frag-
ment from pJH125. pSK93 is the self-ligated backbone ofdouble deletion of STD1 and MTH1 reduced derepres-
pSK89 and serves as the vector control.sion of SUC2 a fewfold, indicating that these proteins

�-Galactosidase assays: Filter lift assays for blue color weredo not bear primary responsibility for control of Snf1
performed as described previously ( Jiang and Carlson

activity. Nonetheless, Std1p interacted with Snf1p by 1997). At least five independent transformants were grown
both two-hybrid and glutathione S-transferase (GST) on selective SC medium containing 2% glucose for 1 day at

30�, and cells were then transferred to filters for assay ofpull-down assays (Hubbard et al. 1994), and genetic
�-galactosidase activity. Color was allowed to develop for 80–evidence suggested that Std1p functions upstream of
150 min. For quantitative assays, cultures were grown to expo-the Snf1 kinase, as effects of its overexpression require
nential phase in SC � 2% glucose; �-galactosidase activity was

Snf1p (Hubbard et al. 1994; Schmidt et al. 1999). Snf1p assayed in permeabilized cells and was expressed in Miller
is also required for the relief of glucose repression units (Rose et al. 1990).

Immune complex kinase assays and immunoblots: Prepara-caused by a mutant allele of MTH1 (gsf1-1; Sherwood
tion of protein extracts, immunoprecipitation, and immuneand Carlson 1997; Wiatrowski and Carlson 2001)
complex kinase assays were performed as described previouslybut not for other regulatory effects of Mth1p (Schmidt (Treitel et al. 1998). Proteins were separated by SDS-poly-

et al. 1999). acrylamide gel electrophoresis (SDS-PAGE). For immunoblot
Std1p and Mth1p also have roles in one of the glucose analysis, polyclonal anti-LexA antibodies (Invitrogen), mono-

clonal anti-HA (12CA5) antibodies, and ECL Plus reagentssignaling pathways. These proteins interact with the glu-
(Amersham) were used.cose sensors Snf3p and Rgt2p in the two-hybrid system

and regulate the expression of HXT (hexose trans-
porter) genes in response to glucose signals (Ozcan

RESULTSet al. 1993; Gamo et al. 1994; Schmidt et al. 1999;
Lafuente et al. 2000; Schulte et al. 2000). This regula- Std1p interacts with the catalytic domain of Snf1p:
tion of glucose transporters may account for some of We first used the two-hybrid system to investigate the
the effects of Std1p overexpression on the Snf1 kinase requirements for physical interaction between the Snf1
pathway; however, the physical interaction of Std1p with kinase and Std1p. Snf1p is the subunit of the kinase
Snf1p suggests that Std1p functions directly to elevate that interacts with Std1p, as no interaction was detected
the kinase activity. Moreover, various defects of the std1� with Snf4p in two-hybrid or GST pull-down assays (Hub-
mth1� double mutant are not easily attributable to al- bard et al. 1994) or with any of the three �-subunits,
tered glucose transporter expression, such as impaired Gal83p, Sip1p, or Sip2p (data not shown). To determine
growth on galactose and glycerol, reduced derepression whether the catalytic activity of Snf1p is required for
of invertase activity, and a defect in sporulation of the interaction, we examined the interactions of mutant
homozygous diploid (Hubbard et al. 1994). Mutants LexA-Snf1 proteins with a Gal4p activation domain
lacking Snf1 kinase activity exhibit similar, but more (GAD) fusion to Std1p (Figure 2A). In filter lift assays
severe, phenotypes, consistent with the possibility that for blue color, GAD-Std1 interacted well with the mutant
the std1� mth1� mutant is partially impaired for Snf1 LexA-Snf1-K84R, which has a substitution of the con-

served lysine in the ATP-binding site (Celenza andfunction.
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TABLE 1

Plasmids used in this study

Plasmid Expressed protein and vector Reference

pIT469 LexA-Snf1; pEG202 Kuchin et al. (2000)
pRJ55 LexA-Snf1; pLexA(1-202)�PL Jiang and Carlson (1996)
pRJ215 LexA-Snf1-K84R; pEG202 This lab
pRJ217 LexA-Snf1-T210A; pEG202 This lab
pRJ191 LexA-RDa; pLexA(1-202)�PL This lab
pRJ189 LexA-KDb; pLexA(1-202)�PL This lab
pRJ218 LexA-KD-K84R; pEG202 This lab
pRJ220 LexA-KD-T210A; pEG202 This lab
pRJ216 LexA-Snf1-G53R; pEG202 Kuchin et al. (2000)
pSK79 GAD-Std1; pACTII This study
pSK89 HA3-Mth1; pSK93 This study
pSK92 HA3-Std1; pSK93 This study
pNI12 Snf4-GAD Fields and Song (1989)

a RD, Snf1 regulatory domain (residues 392–633).
b KD, Snf1 catalytic domain (residues 1–392).

Carlson 1986), indicating that the interaction does not Snf1p regulatory domain, interaction does not require
T210 or its phosphorylation. In quantitative assays ofdepend on Snf1p catalytic activity. However, no color

appeared during the incubation period when GAD-Std1 cells growing in 2% glucose, �-galactosidase activity was
not affected by the T210A mutation in LexA-KD (Fig-was present in combination with LexA-Snf1-T210A,

which is mutated at the conserved threonine residue in ure 2B).
Because T210 is required for interaction of Std1pthe activation loop, a site of phosphorylation that is

necessary for kinase function (Estruch et al. 1992). with the intact Snf1p, but not with the isolated catalytic
domain, these results strongly suggest that Std1p inter-Control experiments confirmed that LexA-Snf1-T210A

is expressed and confers blue color in combination with acts with the intact Snf1 kinase complex in its open
conformation, in which the catalytic domain is not in-a GAD fusion protein containing Gal83p sequences

(data not shown). �-Galactosidase is stable, so the filter hibited by the regulatory domain.
Std1p overexpression increases the two-hybrid inter-lift assay detects interactions that occur during the initial

growth of the cells on high (2%) glucose or during the action of Snf1p with its activating subunit Snf4p during
growth in glucose: We next assayed the effects of Std1plater stages of growth when cells become limited for

glucose. Because overexpressed Std1p relieves glucose on the two-hybrid interaction of Snf1p with Snf4p, which
is diagnostic of the open conformation of the kinaserepression, we also assayed �-galactosidase activity quan-

titatively for key transformants during exponential complex (Figure 1). Although native Snf1p and Snf4p
remain associated in a complex due to the �-subunitgrowth in 2% glucose; activity was higher for LexA-Snf1

and LexA-Snf1-K84R than for LexA-Snf1-T210A (Figure (Jiang and Carlson 1997), the two-hybrid interaction
between Snf1p and Snf4p fusion proteins is inhibited2A; see also Figure 2B).

The inactive Snf1-K84R and Snf1-T210A kinases differ by glucose and is strongly detected only under condi-
tions that promote kinase activity, such as glucose deple-with respect to their ability to undergo glucose-regu-

lated conformational changes; the T210A mutation im- tion or growth in alternate carbon sources (Jiang and
Carlson 1996). We first assayed the interaction of LexA-pairs the release of autoinhibition and the binding of

Snf4 to the regulatory domain (Jiang and Carlson Snf1 and Snf4-GAD in strains overexpressing Std1p from
the ADH1 promoter (Table 2). In glucose-grown cells,1996; Ludin et al. 1998; Figure 1). Hence, the inability

of GAD-Std1p to interact with LexA-Snf1-T210A sug- overexpression of Std1p substantially increased the in-
teraction of Snf1p and Snf4p, causing a 200-fold in-gests that Std1p does not bind to Snf1p in its autoinhib-

ited state. crease in �-galactosidase activity relative to control
strains (110 vs. 0.5 units). Overexpression of Std1p hadTo map the region of Snf1p that interacts with Std1p,

we used LexA fusions to the Snf1p catalytic domain little effect on the strong Snf1p-Snf4p interaction ob-
served in raffinose-grown cells. However, when cells(KD; residues 1–392) and the negative regulatory do-

main (RD; residues 392 to the end). In the filter assay, were first grown in high glucose and then shifted to low
(0.05%) glucose for 3 hr, values were higher in cellsGAD-Std1 interacted with LexA-KD but not with LexA-

RD (Figure 2A). GAD-Std1 also interacted with the mu- overexpressing Std1p (650 units compared to 170 for
the vector control), suggesting that Std1p facilitates thetant LexA-KD-K84R, confirming that catalytic activity is

not required. Moreover, GAD-Std1 interacted with increase that occurs in response to glucose limitation.
These findings support the view that Std1p overexpres-LexA-KD-T210A, indicating that in the absence of the
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TABLE 2

Effects of overexpression of Std1p and Mth1p on the
two-hybrid interaction of Snf1p and Snf4p

Expressed 2% 2%
Hybrid proteins protein glucose raffinose

LexA-Snf1 � Snf4-GAD None 0.5 140
Std1p 110 190
Mth1p 5.7 220

LexA-Snf1 � GAD None 0.1 6.0
Std1 3.9 28
Mth1p 0.4 36

LexA � Snf4-GAD None 0.2 1.6
Std1p 1.8 2.0
Mth1p 2.0 1.9

Strain CTY10-5d was transformed with plasmids expressing
the indicated hybrid proteins and plasmids expressing HA-
Std1 or HA-Mth1 from the ADH1 promoter or no protein
(None; vector pSK93). LexA-Snf1 was expressed from pRJ55.
Transformants were grown selectively to mid-log phase in SC
medium containing 2% glucose or 2% raffinose. Values are
average �-galactosidase activity for five transformants. Stan-
dard errors were 5–20%. Additional control transformants
expressing LexA � GAD with Std1p or Mth1p gave values
essentially the same as those shown for LexA � Snf4-GAD.

expressed from the ADH1 promoter). This dosage sensi-Figure 2.—Two-hybrid interactions of Std1p with wild-type
and mutant Snf1p proteins. (A) Strain CTY10-5d was trans- tivity supports the idea that Std1p influences the Snf1p-
formed with plasmids expressing the indicated proteins (see Snf4p interaction by direct binding to Snf1p.
Table 1). LexA-Snf1 was expressed from pIT469. At least five Std1p overexpression increases Snf1 activity in im-independent transformants were assayed for �-galactosidase

mune complex kinase assays: The effects of Std1p over-activity using the filter lift assay for blue color. Transformants
expression on the two-hybrid interaction of Snf1p andwere grown on selective SC medium containing 2% glucose

for 1 day at 30�; during this time, cells in the patch become Snf4p suggested that Std1p correspondingly stimulates
limited for glucose. Cells were then transferred to filters for kinase activity. We used an immune complex kinase
assay. Since �-galactosidase is stable, two-hybrid interactions assay to assess the effects of overexpressed Std1p onthat occur during growth in either high or low glucose are

Snf1 kinase activity in vitro; previous studies did notdetected. In further control experiments, LexA-RD and LexA-
detect any effect of STD1 in multicopy (Hubbard et al.Snf1-T210A interacted with GAD-Gal83198-417 ( Jiang and Carl-

son 1997), and LexA-RD interacted with Snf4-GAD, thereby 1994), so in this experiment we overexpressed HA-Std1
confirming the expression of the LexA fusion proteins. Nu- from the ADH1 promoter. Protein extracts were prepared
merical values are average �-galactosidase activity for five trans- from cells expressing LexA-Snf1 and either HA-Std1 orformants grown to mid-log phase in selective SC medium with

no protein (vector alone). LexA-Snf1 was immuno-2% glucose. (B) Strain FY250 carrying the lexAop-lacZ reporter
precipitated with anti-LexA, and the precipitated pro-pSH18-18 (gift of S. Hanes, Wadsworth Center; Kuchin et al.

2000) was transformed with plasmids expressing the indicated teins were incubated in kinase buffer in the presence
hybrid proteins. FY250 is a strain of the same S288C back- of [�-32P]ATP. Overexpression of HA-Std1 increased the
ground that was used for analysis of STD1-related phenotypes phosphorylation of the �-subunits Sip1 and Gal83 (Sip2(Hubbard et al. 1994). Values are average activity for five

was not detected) and the phosphorylation of LexA-transformants, grown as in A.
Snf1 (Figure 3). Control experiments with LexA-Snf1-
K84R confirmed that Snf1 kinase activity was responsible
for phosphorylation of the �-subunits; this mutant ki-sion promotes a conformation of the kinase complex

that is open rather than autoinhibited. nase has some residual autophosphorylation activity. Im-
munoblot analysis of the precipitated proteins also con-We also assayed the interaction of LexA-Snf1 and

Snf4-GAD in std1� and std1� mth1� mutants, and inter- firmed that amounts of the LexA protein were comparable
in all lanes.action was glucose-regulated as in the wild type (data

not shown), indicating that the presence of Std1p at its Std1p stimulates Snf1 kinase activity in an in vivo
assay: We also used an in vivo assay to assess the effectsnative levels is indistinguishable from the absence of

Std1p. Thus, the effects of Std1p depend on its overex- of Std1p on Snf1 kinase activity. We previously showed
that a catalytically hyperactive kinase, LexA-Snf1-G53R,pression at levels comparable to those of Snf1p (both
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Figure 3.—Immune complex kinase assay. Strain FY250
expressed LexA-Snf1 or LexA-Snf1-K84R from pIT469 and
pRJ215, respectively, and either expressed HA-Std1 from
pSK92 or carried the vector pSK93. Transformants were grown
in selective SC � 2% glucose, and protein extracts were pre-
pared. Proteins were immunoprecipitated from extracts (100
�g) with polyclonal anti-LexA. (A) Half of the immunoprecipi-
tate was incubated in kinase buffer containing [�-32P]ATP,
and proteins were separated by 8% SDS-PAGE and subjected
to autoradiography. Because Gal83p and HA-Std1 migrate Figure 4.—Stimulation of reporter transcription by LexA-
close together, part of the kinase reaction was subjected to Snf1 is enhanced by overexpression of Std1p and Mth1p. (A)
extended SDS-PAGE on a 10% gel, and proteins were trans- The assay for kinase activity entails binding of LexA-Snf1 to
ferred to a membrane. The membrane was exposed for autora- LexA sites 5� to the promoter of a lacZ reporter. Previous
diography and then probed with anti-HA. This experiment studies showed that when the kinase is sufficiently active, tran-
verified that Gal83p, but not HA-Std1, is phosphorylated (data scription of the reporter is stimulated, dependent on the LexA
not shown). (B) Another portion of the immunoprecipitate sites (Kuchin et al. 2000). (B) Strains CTY10-5d and TAT7,
was analyzed by immunoblotting with anti-LexA and anti-HA carrying the reporter, were transformed with plasmids express-
to detect LexA-Snf1 and HA-Std1, respectively. Molecular size ing the indicated proteins from the ADH1 promoter. LexA-
standards are in kilodaltons. Snf1 was expressed from pIT469. TAT7 was used for experi-

ments with LexA-Snf1-G53R. Control transformants carrying
the vector pSK93 expressed no protein (None). CTY10-5d
transformants also carried the vector pACTII. Transformantsactivates transcription of a lacZ reporter containing LexA-
were grown selectively to mid-log phase in SC medium con-binding sites in response to glucose limitation (Kuchin taining 2% glucose, and then half of each culture was shifted

et al. 2000; Figure 4A). Snf1-G53R carries a Gly-to-Arg to 0.05% glucose for 3 hr. Values are average �-galactosidase
substitution N-terminal to the kinase domain; this Arg activity for five transformants (four for LexA-Snf1-G53R), and

standard errors were usually 	20%.residue, which is found in some plant Snf1 orthologs,
increases the catalytic activity of the kinase but does not
significantly affect its regulation by the glucose signal

sponse to glucose depletion (67 units of �-galactosidase(Estruch et al. 1992). Assays of the double mutant
activity). �-Galactosidase activity was similarly elevatedLexA-Snf1-G53R,K84R showed that transcription of the
in raffinose-grown cells (28 units; see Table 2). LexA-reporter depends on Snf1 catalytic activity, and the less
Std1 alone does not activate transcription of a reporter,active wild-type protein LexA-Snf1 exhibited little or no
indicating that recruitment of Std1p to the promoter isfunction in this assay (Kuchin et al. 2000). Several lines
not sufficient. Assays of LexA-Snf1-K84R confirmed theof evidence suggested that the Snf1 kinase interacts
dependence on kinase activity, and the Gal83p subunitdirectly with the RNA polymerase II holoenzyme.
of the kinase was required (data not shown), as foundWe used this assay to assess the effects of Std1p overex-
previously for LexA-Snf1-G53R (Vincent et al. 2001).pression on Snf1 activity in vivo (Figure 4B). LexA-Snf1,
Thus, overexpression of Std1p causes LexA-Snf1 to be-expressed from the ADH1 promoter, did not signifi-
have like the hyperactive kinase LexA-Snf1-G53R.cantly stimulate transcription of the reporter, as found

Overexpression of Std1p also affected LexA-Snf1-previously. However, when Std1p was overexpressed,
G53R function. In glucose-grown cells, activation of theLexA-Snf1 caused low-level expression of the reporter

in glucose-grown cells and substantial expression in re- reporter was increased sixfold; however, activity in glu-
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relative to that in the vector control but was much lower
than the activity in cells overexpressing Std1p (110
units). We also assayed the effect of overexpression of
Mth1p on the ability of LexA-Snf1 to activate transcrip-
tion of a reporter with LexA-binding sites. Again, in
glucose-grown cells, the effect of Mth1p was modest
compared to that of Std1p (0.4 and 3.9 units, respec-
tively, relative to 0.1 units for the control; Table 2);
however, the ability of LexA-Snf1 to activate the reporter

Figure 5.—Overexpression of Std1p improves growth of a
in response to glucose limitation was enhanced to asnf4� mutant on galactose and glycerol. Strain MCY2635
similar extent by overexpression of Mth1p and Std1p(snf4�) was transformed with pJH68, a multicopy 2� plasmid

carrying STD1 expressed from its native promoter (Hubbard (43 and 67 units, respectively). Thus, Std1p and Mth1p
et al. 1994), and the vector Yep24. Two independent trans- have somewhat different physical and functional rela-
formants were spotted, with 10-fold dilutions, onto rich me- tionships to the Snf1 kinase.
dium (YEP) containing 2% glucose (Glu), 2% galactose (Gal),
or 3% glycerol (Gly). Plates were photographed after incuba-
tion at 30� for the indicated number of days. For comparison DISCUSSION
of growth on glucose and galactose, the plates were incubated
under anaerobic conditions. Previous studies have implicated Std1p in the Snf1

kinase glucose signaling pathway. In multicopy, the
STD1 gene both restored SUC2 expression in a snf4�

cose-limited cells, already high, was not further elevated mutant, which is deficient in Snf1 kinase activity, and
(Figure 4B). In an std1� mth1� double mutant, activa- relieved glucose repression of SUC2 in the wild type.
tion by LexA-Snf1-G53R was not impaired (data not Std1p and Snf1p interacted physically in two-hybrid and
shown), consistent with the preceding evidence that biochemical assays, suggesting that Std1p directly affects
when Snf1p is overexpressed, the absence of Std1p is Snf1 function. Here we present evidence that Std1p
indistinguishable from its presence at native levels. stimulates Snf1 kinase activity by a mechanism involving

Overexpression of Std1p suppresses snf4� mutant an interaction with the catalytic domain that is antago-
defects in growth on galactose and glycerol: Previous nistic to the autoinhibitory interaction of the Snf1p reg-
studies showed that the std1� mth1� mutant exhibits ulatory and catalytic domains (Figure 6).
defects in Snf1-dependent processes that are not related We first showed that Std1p interacts with the catalytic
to glucose transport (Hubbard et al. 1994). The evi- domain of Snf1p, independent of its catalytic activity.
dence presented above for a direct role for Std1p in We also found that Std1p did not interact with Snf1-
regulating the Snf1 kinase is based on assays using over- T210A, in which the catalytic domain is always inhibited
expressed Std1p. To confirm that overexpressed Std1p by the regulatory domain, suggesting that the interac-
also affects phenotypes that are dependent on Snf1 ki- tions of the Snf1p catalytic domain with its regulatory
nase activity but independent of glucose transport, we domain and with Std1p are mutually exclusive (Figure
examined growth on galactose and glycerol. A snf4� 6). These findings further suggest that Std1p promotes
mutant, which lacks the activating subunit of the kinase, an active, uninhibited conformation of the kinase com-
is defective in utilization of both carbon sources. Trans- plex by binding to the catalytic domain. Several other
formation of a snf4� mutant with a multicopy plasmid assays supported the view that Std1p overexpression pro-
carrying STD1 improved growth on both galactose and motes an active conformation. In glucose-grown cells,
glycerol (Figure 5). overexpression of Std1p increased the two-hybrid inter-

Std1p and Mth1p have distinct functional relation- action of Snf1p and Snf4p, which reflects the open con-
ships to the Snf1 kinase: Std1p and Mth1p are very formation in which Snf4p binds the regulatory domain.
similar proteins (61% sequence identity) that have re- Assays of Snf1 kinase activity in vitro and assays of the
lated but distinct functions in glucose signaling and ability of LexA-Snf1 to stimulate reporter transcription
control of SUC2 and HXT expression (Hubbard et al. in vivo both indicated that overexpression of Std1p ele-
1994; Schmidt et al. 1999; Lafuente et al. 2000; vates Snf1 kinase activity. Previous evidence that overex-
Schulte et al. 2000). To assess the relationship of Mth1p pression of Std1p relieves glucose repression of SUC2
to the Snf1 kinase, we tested Mth1p in the assays used (Hubbard et al. 1994) can also be accounted for by
above. No significant two-hybrid interaction between increased Snf1 activity.
LexA-Snf1 and GAD-Mth1 was detected (data not The present findings are consistent with the isolation
shown). We assayed the interaction between LexA-Snf1 of STD1 as a multicopy suppressor of snf4� (Hubbard
and Snf4-GAD in strains overexpressing Mth1p and et al. 1994). Increased Std1p would compensate for the
found that Mth1p had a modest effect compared to that absence of Snf4p if the binding of Std1p to the catalytic
of Std1p (Table 2); �-galactosidase activity in glucose- domain excludes the regulatory domain. Also consistent

is evidence that std1� exacerbates the leaky snf4� mu-grown cells was 5.7 units, which was 10-fold elevated
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Figure 6.—Model for the interaction of
Std1p with the Snf1 kinase. The kinase is repre-
sented as in Figure 1. Evidence presented in
the text supports a model in which Std1p binds
to the catalytic domain to facilitate formation
of an active conformation. Std1p is not a stable,
stoichiometric component of the complex. We
have depicted Snf1p as bound to either Std1p
or Snf4p, but it is possible that Snf1p can bind
both Std1p and Snf4p at the same time.

tant phenotype observed at 23�, further reducing in- activity is regulated by autoinhibition (Jiang and Carl-
son 1996), an upstream kinase (Woods et al. 1994; Wil-vertase activity 20-fold (Hubbard et al. 1994).

What is the role of Std1p when it is expressed from son et al. 1996; McCartney and Schmidt 2001), and
the Reg1p-Glc7p PP1 (Ludin et al. 1998; Sanz et al.its chromosomal locus? Because Std1p is not a stoichio-

metric component of the Snf1 kinase, it seems likely 2000), and the �-subunits of the kinase regulate its sub-
cellular localization (Vincent et al. 2001). While thethat Std1p promotes the establishment of an active con-

formation, while Snf4p has the primary role in mainte- comparatively minor defects of the std1� mth1� double
mutant in some Snf1-dependent processes indicate thatnance (Figure 6). However, it remains possible that

Std1p is stoichiometrically associated with certain sub- Std1p does not have an essential regulatory role, it is
important to note that the Snf1 kinase is a central playerpopulations of the Snf1 kinase.

Genetic studies on the interactions of Std1p with glu- in very complex responses to nutrient stress. Regulatory
mechanisms that are not essential under some growthcose sensors are in accord with our findings (Schmidt

et al. 1999; Lafuente et al. 2000). When cells are grown conditions may be crucial under other conditions or
during transitions to new conditions.in high glucose, Std1p is thought to bind glucose sen-

sors, primarily Rgt2p; when cells are grown in low or Finally, Std1p has been shown to interact not only
with Snf1p but also with proteins as diverse as TBP andno glucose, Std1p is released and is free to interact with

other proteins. Hence, when expressed from its native the glucose sensors Snf3p and Rgt2p. Genetic evidence
connects Snf1p to TBP (Shirra and Arndt 1999), andpromoter, Std1p positively modulates Snf1 kinase activ-

ity only when cells are grown in low or no glucose. In regulatory interactions between Snf1p and glucose sen-
sors can be easily envisioned. We therefore considercontrast, overexpression of Std1p results in excess Std1p

that is not sequestered by binding to glucose sensors it possible that Std1p also regulates a subset of Snf1
complexes by other mechanisms, perhaps by targetingand is therefore available to bind Snf1p even in glucose-

grown cells. Snf1 to particular substrates or promoters.
The regulatory effects of Std1p in response to glucose We thank Rong Jiang for providing plasmids. This work was sup-

signals are complex because Std1p not only modulates ported by Public Health Service grant GM-47259 from the National
Institutes of Health to M.C.Snf1 kinase activity but also regulates the expression of

hexose transporters (Schmidt et al. 1999; Lafuente et
al. 2000). Hence, Std1p may also exert indirect effects
on Snf1p activity as a consequence of its role in regulat- LITERATURE CITED
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