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Saccharomyces cerevisiae express three isoforms of Snf1 kinase that differ by which β subunit is present, Gal83,
Sip1 or Sip2. Here we investigate the abundance, activation, localization and signaling specificity of the three
Snf1 isoforms. The relative abundance of these isoforms was assessed by quantitative immunoblotting using
two different protein extraction methods and by fluorescence microscopy. The Gal83 containing isoform is the
most abundant in all assays while the abundance of the Sip1 and Sip2 isoforms is typically underestimated espe-
cially in glass-bead extractions. Earlier studies to assess Snf1 isoform function utilized gene deletions as a means
to inactivate specific isoforms. Here we use point mutations in Gal83 and Sip2 and a 17 amino acid C-terminal
truncation of Sip1 to inactivate specific isoforms without affecting their abundance or association with the
other subunits. The effect of low glucose and alkaline stresses was examined for two Snf1 phosphorylation sub-
strates, the Mig1 andMig2 proteins. Any of the three isoforms was capable of phosphorylating Mig1 in response
to glucose stress. In contrast, the Gal83 isoform of Snf1was both necessary and sufficient for the phosphorylation
of theMig2 protein in response to alkaline stress. Alkaline stress led to the activation of all three isoforms yet only
the Gal83 isoform translocates to the nucleus and phosphorylatesMig2. Deletion of the SAK1 gene blocked nucle-
ar translocation of Gal83 and signaling toMig2. These data strongly support the idea that Snf1 signaling specific-
ity is mediated by localization of the different Snf1 isoforms.

© 2016 Elsevier Inc. All rights reserved.
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1. Introduction

All cells use signal transduction pathways to sense and respond to
changes in nutrient availability and energy status. In eukaryotes, the
AMP-activated protein kinase (AMPK) plays a central role in cellular
and whole-body energy homeostasis [1]. The AMPK complex is a
heterotrimer with a single catalytic subunit, calledα in mammalian en-
zymes and Snf1 in yeast. In addition, the kinase holoenzyme contains
two regulatory subunits referred to as the β and γ subunits. The γ sub-
unit binds to high- and low-energy adenylate nucleotides and thereby
directly transduces information concerning cellular energy status to
the other subunits [2,3]. Theβ subunit also contributes to the regulation
of this kinase complex. The β subunits all contain two highly conserved,
signature domains: a C-terminalαγ interaction domain (AG) that forms
an interface for interaction of the α and γ subunits and a carbohydrate
binding module (CBM) that can bind glycogen [4]. Two locations for
the CBM in structural models of the AMPK holoenzyme have been
proposed. In models of the yeast enzyme using the γ subunit and the
C-termini of the α and β subunits, the CBM is seen as bound to the γ
subunit [5]. In models of the mammalian enzyme using the entire α
and γ subunits along with most of the β subunit, the CBM is seen as
bound to the N-lobe of the kinase domain of the α subunit [6,7]. These
latter structural models seem more likely to be correct with regard to
CBM position since they are based on a more complete heterotrimer
that includes the kinase domain. Small molecule activators such as A-
769662 and salicylate can directly bind to and activate AMPK [8]. The
small molecule-binding pocket lies at the interface between the CBM
of the β subunit and N-lobe of theα subunit kinase domain [7,9]. Inter-
estingly, this activation occurs much more efficiently with mammalian
AMPK complexes containing the β1 subunit compared to those with
the β2 subunit [10], supporting the idea that different β subunits play
specialized roles in vivo. Whether or not mammals produce ligand(s)
that use this small molecule-binding pocket is a subject of great interest.

All three subunits of the AMPK enzyme are highly conserved across
eukaryotic evolution. The only eukaryotes lacking clear AMPK orthologs
are a few intracellular pathogens such as Plasmodium falciparum [11].
Here we focus our attention on the β subunits of the AMPK enzyme of
the budding yeast Saccharomyces cerevisiae. Yeast expresses three iso-
forms of the AMPK enzyme that differ in subunit composition by having
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either Gal83, Sip1 or Sip2 as the β subunit in association with Snf1 (α)
and Snf4 (γ) [12]. The GAL83 and SIP2 genes are paralogs derived from
the whole genome duplication event that occurred 100 million years
ago [13]. As such they are very similar in size (417 and 415 residues, re-
spectively) and primary sequence (55% identity and 75% similar over a
360 residue window). In contrast, the Sip1 protein is distinct from
Gal83 and Sip2 by being much larger (815 residues) and with greater
sequence divergence (19% identity and 44% similarity over a 490 resi-
due window when compared to Gal83). The number and sequence of
β subunits in different eukaryotic species is quite variable (Fig. 1).
Some fungal species (A. fumigatus and S. pombe) make do with a single
β subunit while others have two (C. albicans) that show clear similarity
to the smaller Gal83/Sip2 subunits or to the larger Sip1 subunit. Inmeta-
zoans, the trend has been toward smaller β subunits. Humans and Dro-
sophila express two β subunits that are smaller than their yeast
counterparts. Some plants such as A. thaliana express typical β subunits
as well as a hybrid AMPK subunit that contains a CBM domain typically
found in β subunits fused to the γ subunit. How the diversity of the β
subunits contributes to the complexity and specificity of AMPK signal-
ing has not been fully explored.

All β subunits contain two highly conserved, signature domains, the
CBMdomain and the C-terminal domain that mediates binding to theα
and γ subunits. Outside of these domains, β subunits even from closely
related species are quite dissimilar. Deletion of the CBM (also called the
glycogen-binding domain) activates the Gal83 isoform of the Snf1 en-
zyme in yeast [14]. In mammals, the CBM is required for the ability of
small molecule ligands to activate AMPK [7,9]. The C-terminal AG do-
main is necessary for heterotrimer assembly and kinase activity [15].
Furthermore, this small domain is by itself sufficient to reconstitute a
functional Snf1 kinase [12]. Previous studies have shown that two con-
served histidine residues in the αγ interaction domain of the β subunit
are in close contact with the kinase domain activation loop and are nec-
essary to stabilize the active conformation of the kinase [2,3,16]. Earlier
Fig. 1. β subunits of AMPK enzymes in different species. A schematic representation of the
β subunits present in 4 fungal species as well as in human, insect and plant species are
shown. The number of β subunits in each species, their amino acid length, accession
number and the position of the carbohydrate binding module (CBM) and the C-terminal
α-γ interaction domain (AG) are shown. Drosophila and Arabidopsis generate β subunit
diversity by alternative splicing to include an additional exon (open box).
studies from our lab and others have used gene deletions to probe the
isoform specific roles of the Snf1 kinase [12,14,17,18]. However, dele-
tionsmay disrupt subunit stoichiometry andmay result in complemen-
tation and mislocalization not observed when all subunits are
expressed. Thus, in the complete absence of a given β subunit, an alter-
native isoform may inappropriately substitute function in a way that
would not happen if the catalytic domain were still bound to its rightful
β isoform partner. In this study, we have used pointmutations in β sub-
unit AG domain as a means to inactivate specific Snf1 isoforms without
interfering with isoform assembly. This isoform-specific inactivation of
Snf1 allowed us to probe the complexity and specificity of β subunit
function in yeast.
2. Materials and methods

2.1. Yeast strains and growth conditions

The yeast strains used in this study were all derived from the S228C
lineage. Most yeast strains with specific gene deletions were generated
in our laboratory or by the SaccharomycesGenomeDeletion project [19]
and purchased from Thermo Scientific (Table 1). Cells were grown at
30 °C using standard synthetic complete media lacking nutrients need-
ed for plasmid selection [20]. Plasmids employed in this study are de-
scribed in Table 2.
2.2. Plasmids and epitope tagging

All plasmids used in these studies were low-copy number, centro-
meric plasmids based on pRS314, pRS315 and pRS316 [21]. Snf1 and
Mig1 proteins tagged with 3 copies of the HA epitope have been previ-
ously described [22]. The MIG2 gene was subcloned into pRS315 on a
2584 nt genomic StuI-HindIII fragment. Three copies of the HA epitope
along with the ADH1 terminator were amplified from pYM2 [23] and
appended to the MIG2 gene using gap repair. The resulting plasmid,
pMig2-3HA was recovered from yeast and DNA sequence confirmed.
The β subunits tagged with three copies of the Flag epitope were de-
scribed [14]. Amino acid substitutions were generated by oligonucleo-
tide-directed mutagenesis with Pfu polymerase, followed by DpnI
digestion of the plasmid template [24] and confirmed by DNA sequenc-
ing. The F3-GAL83-H384A and F3-SIP2-H380A alleles were also
subcloned into pRS314 (Table 2).
Table 1
Yeast strains.

Strain Genotype

MSY1212 MATa ura3–52 leu2Δ1 his3Δ200
MSY557 MATα ura3–52 leu2Δ1 his3Δ200 sip1Δ::HIS3 sip2Δ::HIS3 gal83Δ::HIS3
MSY545 MATa ura3–52 leu2Δ1 trp1Δ63 his3Δ200 sip1Δ::HIS3 sip2Δ::HIS3
MSY552 MATa ura3–52 leu2Δ1 trp1Δ63 his3Δ200 sip1Δ::HIS3 gal83Δ::HIS3
MSY543 MATa ura3–52 leu2Δ1 trp1Δ63 his3Δ200 sip2Δ::HIS3 gal83Δ::HIS3
MSY522 MATa ura3–52 leu2Δ1 trp1Δ63 his3Δ200 gal83Δ::HIS3
MSY528 MATa ura3–52 leu2Δ1 trp1Δ63 his3Δ200 sip1Δ::HIS3
MSY520 MATa ura3–52 leu2Δ1 trp1Δ63 his3Δ200 sip2Δ::HIS3
MSY565 MATα ura3–52 leu2Δ1 his3Δ200 sip1Δ::HIS3 snf1Δ10
MSY1037 MATa ura3–52 leu2 his3Δ200 SNF1-3HA sip1Δ::HIS3 sip2Δ::HIS3

gal83Δ::HIS3
MSY955 MATα ura3–52 leu2Δ1 his3Δ200 trp1Δ63 SNF1-3HA
MSY1163 MATα ura3–52 leu2Δ1 trp1Δ63 gal83Δ::HIS3 SNF1-3HA
MSY1165 MATα ura3–52 leu2Δ1 trp1Δ63 sip2Δ::HIS3 SNF1-3HA
MSY1167 MATα ura3–52 leu2Δ1 trp1Δ63 sip1Δ::HIS3 SNF1-3HA
MSY1356 MATα ura3–52 leu2Δ1 his3Δ200 GAL83-GFP
MSY1358 MATα ura3–52 leu2Δ1 his3Δ200 SIP1-GFP
MSY1360 MATα ura3–52 leu2Δ1 his3Δ200 SIP2-GFP
MSY1449 MATa ura3 leu2 his3 lys2Δ0 GAL83-GFP sak1Δ::KAN
MSY1450 MATa ura3 leu2 his3 lys2Δ0 GAL83-GFP



Table 2
Plasmids.

Plasmid Genes Vector Source

pF3-Sip1 Sip1 with triple flag tag at N-terminus pRS315 [14]
pF3-Sip2 Sip2 with triple flag tag at N-terminus pRS315 [14]
pF3-Gal83 Gal83 with triple flag tag at N-terminus pRS315 [14]
pF3-Gal83-H379A Gal83-H379A with triple flag tag at N-terminus pRS315 this study
pF3-Gal83-H384A Gal83-H384A with triple flag tag at N-terminus pRS315 this study
pFG3-H384A-314 Gal83-H384A with triple flag tag at N-terminus pRS314 this study
pF3-Sip2-H380A Sip2-H380A with triple flag tag at N-terminus pRS315 this study
pFS2-H380A-314 Sip2-H380A with triple flag tag at N-terminus pRS314 this study
pF3-Sip1-H772A Sip1-H772A with triple flag tag at N-terminus pRS315 this study
pF3-Sip1-Q798 Sip1 with triple flag tag and stop codon at Q798 pRS315 this study
pSnf1-3HA Snf1 with triple HA tag at C-terminus pRS316 [22]
pMig1-3HA Mig1 with triple HA tag at C-terminus pRS316 [22]
pMig2-3HA Mig2 with triple HA tag at C-terminus pRS316 this study
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2.3. Mutagenesis of the SIP1 gene

Mutations that compromised SIP1 function were identified by gap
repair mutagenesis using pF3-SIP1 plasmid [14] gapped by restriction
with NheI and SphI removing the codons for the C-terminal residues
674–815. DNA encoding the C-terminus of Sip1 was amplified with
Taq polymerase and used to repair the gapped plasmid. A recipient
strain lacking all three β subunit genes allowed assessment of SIP1 func-
tionby replica plating Leu+ gap-repaired transformants to raffinoseme-
dium. Candidates showing loss of Sip1 function (Raf−) were screened
by western blot. None of the sip1− transformants produced full-length
Sip1. The candidate producing a Sip1 protein closest to full-length was
sequenced and found to contain a stop codon in place of the glutamine
codon at position 798. Full-length Sip1 is 815 residues in length. The
resulting gene, SIP1-Q798, was used for further studies.

2.4. GFP-tagging the β subunits

Plasmids encoding each of the β subunits were modified such that a
5 residue linker (Ala-Gly-Ala-Gly-Ala) was appended to the C-terminus
of each open reading frame followed by the yeast codon-optimized GFP
gene derived from pKT127 [25]. Each of the β subunit-GFP genes was
excised from the plasmids with sufficient flanking genomic DNA to di-
rect homologous recombination into a yeast strain lacking all three β
subunit genes. Integrants were selected by their ability to grow on raffi-
nose media and the correct integration at the endogenous β subunit
gene was confirmed by PCR. These strains were then backcrossed to a
wild type strain to generate haploid yeast expressing all three β sub-
units with one bearing a C-terminal GFP tag.

2.5. Protein extract preparations

Glass bead extracts were prepared from cells (approximately 15–20
OD600 units) thatwere grown tomid-log phase and collected by centri-
fugation. Cells were washed once in 1 ml and then suspended in 0.2 ml
of a lysis buffer consisting of 50 mM Tris pH 8.0, 150 mM NaCl, 0.5% so-
dium deoxycholate, 50 mM sodium fluoride, 5 mM sodium pyrophos-
phate supplemented with protease inhibitors (Roche). An equal
volume of acid washed glass beads (Sigma; G8772) was added and
cells were lysed by vortexing three times for 20 s in a FastPrep homog-
enizer (MP Biomedicals) with 5 min recovery between cycles. Sodium
dodecyl sulfate (SDS) and Nonidet P40were added to a final concentra-
tion of 0.1% and 1%, respectively and the extract was rotated at 4 °C for
30min. Insoluble material was removed by centrifugation at 15,000 ×g
for 5 min. The supernatant fraction was removed and assayed for pro-
tein using the Bradford assay and bovine serum albumin as the stan-
dard. Twenty micrograms of total protein was used for each lane in
immunoblotting experiments. Alternatively, yeast whole-cell extracts
were prepared using a modification of a trichloroacetic acid extraction
method [26]. Cells were grown to mid-log phase and absorbance at
600 nmwas measured. Cells (2.5 OD600 units) were harvested, washed
with cold water, and resuspended in 1ml of cold water. A 150 μl aliquot
of freshly prepared 2 N NaOH, 1 M β-mercaptoethanol was added,
mixed and incubated on ice for 15 min. Next, 150 μl of 50% TCA was
added, mixed and incubated on ice for 20 min. The sample was then
subjected to centrifugation at 15,000 ×g for 5min and the pelleted pro-
teins were resuspended in SDS sample buffer (80 mM Tris-Cl, pH 8.0,
8 mM EDTA, 120 mM dithiothreitol, 3.5% SDS, 0.29% glycerol, 0.08%
Tris base, 0.01% bromphenol blue) using 20 μl of SDS sample buffer
per OD600 of cells. The extractswere incubated at 37 °C for 30min. Insol-
uble material was removed by centrifugation at 10,000 ×g for 2 min.
The supernatant fraction was removed and 7.5 μl was used for each
lane in immunoblotting experiments.

2.6. Immunoblotting and immunoprecipitation

Snf1, Mig1 and Mig2 proteins tagged with the HA epitope were de-
tected with a 1:3000 dilution of mouse anti-HA antibody (Santa Cruz
Biotechnology, Santa Cruz, CA). β subunits tagged with the Flag epitope
were detected with a 1:1000 dilution of monoclonal mouse anti-Flag
antibody (Sigma catalog #F3165). The secondary antibody was goat
anti-mouse IgG DyLight 680 (Thermo Scientific, Waltham, MA) diluted
1:10,000. For detection of phosphorylated Snf1, Phospho-AMPKα
(Thr172) antibody (Cell Signaling catalog #2535L) diluted 1:1000 was
used with goat anti-rabbit IRDye 800CW (Li-Cor) (1:10,000 dilution)
as the secondary antibody. Blots were normalized using Sec61 as the
control protein detected with affinity-purified anti-Sec61 primary anti-
body at 1:1000 (gift of Jeffrey Brodsky, Dept of Biological Sciences, Univ.
of Pittsburgh) followed by goat anti-rabbit IRDye 800CW (Li-Cor, Lin-
coln, NE) diluted 1:10,000 as the secondary antibody. Snf1-3HA was
immunopreciptated from glass bead extracts using agarose conjugated
anti-HA antibody (Santa Cruz). Blots were scanned using an infrared
scanner (Odyssey, Li-Cor). Integrated intensity values of bands were
quantified by using scanning software supplied by the manufacturer
(Li-Cor). Snf1 complexes containing a Flag-tagged Sip1 or Sip2 protein
were immunoprecipitated from glass bead extracts (1 mg protein)
using 15 μl anti-Flag beads (Sigma catalog #A2220). Beadswerewashed
3 times in RIPA buffer (50 mM Tris pH 8.0, 150 mM NaCl, 0.1% SDS, 1%
Nonidet P40, 0.5% sodium deoxycholate) and bound proteins were elut-
ed 2× SDS sample buffer and analyzed by western blotting with anti-
HA, anti-Phospho-AMPKα (Thr172) and anti-Flag antibodies.

2.7. Fluorescence microscopy

Chromosomally integrated, GFP-tagged β subunits were imaged
using a Nikon Ti-Eclipse inverted microscope equipped with a swept-
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field confocal scan head (Nikon, Chiyoda, Tokyo, Japan; Prairie Instru-
ments,Middleton,WI) or using epifluorescence. AnApo100×objectives
(NA 1.49 or 1.45) were used in all imaging and images were captured
using an iXon3 EMCCD camera (Andor, Belfast, UK) or an Orca Flash
4.0 cMOS (Hammamatsu, Bridgewater, NJ) and NIS-Elements software
(Nikon). Overnight cultures were inoculated into fresh media at an
A600 of 0.2 and allowed to grow until they reached mid-logarithmic
phase (A600 ~ 0.5). For imaging of cells shifted from high (2%) to low
(0.05%) glucose, cells were pelleted, washed in low glucose media and
then resuspended in low glucose media for 10 min prior to imaging.
For exposure to alkaline stress, cell media was adjusted to pH 8.5 with
sodium hydroxide addition and cells were imaged 10–20 min after
this pH shift. To visualize vacuoles, and aid in subcellular localization as-
signments, cells were incubated with 250 μM Cell Tracker Blue CMAC
dye (Life Technologies, Carlsbad, CA). All images from an experiment
were captured with the same imaging parameters and are adjusted
equivalently in Adobe Photoshop. For all figures an unsharp mask was
applied with a threshold of 5 and a pixel radius of 5. To quantify the
total cellular fluorescence for the β subunits, a minimum of 175 cells
were outlined manually and the mean pixel intensity was measured
in Image J software (NIH, Bethesda, MA).

2.8. Statistical analyses

For all bar plots,mean values using aminimumof three independent
measurements are plotted with error bars representing one standard
error. Statistical significance was determined using the Student t-test
for unpaired variables with equal variance. For the box-and-whisker
plot, a one-way ANOVAwith Tukey's post hoc testwas performed to as-
sess statistical significance of differences in observed pixel intensities.
Statistical significance is indicated as follows: * P b 0.05; ** P b 0.01;
*** P b 0.001; ns, P N 0.05.

3. Results

3.1. Abundance of the yeast Snf1 kinase β subunits

Earlier studies to assess the relative abundance of the yeast proteins
globally [27,28] or the Snf1 kinase β subunits specifically [17,29] indi-
cated that the Gal83 protein was by far themost abundant of the β sub-
units with the Sip1 and Sip2 proteins 5–12 fold less abundant. With the
availability of quantitative immunoblotting technologies, we re-exam-
ined the relative abundance of the three yeast β subunits expressed
from their own cognate promoters on low-copy plasmids and all tagged
with three copies of the Flag epitope at their N-termini [30]. Since the β
subunits display different subcellular localizations including membrane
association [17,31,32], we compared extracts prepared by two different
methods: glass bead extraction and TCA extraction, a method that more
efficiently extractsmembrane-associated proteins [26]. Using Sec61 as a
loading control,we found that theGal83 proteinwas themost abundant
β subunit regardless of the extractionmethod (Fig. 2A and B).With both
procedures, Sip2 levels were intermediate and Sip1 was the least abun-
dant. However, we found that the relative abundance of Sip1 and Sip2,
the two subunits that have been reported to associate with the vacuolar
[17] and plasma membranes [32], respectively, are increased when the
TCA extraction method was used. Sip1 was barely detectable and 25-
fold less abundant than Gal83 in glass bead extracts but clearly visible
and only 8-fold less abundant using the TCA extraction method. Sip2
was 10-fold less abundant than Gal83 in glass bead extracts but only 3
fold less abundant in TCA extracts. Furthermore, the abundance of
Sip2 has been reported to be regulated in response to glucose abun-
dance [17,29]. Using TCA whole cell extracts, we found that Sip2 abun-
dance increased by less than a factor of two when cells were shifted to
low glucose medium.

As an alternative approach to monitoring β subunit abundance, we
assessed relative levels and localization of β subunits using quantitative
fluorescence microscopy (Fig. 2C and D).We generated chromosomally
integrated, GFP-tagged versions of each β subunit, and measured fluo-
rescence in cells grown in high glucose. Gal83 was significantly more
abundant than the other β subunits, consistent with the immunoblot-
ting results. Gal83-GFP displayed diffuse cytosolic fluorescence with
clear nuclear and vacuolar exclusion under these conditions (Figs. 2C
and 7E). Sip1-GFP and Sip2-GFP were 3- and 4-fold less abundant
than Gal83 (Fig. 2C–D), respectively, and they too showed diffuse cyto-
plasmic fluorescence with distinct exclusion from the lumen of the nu-
cleus and vacuole (Figs. 2C, 7C–D). In addition, in some cells Sip1-GFP
was localized to the limiting membrane of the vacuole (Figs. 2C and
7C). Our findings are consistent with previously reported β subunit lo-
calizations, which used plasmid-borne GFP-tagged versions rather
than chromosomally integrated versions [17]. This method of quantify-
ing β subunit abundance circumvents the inherit problems of solubility
and extraction presented by immunoblotting. Using this approach Sip2
appears to be slightly less abundant than Sip1, whichwas also observed
in proteomic study using mass spectrometry [28] and in a study using
qPCR to measure abundance of TAP-tagged proteins [29]. These data
suggest that even with the TCA extraction method Sip1 may not be
fully solubilized, resulting in a lower relative yield in protein extracts
compared to those observed by fluorescence microscopy. Alternatively,
the presence of different N-terminal and C-terminal tags might affect
the abundance of different β subunits. Taken together, we conclude
that the estimation of the relative abundance of theβ subunits is greatly
influenced by the method employed. Protein extraction and methods
that enrich for membrane-associated proteins generate more robust
signal for Sip1 and Sip2, and suggest that someearlier studies [17,26] in-
cluding our own [14] have underestimated the abundance and relative
ratios of these isoforms of Snf1 kinase.

3.2. Functional role of the conserved histidine residues in the C-terminus of
the yeast β subunits

We sought to identify amino acid substitutions in theβ subunits that
interferedwith their ability to activate the Snf1 kinase without affecting
their ability to associate with the Snf1 kinase complex. In this way we
could assess Snf1 isoform function without creating a complete void
aswould be the casewith deletion of a specific β subunit gene. Gene de-
letions might allow spurious β subunits to perform biological functions
with which they would not otherwise be associated. The β subunits
from diverse eukaryotic species share greatest sequence similarity in
two domains, the carbohydrate binding module (CBM) and the α-γ in-
teraction domain (AG) at the C-terminus (Fig. 1). The AG domain in-
cludes two antiparallel β sheets [3,5,6] that form an interaction
interface between the γ subunit and the C-terminal domain of the α
subunit (Fig. 3A and E). The residues immediately preceding the two β
sheets include two highly conserved histidine residues in the sequence
context of NHVxNHL that interact with the kinase domain activation
loop in the active conformation [3]. Substituting alanine for the first
conserved histidine residue (H379) in the Gal83 protein had little effect
on Gal83 function while changing the second histidine residue to ala-
nine (Gal83-H384A) caused a severe loss of function when assayed for
growth on alternative carbon sources (Fig. 3B) and for invertase induc-
tion in response to glucose limitation (Fig. 3C). A similar and severe loss
of function is observedwhen the analogous histidine residue in the Sip2
protein (H380) is changed to alanine (Fig. 3D). Neither the Gal83-
H384A nor the Sip2-H380A substitutions affected heterotrimer associa-
tion as judged by the copurification of the intact Snf1 heterotrimer from
yeast andbacteria (data not shown and [2]). In contrast, the Sip1protein
seemed unaffected by this change (Sip1-H772A) when assayed for
growth on raffinose (Fig. 3D). Previously we showed that cells express-
ing only the Sip1 isoformof Snf1 kinase grow very poorly onmediawith
glycerol/ethanol as the carbon source [12]. Under those growth condi-
tions, substitution of the Sip1 H772 with alanine did exacerbate the
poor growth on this non-fermentable carbon source. However, the



Fig. 2. Abundance of β subunits depends on protein extraction method. Yeast β subunits were each tagged at the N-terminus with 3 copies of Flag epitope, expressed from their own
promoters on low-copy number plasmids and analyzed by western blotting. Extracts were prepared from cells grown in high (H) glucose or 1 h after shifting to low (L) glucose using
a glass bead lysis method or a TCA extraction method (see Materials and Methods) as indicated. The gel mobilities of the β subunits are indicated on the right. Relative abundance was
determined by comparing the β subunit western signal to that of the Sec61 protein and normalized to the level of Gal83 in high glucose defined as 100%. The fold less than Gal83 for
Sip1 and Sip2 is plotted for both extraction methods. Two yeast proteins that cross react with the Flag antibody are indicated by asterisks. (C) Chromosomally integrated, GFP-tagged
Gal83, Sip1, and Sip2 were imaged in high glucose media and 30 min after shifting to low glucose (0.05%) media. All image acquisition parameters and adjustments were held
constant so that direct comparisons of signal intensities between the β subunits can be made. Position of the vacuole is determined by staining with CMAC. (D) Total cellular
fluorescence intensity was measured (n, N125 cells for each strain) and the distributions of the pixel intensities were plotted (a.u., arbitrary units). The horizontal midline in each box
represents the median; the box is bounded by the upper and lower quartiles; and the whiskers denote the maximal and minimal fluorescence intensities in the populations. A one-
way ANOVA with Tukey's post hoc test was performed to assess statistical significance of differences in observed pixel intensities. (***, P b 0.001 relative to Gal83-GFP in high glucose;
▲▲▲, P b 0.001 relative to Gal83-GFP in low glucose).
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lack of a raffinose growth phenotype in cells expressing Sip1-H772A
was puzzling. We considered the possibility that other histidine resi-
dues in this region (Fig. 3A) might be providing the interaction surface
with the activation loop of Snf1 complexes containing Sip1. However,
substitutions of Sip1 H763 or H768 as well as the substitution of all
three histidine residues had only negligible effect on the Sip1 protein
function (data not shown). Therefore, the contacts within the AG do-
main that stabilize the active form of the Snf1 kinase domain in the
complexes containing Gal83 and Sip2 must be different from those
used in the Sip1 complex.

3.3. Identification of mutations in SIP1 that block Snf1 activation

To identify amino acid substitutions in the Sip1 protein that in-
terfered with its ability to activate Snf1 kinase but maintained Snf1
kinase association, we took a random mutagenesis approach. We



Fig. 3. Role of conserved histidine residues in yeast β subunits. (A) Sequence alignment of the α-γ interaction domains of the three β subunits from S. cerevisiae and two β
subunits from human (Hs β1 and Hs β2). Positions of the conserved histidine residues are indicated with the numbering on top referring to amino acids in Gal83 and the
bottom referring to the Sip1 protein. The position of two β sheets that form the interface between the γ subunit and the C-terminal domain of the α subunit are indicated
with arrows above the alignment. The position of Q798 in Sip1 is also indicated. (B) Spot dilution assay to measure β subunit function in yeast lacking all three β subunits
but transformed with a low copy plasmid expressing no β subunit (vector), Gal83 or Gal83 with histidine to alanine substitutions at positions 379 or 384. Growth was
measured on plates with the glucose, raffinose or a mixture of glycerol and ethanol (GE) as the carbon sources. (C) Invertase enzyme activity was measured in triplicate
samples with the mean plotted ±SE. Values statistically different from wild type are indicated. The cells assayed were the same as those used in panel B. Western blot of
Flag-tagged Gal83 proteins is shown below. (D) Spot dilution assay to measure β subunit function in yeast lacking all three β subunits but transformed with a low copy
plasmid expressing no β subunit (vector), or the β subunit indicated with or without the indicated histidine to alanine substitutions. Growth was measured on plates with
the glucose, raffinose or a mixture of glycerol and ethanol (GE) as the carbon sources. (E) Structural model of the Snf1 kinase heterotrimer based on the mammalian AMPK
heterotrimer [7]. The γ subunit is shown in surface representation (gray). The α and β subunits are show in the cartoon representation in yellow and blue, respectively. The
α subunit kinase domain, C-terminal domain and activation loop (red spheres) are indicated. The β subunit C-terminus and carbohydrate-binding motif (CBM) are indicated.
The position of the Sip1 histidine residue 772 is shown in the stick representation while residue glutamine 798 is indicated in yellow. This structural model was created with
PyMol (Schrödinger) using the Protein Database file 4CFF.
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used polymerase chain reaction to generate random mutations in
the DNA encoding the C-terminus of Sip1 and gap repair to intro-
duce those into a Flag-tagged Sip1 plasmid [33]. Transformants
were screened for the inability to grow on raffinose and then ex-
amined by western blotting. All of the loss-of-function alleles iden-
tified made either no Sip1 protein or a truncated Sip1 protein. The
clone that made a Sip1 protein closest to full length was sequenced
and found to contain a stop codon in place of the glutamine 798
codon. This change causes a truncation of the C-terminal 17
amino acids of the Sip1 protein (Fig. 3A). Cells expressing Sip1-
Q798 as the only β subunit are unable to grow on raffinose
as well as glycerol ethanol media (Fig. 4A). The Sip1-Q798
protein still assembles into Snf1 kinase complexes as judged by
co-immunoprecipitation. HA-tagged Snf1 and associated proteins
were isolated from protein extracts using anti-HA beads and the
associated Sip1 was detected by immunoblotting with anti-Flag



Fig. 4. Sip1-Q798 is not functional but associates with Snf1. (A) Cells lacking the genes for
all three β subunits were transformed with empty plasmid vector or with low-copy
plasmids encoding Gal83, Sip1 or Sip1-Q798 (stop codon at 798) as shown. Ten-fold
serial dilutions of cells were spotted onto agar media with the indicated carbon sources.
(B) Extracts were prepared from snf1Δ sip1Δ cells expressing Snf1 with or without a 3-
HA tag and Flag-tagged Sip1 or Sip1-Q798 as shown. Snf1-HA and associated proteins
were collected with HA beads and bound F3-Sip1 and F3-Sip1-Q798 were detected with
anti-flag antibodies (upper panel). Total Snf1, Sip1 and Sec61 proteins present in
extracts were determined by western blotting (lower panels).
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antibodies (Fig. 4B). Both wild type Sip1 and Sip1-Q798 associated
with HA tagged Snf1. Sip1 was not detected in the pull-down frac-
tion when untagged Snf1 was used. Therefore, the Sip1 protein
truncated at Q798 assembles into a complex with Snf1 protein
but the kinase complex is not functional.
Fig. 5. Kinetics of Snf1 response to alkaline stress and glucose limitation. (A) Protein extracts we
by quantitative western blotting. The phosphorylation status of each protein was measured 0,
expressing either HA-tagged Snf1 or HA-tagged Mig1 and analyzed by quantitative western b
after shifting cells to media with 0.05% glucose.
3.4. Alkaline and glucose stresses generate distinct Snf1-dependent
responses

In response to environmental stresses, the Snf1 kinase phosphory-
lates two zinc-finger transcriptions factors: Mig1 in response to low-
glucose stress [34] andMig2 in response to alkaline stress [35]. Interest-
ingly, the level of phosphorylation, the timing of phosphorylation and
their affect on protein abundance is distinct depending on the stress
being experienced and the substrate being phosphorylated, making
these conditions and substrates ideally suited as initial candidates for
assessing β subunit isoform specificity. To analyze the kinetics of Snf1
activation and signaling to Mig1 and Mig2, aliquots were removed
from cultures 5, 10, 30 and 60min after shifting cells to media adjusted
to pH 8 (Fig. 5A) or to media containing 0.05% glucose (Fig. 5B). Under
both stress conditions, Snf1 phosphorylation increased within the first
5 min and the increased phosphorylation was sustained throughout
the 60 min time course. The downstream targets of Snf1 displayed
very different kinetics of phosphorylation. Mig2 protein showed a tran-
sient decrease in gel mobility that peaked at 10 min then rapidly de-
clined. The reduced gel mobility was due to phosphorylation since it
was eliminated by treatment with calf intestine alkaline phosphatase
(not shown). A similar rapid and transient phosphorylation of Mig2 fol-
lowing alkaline stress has been reported previously [35], although this
earlier study did not report the sustained activation of Snf1 that we ob-
serve following alkaline stress. TheMig1 protein was rapidly phosphor-
ylated following glucose stress and the phosphorylation was sustained
over the 60 min examined here (Fig. 5B). While both stresses cause
rapid and sustained activation of Snf1 kinase, the target proteins display
distinct kinetics. The phosphorylated form of Mig2 accumulates in a
transient manner despite sustained activation of Snf1.

Wenext examined the effect of both glucose and alkaline stress on the
phosphorylation state and abundance of Mig1 andMig2. The phosphory-
lation of bothMig1 andMig2 is Snf1-dependent since it is not observed in
cells lacking Snf1 kinase activity due to the deletion of all threeβ subunits
(Fig. 6A and E). These two Snf1 substrates responded very differently to
these two stresses. Alkaline stress resulted in the increased phosphoryla-
tion ofMig2 but decreased phosphorylation ofMig1 (Fig. 6B and C). Alka-
line stress also caused a reduced abundance of Mig1 but no change in the
abundance of Mig2 (Fig. 6D). In contrast, glucose stress caused an in-
creased phosphorylation of both proteins (Fig. 6F andG) and the opposite
effect on the abundance of these proteins. Glucose stress led to increased
re prepared from cells expressing either HA-tagged Snf1 or HA-taggedMig2 and analyzed
5, 10, 30 and 60 min after shifting to pH 8. (B) Protein extracts were prepared from cells
lotting. The phosphorylation status of each protein was measured 0, 5, 10, 30 and 60 min



Fig. 6.Differential effects of glucose and alkaline stress response signaling to theMig1 andMig2proteins. The phosphorylation (gelmobility) and abundance of theMig1 andMig2proteins
was examined by quantitative western blotting of extracts prepared before or after alkaline stress (A–D) or low glucose stress (E–H). (A and E) β subunit requirement for Mig1 andMig2
phosphorylation during the alkaline and glucose stress responses. (B and F) Representativewestern blot ofMig1 andMig2 proteins before and after alkaline stress and glucose stresses. (C
and G) Quantification of phosphorylation status ofMig1 andMig2 from triplicate extracts. Mean value±SE is plotted for phosphorylated/total protein. (D and H) Abundance of Mig1 and
Mig2 proteins from triplicate extracts before and after alkaline or glucose stress. Mean values ±SE are plotted for total Mig1/control protein Sec61.
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Mig1 abundance and decreased Mig2 abundance (Fig. 6H). These exper-
iments were conducted using three independent cultures of each sample
with the mean value ±SE plotted and statistical significance shown.
These data show that two different signaling inputs show distinct Snf1-
dependent responses for these proteins. Both stresses lead to increased
Snf1-dependent changes in either abundance or phosphorylation. Thus,
Snf1-dependent signaling can result in distinct outcomes depending on
the substrate and the stimulus.

3.5. All three isoforms of Snf1 can mediate phosphorylation of Mig1

We have previously shown that Snf1 isoforms with any one of the β
subunits are able to promote phosphorylation ofMig1 [12]. This result is
puzzling in light of the observations that unphosphorylated Mig1 is lo-
calized to the nucleus [36] and only the Gal83 isoform of Snf1 is able
to efficiently enter the nucleus upon glucose limitation [17,31]. Howev-
er, our earlier study relied on the use of gene deletions [12]. The com-
plete absence of a protein might allow paralogous proteins to interact
with partners that theywould not normally interact with and to localize
to sites they would not normally occupy. Here we decided to re-exam-
ine this question using cells that express all three β subunits using mu-
tant versions that associate with Snf1 and Snf4 but lack the ability to
support Snf1 activation. The non-functional alleles used here were
Gal83-H384A, Sip2-H380A and Sip1-Q798. The phosphorylation state
of Mig1 protein was examined using cells that were grown in either
high glucose or 30min after shifting to low glucose (Fig. 7A). In cells ex-
pressingwild type version of all threeβ subunits, the shift ofMig1 to the
slower migrating, phosphorylated form is readily apparent upon glu-
cose limitation. Cells with complete deletions of all three β subunits
lack Snf1 kinase function and were unable to phosphorylate the Mig1
protein. Cells expressing one or two non-functional β subunits were
all fully able to promoteMig1 phosphorylation. Cells lacking a function-
al Gal83 show no defect in Mig1 phosphorylation. Thus any one of the
Snf1 isoforms is capable phosphorylating Mig1 even when other iso-
forms were present though non-functional. This result suggests that ei-
ther all Snf1 isoforms can equivalently target nuclear substrates or that
thenucleo-cytoplasmic shuttling ofMig1 [37] allows it to be accessed by
all Snf1 isoforms regardless of their subcellular distribution.

3.6. The Gal83 isoform is necessary and sufficient for phosphorylation of
Mig2

We next tested the Snf1 isoform specificity of the alkaline stress re-
sponse by examining the phosphorylation of Mig2 in cells expressing



Fig. 7. Snf1 kinase β subunit requirements during glucose and alkaline stress response signaling. Cells expressing wild type β subunits (+), lacking all three β subunits (Δ) or expressing
mutant β subunits (mt) with amino acid substitutions (Gal83-H384A, Sip2-H380A) or a truncation mutation (Sip1-Q798) were transformed with plasmids expressing HA-tagged Mig1
protein (A) or HA-tagged Mig2 protein (B). Extracts were prepared from mid-log cells grown in high glucose (H) or 30 min after shifting to low glucose (L) and were analyzed by
western blotting with antibodies against HA and Sec61. Gel mobility of Mig1 and phosphorylated Mig1 (Mig1-P) are indicated (A). The gel mobility of the Mig2 protein before and
10 min after a shift to pH 8 was determined by western blotting. Gel mobility of Mig2 and phospho-Mig2 (Mig2-P) are indicated (B). Extracts were also blotted for Sec61 as a loading
control. (C, D, E) Cells expressing the indicated chromosomally integrated, GFP-tagged β subunits were grown in high glucose, and then shifted into low glucose media or alkaline
media (pH 8.5) for 10 min and imaged using a confocal microscope. CMAC blue stain was used to mark the vacuoles. In merged images, white arrows indicate the fluorescent signal is
excluded from the nucleus and red arrows indicate the fluorescent is enriched in the nucleus. The images presented for each β subunit within a panel are adjusted equally; however,
the adjustments between the panels are not equivalent so that the localization of each of the β subunits can be optimally visualized.
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mutant versions of the β subunits that lack the ability to support Snf1
activation (Fig. 7B). Cells expressing all three β subunits show increased
phosphorylation of Mig2 10 min after exposure to alkaline stress. The
shift in Mig2 mobility is not observed in cells lacking all three β sub-
units. In cells expressing two functional β subunits and onemutant var-
iant, we found that cells lacking a functional Gal83 isoformwere unable
to promoteMig2 phosphorylationwhile loss of Sip1 or Sip2 function did
not affect Mig2 phosphorylation. In cells lacking two functional β sub-
units, phosphorylation of Mig2 was only observed in cells expressing
Gal83 as the functional β subunit. Therefore, the Gal83 isoform of Snf1
kinase is both necessary and sufficient for the phosphorylation of
Mig2 in response to alkaline stress. Consistent with this observation,
we monitored β subunit localization in response to alkaline stress. We
found that only Gal83-GFP concentrated in the nucleus in response to
alkaline stress (Fig. 7E, red arrows), whereas in unstressed cells it local-
ized to the cytosol and appeared to be largely excluded from the nucleus
(white arrows). Both Sip1 and Sip2 were largely excluded from the nu-
cleus under all conditions, including alkaline stress (Fig. 7C–D,white ar-
rows). Thus for Mig2, the ability of the Gal83 isoform of Snf1 to
phosphorylate Mig2 correlates with its ability to concentrate in the
nucleus.

3.7. Alkaline stress activates all three isoforms of Snf1

We next investigated the mechanism by which the alkaline stress
signaling to the Mig2 protein was restricted to Gal83 isoform of Snf1
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kinase. We considered the possibility that alkaline stress might lead to
the selective activation of only the Gal83 isoform of Snf1. To test this
idea, we measured the phosphorylation of the Snf1 activation loop in
the different isoforms of the kinase following alkaline stress. Our strate-
gy was to prepare extracts from cells expressing all three Snf1 isoforms,
two isoforms with untagged β subunits and one β subunit with a triple
Flag-tag at its N-terminus. The activation state of the single tagged iso-
form of Snf1 kinase could then be measured following immunoprecipi-
tation of the Flag-tagged β subunit followed by western blotting with
antibodies that detect total and activated Snf1. When either Sip1 or
Sip2 were the Flag-tagged β subunit, the Snf1 complex isolated by im-
munoprecipitation showed increased phosphorylation of Snf1 in re-
sponse to alkaline pH stress (Fig. 8A). In the absence of a Flag tag, very
little total Snf1 or phospho-Snf1 were detected demonstrating that the
western signal observed in the pull-downs with Flag-tagged beads
were in fact isoform specific. Thus, alkaline stress leads to activation of
the Sip1 and Sip2 isoforms of Snf1 yet does not produce detectable
phosphorylation of Mig2. For technical reasons, we were unable to con-
sistently immunoprecipitate Flag-tagged Gal83 complexes. However,
the Gal83 isoform of Snf1 must be activated in response to alkaline
Fig. 8. Isoform selectivity and amplitude of Snf1 activation in response to alkaline stress.
(A) Activation of the Sip1 and Sip2 isoforms of Snf1 kinase in response to alkaline stress
was measured by immunoprecipitation of Flag-tagged Sip1 or Flag-tagged Sip2 followed
by western blotting for total Snf1 and phosphorylated Snf1. (B) Activation of the Gal83
isoform of Snf1 kinase in response to alkaline stress was measured in GAL83 sip1Δ sip2Δ
cells. Total and phosphorylated Snf1 was assessed by western blotting. (C) Amplitude of
Snf1 kinase activation in response to glucose and alkaline stress. Extracts were prepared
from triplicate cultures of cells grown in 2% glucose (High, H), 30 min after shifting to
0.05% glucose (L) or 10 min after shift to pH 8. Mean values of the ratio of
phosphorylated Snf1 over total Snf1 are plotted ±SE.
stress since it is required forMig2 phosphorylation.Whenwe examined
Snf1 phosphorylation in cells expressing only the Gal83 isoform, we
found increased Snf1 phosphorylation following alkaline stress (Fig.
8B). These data demonstrate that alkaline stress does not lead to selec-
tive activation of only the Gal83 isoform of Snf1 but rather leads to the
activation of all three isoforms of Snf1 kinase. Therefore, selective acti-
vation of the Snf1 isoforms does not provide substrate specificity.
3.8. Amplitude of Snf1 activation following alkaline and glucose stresses

Another signaling variable that could dictate substrate selectivity is
the amplitude of kinase activation. In this scenario, one stress could ac-
tivate a small fraction of Snf1 kinase enzymes thus limiting its potential
signaling outputs while another stress might activate a large fraction of
Snf1 kinase enzymes thus producing a distinct output. We compared
the amplitude of Snf1 activation following alkaline stress and glucose
stress using quantitative western blotting of extracts prepared in tripli-
cate (Fig. 8C). Glucose stress leads to a 6-fold increase in the phosphor-
ylation of Snf1 defined as the mean value of the western signal for
phosphorylated Snf1 divided by the western signal for total Snf1
(Snf1-P/Snf1 Total). In contrast, alkaline stress leads to only a 3-fold in-
crease in Snf1 phosphorylation. The differences in Snf1 activation fol-
lowing these two stresses were statistically significant (p b 0.001).
Thus, the amplitude of Snf1 activation varies depending on the stimulus
and may play a role in determining downstream signaling outcomes.
3.9. All three Snf1 isoforms can phosphorylate Mig2 in vitro

One possible mechanism for isoform specificity could be direct pro-
tein-protein interaction between substrates and the differentβ subunits
of the Snf1 isoforms. To test whether all three isoforms can recognize
and phosphorylate the Mig2 protein, we purified GST fusions of Mig1
and Mig2 expressed in bacteria (Fig. 9A). These proteins were then
used as substrates in an in vitro kinase assay using purified preparations
of the three Snf1 isoforms (Fig. 9B). Each isoform was activated in vitro
by Sak1 kinase TAP-purified from yeast [38]. We found that all three
Snf1 isoforms were catalytically active and able to phosphorylate both
Mig1 and Mig2 proteins in vitro. These results indicate that direct pro-
tein-protein interactions between the β subunits and the substrate pro-
teins are not likely to dictate Snf1 isoform specificity.
3.10. Nuclear localization of Gal83 isoform is necessary for alkaline stress
response

We next sought to determine if nuclear localization of Gal83 was re-
quired for its selective activation of Mig2 in response to alkaline stress.
Earlier studies of Gal83 isoform localization in response to glucose lim-
itation demonstrated that activation by the Sak1 kinasewas required for
Gal83 nuclear localization. When the Gal83 isoform was activated by
the other Snf1-activating kinases, Tos3 and Elm1, the Gal83 isoform
was unable to translocate to the nucleus. We sought to test whether
phosphorylation of Mig2 also showed Snf1-activating kinase specificity.
Cells expressing HA-tagged Mig2 but lacking one of the Snf1-activating
kinases were exposed to alkaline stress. Wild type cells showed an in-
crease in the phosphorylation of Mig2 protein following alkaline stress
(Fig. 9C). Cells lacking Tos3 and Elm1 also showed phosphorylation of
Mig2. In contrast, cells lacking the Sak1 kinase were unable to phos-
phorylate Mig2. Localization of Gal83-GFP following alkaline stress in
cells with and without the Sak1 kinase showed that the Sak1 was re-
quired for nuclear localization (Fig. 9D). Therefore, the nuclear localiza-
tion of the Gal83 isoform of Snf1 is necessary for its ability to
phosphorylate Mig2, and this shift in localization may be responsible
for the isoform selectivity of Mig2 phosphorylation.



Fig. 9. Nuclear localization of Gal83 isoform is required for alkaline stress response. (A) Coomassie stained gel of kinase substrates purified from bacteria. (B) In vitro kinase assay of the
different Snf1 isoforms incubated with [γ-32P]ATP and GST, GST-Mig1 or GST-Mig2 as the substrates. Sak1 kinase was present in all reactions as indicated. (C)Western blot of HA-tagged
Mig2 before and 10min after alkaline stress in wild type cells (WT) and cells lacking one of the three Snf1-activating kinases. The mobility of Mig2 and phosphorylatedMig2 (Mig2-P) is
indicated. Ratio of phospho-Mig2 over totalMig2 is plotted on the right. (D) Localization of Gal83-GFPbefore and after alkaline stress inwild type cells and cells lacking Sak1. Position of the
vacuoles was determined by staining with CMAC. White arrows indicate the fluorescent signal is excluded from the nucleus and red arrows indicate the fluorescent is enriched in the
nucleus.
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4. Discussion

A first step toward understanding the distinct roles played by the
different isoforms of the Snf1 kinase is to determine the relative abun-
dance of the isoforms. Earlier studies using immunoblotting [17] and
biochemical purification [39] have supported the idea that the Sip1 iso-
form of the Snf1 kinase complex is by far the least abundant isoform.
The low expression level of the Sip1 isoformmight explainwhy cells ex-
pressing only this isoform manifest a severe growth defect on non-fer-
mentable carbons sources [12]. Alternatively, localization studies of
the different Snf1 isoforms have reported that the Sip1 isoform is local-
ized to the outer surface of the vacuole [17], and it is possible that the
localization of the Sip1 isoform limits its signaling potential. A similar
membrane association of mammalian AMPK has been reported and
suggests conserved functions of the vacuolar (yeast) and lysosomal
(mammal) localized AMPK isoforms [40]. Recent studies in our lab
with membrane-associated proteins [41] have taught us that themeth-
od of protein extraction can greatly influence protein recovery. There-
fore we tested whether protein extraction methods have affected
estimations of the abundance of the Sip1 isoform of Snf1. Indeed, we
found that using a standard glass bead extraction protocol underesti-
mates the abundance of the Sip1 protein relative to a TCA extraction
protocol Membrane association may have also affected our low recov-
ery of the Sip1 isoform during biochemical purification [39]. Using im-
munofluorescence as a measure of protein abundance eliminates the
variable effects of protein extraction methods. In high glucose, we
found that the Gal83 isoformwas themost abundantwhile the Sip2 iso-
form was the least abundant (Fig. 2D). A recent study using qPCR to
measure protein abundance also found that Sip2was the least abundant
of the β subunits in cells growing in media with high glucose [29]. Sip1
and Sip2 are expressed at similar levels yet they display large differ-
ences in their ability to confer growth on non-fermentable carbon
sources. Based on these data, we suggest that the inability of the Sip1
isoform to support growth on non-fermentable carbon sources more
likely reflects limited signaling potential due to localization as opposed
to limitations derived from its low abundance.

The activation of the Snf1 kinase requires two steps: phosphoryla-
tion of the activation loop and a second step that requires the regulatory
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β and γ subunits [22]. Structural studies of the mammalian AMPK have
proposed a model in which the active conformation of the kinase do-
main is stabilized by its interaction with the C-terminal AG domain of
theβ subunit present in theheterotrimer core [3,6]. Thephosphorylated
activation loop of the kinase domain forms a large fraction of the inter-
action surface between the kinase domain and heterotrimer core. The
activation loop makes direct contact with the NHVxNHL motif in the
AG domain that is conserved in both yeast and mammalian β subunits
(Fig. 3A). Mutations in these conserved histidine residues reduce kinase
activity in the yeast and mammalian enzymes [2,3]. Here we show that
substitution of the second histidine (H384 in Gal83 and H380 in Sip2)
with alanine results in a dramatic reduction in Snf1 kinase function
without affecting β subunit expression or association with the Snf1
complex (data not shown and [2]). In contrast, this same histidine to al-
anine substitution in the Sip1 protein (H772) had only aminor effect on
Snf1 kinase activity. Substitutions of additional nearby histidine resi-
dues in Sip1 had no effect on the activity of the Sip1 isoform. Therefore,
the residue contacts between the Snf1 kinase domain and the Sip1 AG
domain that lead to activation of the kinase must be distinct from
those occurring in the Gal83 and Sip2 complexes. This result was some-
what surprising since the C-terminal AG domain is the domain that is
most highly conserved between β subunits from diverse species.
Structural models of the active form Snf1-Snf4-Sip1 isoform will be
needed to understand how the phosphorylated activation loop is sta-
bilized and what β subunit residues contribute to this conformation.

Unraveling the distinct functional roles played by the different β
subunits of Snf1/AMPK is a subject of great interest. In mammalian
cells, only AMPK isoforms containing the β-1 subunit are efficiently ac-
tivated by the small molecule activator known as A-769662 [10]. In
yeast, the different isoforms display distinct subcellular localizations
[17] and distinct functionality [12]. In an earlier paper, we had proposed
two mechanisms to explain the distinct functions of the Snf1 isoforms
[12]. In a localization model, the Snf1 isoform localization restricts by
proximity which substrates it can phosphorylate. In a substrate binding
model, the direct interaction between the substrate and the β subunit
determines specificity. Of course, these models need not be mutually
exclusive. Our earlier studies with the Mig1 transcription factor did
not allow us to distinguish between these models. Using gene dele-
tions, we have found that any one of the three Snf1 isoforms can
phosphorylate the transcription factor Mig1 in vitro [39] and in
vivo [12]. Here, we re-examined this question using inactivatingmu-
tations in the β subunits rather than gene deletions. Using these new
reagents, we found once again that any one of the Snf1 isoforms was
able to phosphorylate Mig1 in response to glucose limitation. How-
ever, when we measured Mig2 phosphorylation in response to alka-
line stress, we found that the nuclear isoform of Snf1 containing
Gal83 as the β subunit was both necessary and sufficient for the
phosphorylation of Mig2. Further, we showed that activation of
Snf1 by Sak1 kinase was necessary for nuclear translocation of the
Gal83 isoform in response to alkaline stress and that Sak1 was neces-
sary for signaling to Mig2. These data strongly support the localiza-
tion model to explain the isoform specificity of signaling to Mig2.
The lack of isoform specificity for Mig1 might be explained by the
fact that Mig1 is known to cycle back and forth between the nuclear
and cytoplasmic compartments [37]. The different isoform require-
ments for signaling to Mig1 and Mig2 are more likely reflecting dif-
ferences in the localization dynamics of Mig1 and Mig2 rather than
differences in the properties of the Snf1 isoforms.

Finally, we showed that the amplitude of Snf1 activation varies in
response to different stimuli. Quantitative immunoblotting revealed
that glucose stress results in much higher levels of activated Snf1
than does alkaline stress. We and others have previously reported
that glucose stress results in greater activation of Snf1 when compared
to sodium ion stress [22,42]. Work from the Hohmann lab has also
found that activation of Snf1 in high glucose does not result in the
increased phosphorylation of Mig1 [29,42]. Thus the greater amplitude
of Snf1 activation does not always directly correlate with the
phosphorylation of Mig1.

5. Conclusions

Snf1 kinase responds tomultiple environmental stresses each gener-
ating a distinct signaling output. Glucose stress leads to the largest am-
plitude of Snf1 activation and any one of the three Snf1 isoforms can
promoteMig1 phosphorylation. Alkaline stress leads to a smaller ampli-
tude of Snf1 activation and displays a high degree of isoform specificity.
Nuclear translocation of the Gal83 isoform of Snf1 is necessary for sig-
naling to the Mig2 protein, suggesting that Snf1 isoform localization
plays a critical role in substrate selection.
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