Downloaded from genesdev.cshlp.org on December 3, 2009 - Published by Cold Spring Harbor Laboratory Press

=g 1-8-3

dlevelopment

The Hsp70 homolog Ssb is essential for glucose sensing via the
SNF1 kinase network

Ulrike von Plehwe, Uta Berndt, Charlotte Conz, et al.

Genes Dev. 2009 23: 2102-2115
Access the most recent version at doi:10.1101/gad.529409

Supplemental  http://genesdev.cship.org/content/suppl/2009/08/14/23.17.2102.DC1.html
Material

References This article cites 69 articles, 40 of which can be accessed free at:
http://genesdev.cshlp.org/content/23/17/2102.full.html#ref-list-1

Email alerting Receive free email alerts when new articles cite this article - sign up in the box at the
service top right corner of the article or click here

To subscribe to Genes & Development go to:
http://genesdev.cshlp.org/subscriptions

Copyright © 2009 by Cold Spring Harbor Laboratory Press


http://genesdev.cshlp.org/lookup/doi/10.1101/gad.529409
http://genesdev.cshlp.org/content/suppl/2009/08/14/23.17.2102.DC1.html
http://genesdev.cshlp.org/content/23/17/2102.full.html#ref-list-1
http://genesdev.cshlp.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=genesdev;23/17/2102&return_type=article&return_url=http://genesdev.cshlp.org/content/23/17/2102.full.pdf
http://genesdev.cshlp.org/subscriptions
http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cshlp.org on December 3, 2009 - Published by Cold Spring Harbor Laboratory Press

The Hsp70 homolog Ssb is essential
tor glucose sensing via the SNF1
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Yeast senses the availability of external energy sources via multiple interconnected signaling networks. One of the
central components is SNF1, the homolog of mammalian AMP-activated protein kinase, which in yeast is
essential for the expression of glucose-repressed genes. When glucose is available hyperphosphorylated SNF1 is
rendered inactive by the type 1 protein phosphatase Glc7. Dephosphorylation requires Regl, which physically
targets Glc7 to SNF1. Here we show that the chaperone Ssb is required to keep SNF1 in the nonphosphorylated

state in the presence of glucose. Using a proteome approach we found that the Assb1Assb2 strain displays
alterations in protein expression and suffers from phenotypic characteristics reminiscent of glucose repression
mutants. Microarray analysis revealed a correlation between deregulation on the protein and on the transcript
level. Supporting studies uncovered that SSB1 was an effective multicopy suppressor of severe growth defects
caused by the Aregl mutation. Suppression of Areg1 by high levels of Ssb was coupled to a reduction of Snfl
hyperphosphorylation back to the wild-type phosphorylation level. The data are consistent with a model in which
Ssb is crucial for efficient regulation within the SNF1 signaling network, thereby allowing an appropriate response

to changing glucose levels.

[Keywords: AMP-activated protein kinase; energy metabolism; glucose starvation; ribosome-associated
chaperone; Saccharomyces cerevisiae; translational shutdown)]
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The most abundant Hsp70s in the budding yeast Saccha-
romyces cerevisiae are the cytosolic subfamilies of Ssa
and Ssb. The essential family of Ssa proteins consist of
four close homologs, SSA1-SSA4, which are thought to
perform the same set of functions, but are regulated differ-
entially on the transcriptional level (Werner-Washburne
et al. 1989). Ssa is soluble in the cytosol where it is the
central player of the cytosolic protein folding machinery
(Kim et al. 1998; Mayer and Bukau 2005). Misfolding
and aggregation are more frequent at elevated temper-
atures. Consistently, SSAI-SSA4 are induced when the
temperature is raised (Craig and Jacobsen 1984; Werner-
Washburne and Craig 1989) and yeast lacking both SSA1
and SSA2 display a temperature-sensitive phenotype
(Craig and Jacobsen 1984). Also, deletions of the Ssa
cochaperones YDJ1 or FESI result in strong temperature-
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sensitive phenotypes (Atencio and Yaffe 1992, Shomura
et al. 2005). Finally, authentic substrates that require Ssa
to fold in vivo have been identified (Kim et al. 1998) and,
together with its cochaperones, Ssa was shown to refold
a denatured model substrate in vitro (Lu and Cyr 1998). In
summary, Ssa is a bona fide chaperone, acting as a folding
helper.

The second major cytosolic Hsp70 is encoded by two
close homologs, SSB1 and SSB2, which are functionally
redundant. It is commonly accepted that Ssb, which can
interact with nascent polypeptides in the context of the
ribosome (Nelson et al. 1992; Pfund et al. 1998; Gautschi
et al. 2002) also assists the folding of proteins. The current
model suggests that ribosome-bound Ssb functions early
during protein biogenesis and Ssa takes over, after syn-
thesis is complete and newly synthesized proteins are
released from the ribosome (Craig et al. 2003; Albanese
et al. 2006; Dragovic et al. 2006). However, to date, spe-
cific proteins that require Ssb as a folding helper have not
been reported and, unlike Ssa, Ssb does not bind to
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peptides mimicking unfolded substrates (Pfund et al.
2001). Quite unexpectedly, recent results revealed that
Ssb does not enhance the productive folding of structur-
ally destabilized proteins in vivo (Tomala and Korona
2008). Moreover, the Assb1Assb2 strain displays a strong
growth defect at low temperature and growth approaches
that of wild type when the temperature is raised (Craig
and Jacobsen 1985; Nelson et al. 1992). Also, Ssa and Ssb
chaperones differ with respect to regulation. In contrast
to SSA1-SSA4, the transcription of SSBI-SSB2 is not
induced but rather diminished at elevated temperatures
(Craig and Jacobsen 1985; Werner-Washburne and Craig
1989). Instead, Ssb levels increase when late log-phase
cells are transferred to fresh glucose-containing medium
(Brejning and Jespersen 2002) and decrease during late
stages of the stationary phase (Werner-Washburne et al.
1989). There is evidence that Ssb might function in
processes other than protein folding (Bonner et al. 2000;
Dombek et al. 2004; Hurt et al. 2004; Zhang et al. 2004;
Bagriantsev et al. 2008). For instance, interaction of Ssb
with the heat-shock transcription factor HSF1 was shown
to down-regulate the activity of the transcription factor.
The current model suggests that Ssb binding sterically
interferes with the activation domains of HSF1 (Bonner
et al. 2000).

The kinase SNF1 is one of the major components of the
yeast glucose-sensing system (for recent reviews on
SNF1, see Hardie 2007; Hedbacker and Carlson 2008;
Zaman et al. 2008). SNF1 is activated in response to
glucose starvation and other stresses, however, not in
response to heat shock (Hong and Carlson 2007). Yeast
SNF1 consists of the catalytic a subunit Snfl; one of three
different B subunits, Sipl, Sip2, or Gal83; and the v
subunit Snf4. When yeast grows in the absence of glucose,
SNF1I is activated via phosphorylation of Thr 210 of the
Snfl subunit (McCartney and Schmidt 2001) by any one
of three upstream kinases named Sakl, Elm1, and Tos3
(Hong et al. 2003; Sutherland et al. 2003; Elbing et al.
2006). As soon as glucose becomes available the essential
type 1 protein phosphatase (PP1) Glc7 dephosphorylates
Snfl. In order to recognize Snfl as a substrate, Glc7
requires targeting via a regulatory subunit. Regl is the
major regulatory subunit for the Glc7-dependent dephos-
phorylation of Snfl (Tu and Carlson 1995; Ludin et al.
1998; Sanz et al. 2000). However, a homolog of Regl,
termed Reg2, also plays a role in targeting of Glc7 within
the SNF1 signaling network (Frederick and Tatchell 1996;
Jiang et al. 2000). Ssb was found to interact with the Snfl
as well as with the Sip2 subunit of SNF1 (Wiatrowski and
Carlson 2003), the SNFl-regulating kinases Sakl and
Elm1 (Elbing et al. 2006), and also the SNF1-regulating
phosphatase Glc7/Regl (Mayordomo et al. 2003; Dombek
et al. 2004). It was suggested that interaction between Ssb
and Regl may serve as a metabolic sensor to modulate
the activity of Glc7/Regl (Dombek et al. 2004). However,
at present, it remains uncertain whether or not these
interactions are functionally important or reflect the
general stickiness of the chaperone Ssb.

Here we set out to better understand the major cellular
functions of Ssb. Applying an unbiased proteomic ap-
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proach we uncovered that the lack of Ssb results in the
inability of yeast to correctly respond to the presence of
glucose. Side-by-side proteome and transcriptome analy-
sis of glucose-grown AssbI1Assb2 versus wild-type yeast
revealed that changes on the protein level were due to
transcriptional deregulation rather than to cotransla-
tional or post-translational events. We found that major
phenotypic defects of Assb1Assb2, some of which had
previously escaped detection, are correlated to this defect
in glucose sensing. Using biochemical and yeast genetic
experiments we show that, on a mechanistic level, Ssb
was required to keep SNF1 dephosphorlyated in the
presence of glucose. A role of Ssb in SNF1 signaling is
supported by the observation that SSB1 was a strong
multicopy suppressor of Aregl, and that suppression was
significantly decreased in a AreglAreg2 strain. The data
are consistent with a model in that Ssb, most likely in
concert with a bona fide Glc7 targeting subunit, affects
the dephosphorylation of Snfl.

Results

Protein expression in the absence of Ssb resembled
protein expression upon glucose exhaustion

To identify potential substrates of Ssb, we compared the
soluble proteome of a Assb1Assb2 strain with that of the
corresponding wild-type strain using two-dimensional
fluorescence difference gel electrophoresis (2D-DIGE).
We expected proteins that fail to fold in the absence of
Ssb to be reduced in the soluble fraction of the proteome
because in vivo misfolded or aggregated proteins are
delivered to the proteasome for degradation. In yeast,
degradation was previously shown to be dependent on
functional Ssa, however, independent of Ssb (Park et al.
2007). In case misfolded proteins in the Assb1Assb2 strain
would escape degradation and accumulate as insoluble
aggregates, these would be depleted from the soluble
proteome due to sample preparation. Each three indepen-
dent protein extracts of wild type and the Assb1Assb2
strain were analyzed on a total of 10 2D-DIGE gels
(Supplemental Fig. S1). In this data set 995 spots could
be matched on at least five of the 2D-DIGE gels. Of the
matched spots 44 displayed a significantly (more than
two) altered expression level in the Assb1Assb2 strain
compared with wild type. Thirteen spots were up- and 31
were down-regulated (Supplemental Table S1). To iden-
tify differentially regulated proteins in Assb1Assb2, spots
were excised from the gels and peptides released by
trypsin treatment were analyzed by mass spectrometry.
As expected, Ssb itself, which runs as a line of seven
matched spots (Supplemental Fig. S1A; Supplemental
Table S1), was one of the down-regulated proteins. Be-
sides Ssb, 14 proteins were identified, seven of which
were expressed at a lower, and seven of which were ex-
pressed at a higher level in the Assb1Assb2 strain (Table 1).

Unexpectedly, six of the seven proteins with increased
expression localized to mitochondria, suggesting that
mitochondrial function might be enhanced in the Assb1
Assb?2 strain (see also below). All proteins that were less
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Table 1. Genes differentially expressed in Assb1Assb2 versus wild type

Assb1Assb2 versus wild
type (fold regulation)

Cellular

Gene Gene product information localization 2D-DIGE Microarray

ADH1 Alcohol dehydrogenase, fermentative isozyme active as homo- or Cytosolic -39 n.d.
heterotetramers

CDC19 Pyruvate kinase, functions as a homotetramer in glycolysis to convert  Cytosolic -2.5 n.d.
phosphoenolpyruvate to pyruvate, the input for aerobic (tricarboxylic
acid [TCA] cycle) or anaerobic (glucose fermentation) respiration

MET17 Methionine and cysteine synthase (O-acetyl homoserine-O-acetyl serine  Cytosolic -2.4 -3.4
sulfhydrylase), required for sulfur amino acid synthesis

MET6 Cobalamin-independent methionine synthase, involved in amino acid  Cytosolic -2.3 -2.5
biosynthesis

SAM2 S-adenosylmethionine synthetase, catalyzes transfer of the adenosyl Cytosolic -2.2 -1.4
group of ATP to the sulfur atom of methionine

HSC82 Cytoplasmic chaperone of the Hsp90 family, redundant in function and Cytosolic -2.1 n.d.
nearly identical with Hsp82p, and together they are essential

ECM17 Sulfite reductase B subunit, involved in amino acid biosynthesis, Cytosolic -2.0 -1.6
transcription repressed by methionine

GCY1 Putative NADP*-coupled glycerol dehydrogenase, proposed to be Cytosolic 2.1 1.7
involved in an alternative pathway for glycerol catabolism

MRPS8 Mitochondrial ribosomal protein 8, a mitochondrial ribosomal protein ~ Mitochondrial 2.1 1.5
of the small subunit

GCV1 T subunit of the mitochondrial glycine decarboxylase complex, required Mitochondrial 2.1 2.3
for the catabolism of glycine to 5,10-methylene-THF

KGD1 Component of the mitochondrial a-ketoglutarate dehydrogenase Mitochondrial 2.3 1.6
complex, which catalyzes a key step in the TCA cycle, the oxidative
decarboxylation of a-ketoglutarate to form succinyl-CoA

ZEO1 Peripheral membrane protein of the plasma membrane that interacts Mitochondrial 2.3 1.3
with Mid2p

ATP2 B Subunit of the F1 sector of mitochondrial F1IFO ATP synthase, which is Mitochondrial 2.5 2.0
a large, evolutionarily conserved enzyme complex required for ATP
synthesis

CCP1 Mitochondrial cytochrome-c peroxidase Mitochondrial 2.5 1.3

Shown is a direct comparison of the protein expression level (2D-DIGE) (see Supplemental Table S1) and the corresponding transcript
level (microarray) (see Supplemental Table S3). Fold regulation indicates up-regulation or down-regulation based on the altered average
median ratio in Assb1Assb2 compared with wild type. AmiGO gene product information is as of December 1, 2008 (Carbon et al. 2008).
Microarray results that did not match a Benjamini-Hochberg Q-value of =0.05 (see the Supplemental Material; Supplemental Table S3)

are listed as not determined (n.d.).

abundant localized to the cytosol (Table 1). To discover
possible functional relationships between the proteins
differentially expressed, we used the Gene Ontology (GO)
term enrichment tool (Carbon et al. 2008). The biological
process of the down-regulated proteins turned out to be
strongly associated with amino acid and sulfur metabo-
lism (Supplemental Table S2.).

Proteins differentially expressed in the absence of Ssb
matched quite closely with those regulated on the tran-
script level when cells undergo the diauxic shift and
progress to the stationary phase (DeRisi et al. 1997;
Brauer et al. 2005). Glucose-grown batch cultures gener-
ate energy exclusively via fermentation and produce
ethanol and CO,. Shortly after glucose is depleted yeast
undergoes a major transcriptional reprogramming that
now allows it to use ethanol as a substrate for respiration
(Brauer et al. 2005). During the diauxic shift, genes in-
volved in oxidative phosphorylation and mitochondrial
function are strongly up-regulated, and genes involved in
protein biosynthesis, ribosome biogenesis, and amino
acid metabolism are down-regulated (DeRisi et al. 1997;
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Gasch et al. 2000; Brauer et al. 2005). Prompted by the 2D-
DIGE data, we compared the expression level of ribo-
somal proteins and of additional mitochondrial proteins
via immunoblotting (Fig. 1A). Indeed, ribosomal proteins
were down-regulated and a number of additional mito-
chondrial proteins, like Porl, Mdhl, Cyb2, Citl, and
Atp2, which was also identified via 2D-DIGE (Table 1),
were significantly up-regulated in the Assb1Assb2 strain
(Fig. 1A). In addition, the expression level of Hsp104
(Fig. 1A) and Hsp26 (Fig. 6A, below) was increased in
Assb1Assb2. Hspl04 and Hsp26 belong to the group of
proteins up-regulated during or soon after the diauxic
shift (DeRisi et al. 1997; Gasch et al. 2000; Brauer et al.
2005). The chaperones Ssa, Ssel, Kar2, and Hsp60, how-
ever, were expressed at the same level in Assb1Assb2 and
wild-type strains (see the Discussion).

The protein expression pattern of the Assb1Assb2 strain
suggested a major regulatory defect on the transcriptional
level rather than a defect due to a post-translational event.
To test this hypothesis, we initially analyzed the tran-
script level of ATP2 and MET17 (Fig. 1B). The transcript
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Figure 1. The Assb1Assb2 strain and the glucose-repression
mutant Aregl display similar transcript and protein expression
levels. (A) Glucose-grown wild type, Assb1Assb2, and Aregl
were harvested during logarithmic growth and were analyzed for
the expression of proteins via immunoblotting with antibodies
recognizing the proteins indicated. (B) Analysis of ATP2 and
MET17 transcript levels via Northern blotting. Total mRNA
was extracted from wild type and the Assb1Assb2 strain grown
as in A. ACT1 served as loading control.

of ATP2 was increased 1.5-fold, while the transcript of
MET17 was decreased 3.2-fold in Assb1Assb2 cells. Based
on this finding we next asked whether the Assb1Assb2
strain suffered from general transcriptional deregulation
using microarray analysis (for details, see the Supplemen-
tal Material). Of the 5814 S. cerevisiae genes analyzed on
the array, 219 were up-regulated and 309 were down-
regulated =1.5-fold in the Assb1Assb2 strain with a false
discovery rate of 5% (Supplemental Table S3). GO and
KEGG pathway analysis revealed that up-regulated tran-
scripts were highly overrepresented among the ones
involved in oxidative phosphorylation and the citrate
cycle. Down-regulated transcripts were overrepresented
among the ones involved in processes related to amino
acid and sulfur metabolism (Table 2; Supplemental Table
S4). Most genes encoding ribosomal proteins were also
down-regulated; only three ribosomal transcripts were
enhanced. However, reduction in most cases was <1.5-
fold (Supplemental Table S5), and thus ribosomes were
not detected in the pathway analysis. While deregulation
in the AssbIAssb2 strain was only moderate for most
transcripts, we found an excellent agreement between
deregulation on the level of the transcriptome and pro-
teome (Table 1). The correlation was also evident from
a comparison of the GO term analysis. The identified
deregulated proteins (Table 1) displayed significant en-
richment in eight GO terms of the category “biological

Ssb is essential for glucose sensing

process” (Supplemental Table S2). Of these, five GO terms
were also indentified in the GO term enrichment based on
the microarray results (Table 2).

Adhl was detected as one of the down-regulated
proteins via 2D-DIGE analysis (Table 1); however, micro-
array results for this transcript were ambiguous (Supple-
mental Table S3), probably because ADHI microarray
expression ratios are unreliable due to cross-hybridization
with the ADH2 message as previously observed by others
(Young et al. 2003). Yeast Adhl is the cytosolic isoenzyme
of alcohol dehydrogenase that acts during fermentative
growth and converts acetaldehyde to ethanol (Piskur
et al. 2006). Consistent with its function the enzyme is
transcriptionally repressed by growth on nonfermentable
carbon sources (Denis et al. 1983). To test whether Adhl
was transcriptionally repressed in Assb1Assb2 or was
a potential substrate for Ssb-mediated folding, we tested
transcriptional regulation of ADH1 expression by a differ-
ent approach. The coding region of ADH1 was placed
under the control of the ZUO1 5’ and 3’ regulatory ele-
ments (Fig. 2A). This transcriptional context was chosen
because the expression of Zuol was unaffected in the
Assb1Assb2 strain (Fig. 2B; Supplemental Table S3). In
order to directly compare expression to endogenous
ADH]1, an N-terminal Flag tag was fused to ADHI under
control of the ZUO1 promoter (Fig. 2A). Consistent with
the 2D-DIGE data (Table 1) Adhl was reduced in
Assb1Assb2, however, the expression level of Flag-Adhl
was unaffected (Fig. 2C). We conclude that ADH]1 expres-
sion was reduced due to an effect on transcriptional
regulation. Please note that immunoblotting revealed
a less severe reduction of endogenous Adhl than was
suggested by the 2D-DIGE results (Table 1). Most likely
the total Adhl content of the Assb1Assb2 strain was
underestimated via 2D-DIGE because only one of the
multiple Adhl spots was analyzed.

In summary, a direct comparison of proteome and
transcriptome data revealed that the Assb1Assb2 strain
displayed changes on the level of the proteome as a direct
consequence of changes on the level of the transcriptome.

The AssblAssb2 strain displayed defects
in glucose sensing

On rich glucose-containing medium at 30°C the Assb1
Assb2 strain displays slow growth (Craig and Jacobsen
1985). In our strain background the doubling time during
early logarithmic growth on glucose was 1.6 h for the wild
type and 2.8 h for the Assb1Assb2 strain (Fig. 3A). We now
noticed that slow growth of the Assb1Assb2 strain was
confined to the early growth phase. At higher ODgp, when
cells undergo the diauxic shift and start to grow on ethanol,
the doubling time of the wild-type strain was 72 h, while
the Assb1Assb2 strain grew significantly faster with a dou-
bling time of 33 h and even outgrew the wild-type strain
(Fig. 3A). Microscopic inspection revealed that at an
ODgpo = 7, ~90% of the wild-type cells were small and
round-shaped as expected if cells were to enter the station-
ary phase; only 13% were still budding (Fig. 3B). At the same
ODggo the majority of Assb1Assb2 cells was oval shaped,
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Table 2. GO term enrichment for genes significantly up-regulated or down-regulated in Assb1Assb2 based on the Affymetrix yeast

2.0 array analysis (Supplemental Table S3)

Sample Background Up in Down in

GO term frequency frequency P-value Assb1Assb2 Assb1Assb2
Biological process
Phosphorylation 22/179 (12.3%) 201/4772 (4.2%) 4.4107% +
ATP synthesis coupled proton transport 8/179 (4.5%) 28/4772 (0.6%) 5.5107% +
ATP biosynthetic process 8/179 (4.5%) 30/4772 (0.6%) 9.7 107% +
Amino acid biosynthetic process 28/249 (11.2%) 131/4772 (2.7%) 651071 +
Nitrogen compound biosynthetic process 29/249 (11.6%) 140/4772 (2.9%) 651071 +
Nitrogen compound metabolic process 42/249 (16.9%) 276/4772 (5.8%) 1.110°1° +
Methionine biosynthetic process 12/249 (4.8%) 29/4772 (0.6%) 7.4 107% +
Sulfur amino acid biosynthetic process 13/249 (5.2%) 35/4772 (0.7%) 821079 +
Amino acid metabolic process 34/249 (13.7%) 230/4772 (4.8%) 1.7 107%8 +
Methionine metabolic process 13/249 (5.2%) 38/4772 (0.8%) 2.6107% +
DNA integration 9/249 (3.6%) 17/4772 (0.4%) 421079 +
Viral procapsid maturation 8/249 (3.2%) 13/4772 (0.3%) 5.0107% +
Carboxylic acid metabolic process 42/249 (16.9%) 355/4772 (7.4%) 2.4107% +
Sulfur amino acid metabolic process 13/249 (5.2%) 45/4772 (0.9%) 25107 +
Transposition, DNA-mediated 8/249 (3.2%) 16/4772 (0.3%) 44107 +
Sulfur metabolic process 15/249 (6.0%) 6814772 (1.4%) 1.4 107%¢ +
Sulfate assimilation 6/249 (2.4%) 10/4772 (0.2%) 3.3107% +
Nontransport 23/249 (9.2%) 159/4772 (3.3%) 6.1 1079¢ +
Arginine metabolic process 7/249 (2.8%) 16/4772 (0.3%) 7.4 1079 +
Cellular component
Mitochondrial proton-transporting ATP 7/200 (3.5%) 16/5230 (0.3%) 9.1107%7 +

Synthase complex
Integral to membrane 97/272 (35.7%) 1207/5230 (23.1%) 9.5107% +
Molecular function
Ribonuclease H activity 8/230 (3.5%) 15/452 (0.3%) 1.9 10797 +
RNA-directed DNA polymerase activity 8/230 (3.5%) 16/4524 (0.4%) 3.6107Y +
Endoribonuclease activity, producing 10/230 (4.3%) 31/4524 (0.7 %) 1.6 107% +

5’-phosphomonoesters
Endoribonuclease activity 11/230 (4.8%) 39/4524 (0.9%) 2.2107% +
Aspartic-type endopeptidase activity 8/230 (3.5%) 23/4524 (0.5%) 10.0 107% +

Lists of genes that were significantly up-regulated or down-regulated (at least 1.5-fold in Assb1Assb2 compared with wild type, false
discovery rate = 5%) were selected for the analysis. Shown are the results of Fisher’s exact test for overrepresentation of the up-
regulated and down-regulated genes in the GO database with a P-value of at least 107° and a property size of 10. (Sample frequency) The
proportion of the selected GO term within the GO annotated genes in the selected gene list; (background frequency) the proportion of
the selected GO term within all GO annotated genes of the array; (Up in Assb1Assb2) the analysis was performed based on the list of
up-regulated genes; (down in Assb1Assb2) analysis was based on the list of down-regulated genes. As an example, on the yeast 2.0 array,
4772 genes were annotated with GO terms. Of these, 201 contained the GO term “phosphorylation.” In the list of up-regulated genes,
179 had annotated GO terms, and “phosphorylation” was found 22 times.

larger in size, and about 40% carried at least one bud
(Fig. 3B). To test whether slow growth was indeed related
to the carbon source, we determined doubling times also
on ethanol (Fig. 3C) or lactate medium (data not shown),
which can be used exclusively via respiration. On ethanol
the doubling time during logarithmic growth of wild type
was 4.2 h, while that of the Assb1Assb2 strain was 4.4 h
(Fig. 3C). The slow growth phenotype of the Assb1Assb2
strain is thus carbon source-dependent.

Deregulation of protein expression in the Assb1Assb2
strain resembled that of a Aregl strain

In a Aregl strain, Snfl remains constitutively phosphor-
ylated, and glucose-repressed genes are derepressed in the
presence of glucose (McCartney and Schmidt 2001;
Dombek et al. 2004 for details refer to the Introduction).
Thus, Aregl can serve as a paradigm for a mutant with
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a defect in glucose sensing. We directly compared the
expression level of proteins deregulated in the Assbi
Assb2 and Aregl strains. Both mutants expressed mito-
chondrial proteins and the chaperones Hsp104 and Hsp26
at higher levels than the corresponding wild-type strain.
Up-regulation was more pronounced in the Aregl com-
pared with the Assb1Assb2 strain. Ribosomal proteins
were down-regulated in the Aregl and Assb1Assb2 strains
to a similar extend (Figs. 1A, 6A [below]).

Both the Assb1Assb2 and Aregl strain failed
to respond to glucose removal with a transient
translational shutdown

When yeast is suddenly depleted from glucose it responds
within minutes by a complete shutdown of translation.
This transient and reversible effect of carbon source
removal is specific for glucose, and does not occur when
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Figure 2. The expression level of Adhl in the glucose-grown
Assb1Assb2 strain is promoter-dependent. (A) Schematic repre-
sentation of chromosomal ADH1 under the control of its
endogenous regulatory elements and plasmid encoded Flag-
tagged ADH1 under the control of the ZUO1 regulatory
elements. The N-terminal Flag tag is indicated in gray. (B)
Aliquots of total protein extracts of wild-type and Assb1Assb2
cells prepared as described in Figure 1A were analyzed via
immunoblotting with antibodies recognizing Adhl, the Flag
tag, or Zuol as indicated. Flag-tagged Adh1 is recognized by the
Adhl antibody as well as by the Flag tag antibody. The Flag-
tagged version can be separated from the untagged version on
10% TRIS-Tricine gels and is not shown on the blot developed
with the Adhl antibody. Endogenous Zuol was monitored as
a control. (C) Quantification of the relative amounts of Adhl
and Flag-Adhl in wild type and AssbI1Assb2. Densitometric
analysis of immunoblots was performed in the linear range as
described in Experimental Procedures. The expression level of
endogenous and Flag-tagged Adhl was determined in three
independent clones. Expression in wild type (white bars) was
set to 1. (Hatched bars) Expression level in Assb1Assb2. Error
bars represent the standard error of the mean.

cells have used other carbon sources (Ashe et al. 2000). A
set of mutants that display defects in glucose sensing, fail
to perform this rapid translational shutdown; one of these
mutants is Aregl (Ashe et al. 2000). We tested whether
glucose removal affects translational shutdown also in
the AssblAssb2 strain. To that end, logarithmically
growing yeast cultures of Assb1Assb2, Aregl, and wild-
type strains were depleted of glucose for 10 min prior to
harvest and extracts were analyzed via ribosome profiles
(Fig. 4). A direct comparison of the ribosome profiles of
glucose-grown Aregl and Assb1Assb2 showed that cells
have ~30% less ribosomes than the wild-type strain (Fig.
1A; Supplemental Fig. S6; Supplemental Table S5), but
show a rather normal relative polysome content. In the
case of the Assb1Assb2, but not of the Aregl mutant, the
relative amount of free 60S ribosomes was increased
compared with wild type (Fig. 4). As expected, glucose
removal in wild type resulted in a dramatic increase in

Ssb is essential for glucose sensing

nontranslating 80S ribosomes, indicative for the inhibi-
tion of translation initiation (Ashe et al. 2000). In con-
trast, in the Assb1Assb2 and Aregl strains polysomes
were significantly more stable after glucose depletion
(Fig. 4, YP 10 min). Both strains failed to respond to
glucose removal with a transient translational shutdown.

Overexpression of Ssb1 rescued growth defects of Aregl

The Asnf1 mutation causes slow growth on glucose and
a complete failure to grow on respiratory media (Fig. 5A;
Thompson-Jaeger et al. 1991; data not shown). A Aregl
strain displays even more severe growth defects on all
carbon sources and is unable to grow at 20°C as well as
37°C (Fig. 5; data not shown). To test for synthetic
interaction between SSB1/SSB2, REG1, and SNF1, we
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Figure 3. The AssbIAssb2 strain displays glucose-specific
growth defects and does not normally enter stationary phase. (A)
Growth curves of wild type (circles, solid line) and the Assb1Assb2
strain (squares, dotted line) on glucose-containing medium prior
and after the diauxic shift in batch culture. Doubling times (see
the Results) were calculated independently for the early exponen-
tial (between 4 and 10 h) and the early stationary phase (between
26.5 and 55 h). (B) Samples taken after 24 h of growth (ODggg 7.2~
7.3) were analyzed microscopically. The ratio of budded cells
versus unbudded cells was determined using a Neubauer im-
proved counting chamber. (C) Growth curves of wild type (circles,
solid line) and the AssbIAssb2 strain (squares, dotted line)
logarithmically growing on ethanol-containing medium.
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Figure 4. The Assb1Assb2 mutant and the glucose repression
mutant Aregl display a defect in the rapid inhibition of trans-
lation initiation upon glucose depletion. Glucose-grown wild-
type, Aregl, and Assb1Assb2 strains were collected at an
ODggo = 0.4. Cells were immediately resuspended in YPD or
YP lacking glucose and were incubated on a shaker for 10 min.
Ribosome profiles were generated as described in the Materials
and Methods. Peaks representing the small ribosomal subunit
(40S), the large ribosomal subunit (60S), monosomes (80S), and
polysomes are indicated.

generated the triple deletion strains Assb1Assb2Aregl
and Assb1Assb2Asnfl. Growth defects of these mutants
were slightly enhanced compared with the strains lacking
either SSB1/SSB2, REG1, or SNF1 as expected if growth
defects of already compromised strains were additive.
Overexpression of REG1 or SNF1 did not affect growth of
the Assb1Assb2 strain (Fig. 5A). However, when SSB1 was
expressed on a 2 plasmid in a Aregl background, defects
on glucose as well as on glycerol were complemented
effectively (Fig. 5B). Even at 37°C SSB1 was an efficient
multicopy suppressor of Aregl-related growth defects
(Fig. 5B). The effect was specific, as only high levels of
SSB1 but not of the other cytosolic Hsp70 homologs,
SSA1, SSZ1, or SSE1 were able to complement growth of
the Aregl strain (Fig. 5C). Weak suppression, however,
was also observed when Zuol and Sszl, the subunits of
the Ssb cochaperone ribosome-associated complex (RAC)
(Gautschi et al. 2002; Huang et al. 2005), where simulta-
neously overexpressed in the Aregl strain (Fig. 5C). The
ability of SSB1 to suppress Aregl was dependent on its
ability to hydrolyze ATP as well as on the presence of its
peptide-binding domain: SSB1-K73A, a mutant that is
unable to hydrolyze ATP, and SSB1-AC, a mutant lacking
the peptide-binding domain (Conz et al. 2007), failed to
suppress the phenotype of the Aregl strain (Fig. 5D).
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Ssb reversed the aberrant protein expression caused by
Aregl and affected the phosphorylation state of Snfl

Based on the strong multicopy suppressor effect of SSB1
in Aregl we next asked whether aberrant protein expres-
sion was affected. Indeed, Hsp26, Cyb2, Rps9, and Rpl24
were back to the wild-type expression level when SSB1
was overexpressed in the Aregl strain (Fig. 6A). SSB1
already exerted its effect on the level of transcription, as
the transcript of CYB2, highly abundant in glucose-grown
Aregl cells, was significantly reduced when SSBI was
overexpressed (Fig. 6B). A major reason for deregulation in
a Areg1 strain is hyperphosphorylation of Snfl on Thr210
(Tu and Carlson 1995; McCartney and Schmidt 2001).
Our data suggested that Ssb affected the phosphorylation
status of Snfl in a Aregl background. With the aid of an
antibody specifically recognizing phosphorylated Thr210
we found that Snfl was not only hyperphosphorylated in
the Aregl strain (McCartney and Schmidt 2001) but also
in the AssbIAssb2 strain (Fig. 6C). Strikingly, hyper-
phosphorylation of Snfl was abolished in the Aregl
background when SSB1 was overexpressed (Fig. 6C). This
was not due to changes in expression or stability of Snfl
or Glc7, as both proteins were expressed at similar levels
in wild-type and the different mutant strains (Fig. 6C). We
conclude that high-level expression of Ssb can overcome
Snfl hyperphosphorylation caused by the Aregl mutation.

Ssb-mediated suppression of Aregl correlated with the
dephosphorylation of Snfl and is affected by Reg2

Snfl-T210A is a mutant that mimics constitutively
dephosphorylated and thus inactive Snfl (McCartney
and Schmidt 2001). Consistently, Asnfl and Asnf1
expressing Snfl-T210A both grew slowly on glucose and
failed to grow on respiratory media (Fig. 7A; data not
shown). Snfl-T210A cannot be hyperphosphorylated in
a Aregl strain; thus, growth defects of Aregl are partly
suppressed when Snfl is replaced by Snfl-T210A (Fig.
7A). Please note that suppression of Aregl by SNFI-
T210A was less effective than suppression by high levels
of SSB1 (Fig. 7A). Importantly, overexpression of SSB1 in
the Areg1Asnf1 + Snfl-T210A strain did not further com-
plement growth defects, indicating that the mechanism
of Ssb-mediated suppression involves the dephosphoryla-
tion of Snfl.

The Asnfi1Aregl and AsnflAregl + Snfl-T210A strains
on the whole exhibit the glucose-repressed phentoype of
Asnf1 rather than the derepressed phenotype of a Aregl
strain (Fig. 7A-C; see also Neigeborn and Carlson 1987;
Tung and Hopper 1995; Ashe et al. 2000). However, in
respect to HSP26 expression, glucose repression was fully
restored in AregIAsnfl but not in AreglAsnfI + Snfl-
T210A (Fig. 7B). The finding suggested that nonphos-
phorylated Snfl was not completely inactive, an obser-
vation previously made by others in respect to specific
functions of the kinase (Portillo et al. 2005). The result
enabled us to test the effect of SSB1 overexpresssion
in the AreglAsnfl + Snfl-T210A strain. Interestingly,
Hsp26, which was below the detection level in the
Aregl + SSBI strain (Fig. 6A), was not reduced when
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SSB1 was overexpressed in the AreglAsnfl + Snfl-
T210A + SSB1 strain (Fig. 7B). The finding supports the
notion that suppression of the Aregl phenotype by SSB1
is connected to the phosphorylation state of Snfl.

A number of different regulatory subunits act in
concert with Glc7 (Nigavekar et al. 2002; Ceulemans
and Bollen 2004). However, besides Regl, its homolog
Reg2 is the only other regulatory subunit that was
suggested to target Glc7 to Snfl and/or to Snfl substrates
(Frederick and Tatchell 1996; Jiang et al. 2000). The Areg2
mutation causes no significant growth defects (Fig. 7D;
Frederick and Tatchell 1996). The AregiAreg2 double
deletion in our strain background resulted in a slightly
less severe phenotype compared with the Aregl single
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deletion (Fig. 7D; data not shown). Importantly, a direct
comparison between the Aregl + SSB1 and AreglAreg? +
SSB1 strains revealed that SSB1 was a less efficient
multicopy suppressor of the AreglAreg2 double mutant
(Fig. 7D). Consistently, overexpression of SSBI in the
AreglAreg?2 strain did not fully restore normal protein
expression levels. In the AreglAreg2 + SSB1 strain Cyb2
was reduced, but still detectable, and expression of ribo-
somal proteins was not enhanced compared with the
AreglAreg? strain (Fig. 7E). The data are consistent with
a model in that Ssb, in concert with a bona fide phospha-
tase regulatory subunit, enhances Glc7-mediated dephos-
phorylation of Snfl.

Discussion

The SNFI signaling network is essential for the regula-
tion of carbohydrate metabolism. Yeast uses its preferred
carbon source glucose via fermentation even under aero-
bic conditions. When glucose is present, enzymes re-
quired for the use of other carbon sources and respiration
are repressed (Hedbacker and Carlson 2008). A fast and
sensitive response to changes in the glucose level is me-
diated via several interconnected signaling networks, one
of which is the SNF1 network (Hedbacker and Carlson
2008; Zaman et al. 2008). Activated SNFI relieves glu-
cose repression, both by rapid effects via direct phosphor-
ylation of metabolic enzymes and transporters, and by
longer-term effects via regulation of transcription. Yeast
SNF1 is the evolutionary conserved homolog of mamma-
lian AMP-activated protein kinase (AMPK), which is
required to maintain the balance between ATP produc-
tion and consumption. In humans, AMPK modulates
multiple metabolic pathways, and an impairment of its
function is associated with the metabolic syndrome, in-
sulin resistance, and cardiovascular disorders. The im-
portance of AMPK is emphasized by the fact that
commonly administered drugs in the treatment of type
2. diabetes—such as, e.g., metformin—exert their effects
through the activation of AMPK (Hardie 2007, 2008). The

Figure 5. SSBI is an efficient high-copy suppressor of growth
defects displayed by the glucose repression mutant Aregl. Serial
dilutions of logarithmically growing wild-type and mutant
cells were analyzed on glucose-containing (YPD) or glycerol-
containing (YPG) plates. Temperatures and incubation times are
indicated. (A) Growth defects of the triple deletion strains
Assb1Assb2Aregl, Assb1Assb2Asnf1, and of Assb1Assb2 over-
expressing either REG1 or SNF1. (B) Complementation of Aregl-
related growth defects by high levels of SSB1 at 30°C and at
37°C. (C) Overexpression of different cytosolic chaperones in
the Aregl strain. Expression of SSB1, SSA1, SSE1, SSZ1, and
ZUOL1 in the different strain backgrounds was from 2 plasmids
under the control of the respective endogenous promoter.
Growth medium, temperatures, and incubation times are in-
dicated. (D) Overexpression of mutant versions of SSB1 in Aregl.
Expression of SSB1, SSB1-K73A (ATPase-deficient mutant), and
SSB1-AC (mutant lacking the peptide-binding domain) were
overexpressed from 2p. plasmids under the control of the SSB1
promoter.

GENES & DEVELOPMENT 2109


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cshlp.org on December 3, 2009 - Published by Cold Spring Harbor Laboratory Press

von Plehwe et al.

g Ssb1
o — Cyb2
— - Hsp26

-— e w— =  Rps9a

- w=  Rpl24a
N
P-4
B & N
) @Q

" 26x 51x 34x

e aCT

i
F L
KON NN
G ﬁb 5}’ _s"‘q &
— — Snf1-210-P;

——— — (1]

— —— — GICT

Figure 6. Complementation of Aregl by SSB1 results in de-
phosphorylation of Snfl and abolishes deregulation of transcript
and protein expression. (A) Total protein extracts of wild type,
Assb1Assb2, Aregl, and Aregl + SSB1 were generated as in
Figure 1A. Aliquots were analyzed via immunoblotting using
antibodies specifically recognizing the proteins indicated. (B)
Northern blot analysis of CYB2 was performed as described in
Figure 1B. ACT1 served as loading control. (C) Snfl phosphor-
ylation on Thr210 was analyzed using affinity purified antibody
PT210, which specifically recognizes the phosphorylated form
of Snfl. The expression level of Snfl and Glc7 was monitored
using antibodies specifically recognizing Snfl and Gle7.

SNF1/AMPK signaling network is remarkably conserved,
and yeast has been exploited in the past to identify and
characterize a number of the mammalian components
(Hedbacker and Carlson 2008). Our data indicating that
the yeast Hsp70 homolog Ssb is part of this SNF1 network
raise the interesting question of whether one or more
chaperones of the Hsp70 family take part also in the
mammalian AMPK system.

Ssb is involved in regulation within the SNF1
signaling pathway

Three findings strongly suggest that Ssb is involved in
regulating the phosphorylation status of Snfl. First, SSB1
overexpression reduced Snfl hyperphosphorylation in
a Areg1 strain (Fig. 6C), second, suppression of the effects
caused by the Aregl mutation by overexpression of SSB1
was dependent on phosphorylatable Snfl (Fig. 7A). Third,
overexpression of SSB1 abolished up-regulation of HSP26
in a Aregl mutant, while it did not affect up-regulation of
HSP26 in the Areg1Asnf1 + SNF1-T210A background (Fig.
7B). The latter observation has also interesting implica-
tions for Snfl function. It has been reported that upon
glucose starvation HSF1 is phosphorylated by SNF1. This

2110 GENES & DEVELOPMENT

SNF1-dependent phosphorylation of HSF1 leads to the
expression of only a subgroup of target genes, including
HSP26 and HSP104 (Hahn and Thiele 2004). Consis-
tent with a direct role of SNF1 in the regulation of
HSP26 in the Aregl strain, up-regulation was abolished
in AreglAsnf1. However, we find that HSP26 expression
was only partly dependent on activation of Snfl via
phosphorylation (Fig. 7B).

On a mechanistic level different roles for Ssb in the
regulation of Snfl may be envisaged. Ssb might be in-
volved in mediating interactions between components of
the SNF1 signaling network. Such a role in regulated
complex assembly would not be unique, but has been put
forward for other chaperones, including Hsp70 homologs
(Lan et al. 2004; Shaner et al. 2008). The best-studied
example of a chaperone devoid of classical folding activity
is Hsp90. Together with its cochaperones, Hsp90 is
thought to function via promoting subtle changes in the
conformations or domain arrangements of otherwise
folded client proteins. These clients include kinases or
transcription factors that rely on Hsp90 for proper signal-
ing activity (Wandinger et al. 2008). As outlined above,
several studies have detected interaction between Ssb and
components of the SNF1 signaling pathway. Whether
these reflect functional interactions remains to be estab-
lished. However, even if Ssb is directly involved in the
Glc7/Regl-dependent dephosphorylation of Snfl it is
surprising how well SSB1 can suppress the defects of
a Aregl strain. Ssb seems to fully overcome the Regl
targeting function and direct Glc7 to Snfl. On the other
hand, copurification of Ssb and Regl combined with mild
derepression of ADH2 in a Assb1Assb2 strain suggests
that Ssb plays a Regl-dependent role in glucose repres-
sion (Mayordomo et al. 2003; Dombek et al. 2004). How
then is Ssb able to exert an effect on Snfl when Regl is
absent? A possible explanation for this paradox comes
from experiments on the role of Reg2 in Ssbl-mediated
suppression. Reg2, a protein of 38.7 kDa, is a distant
homolog of the 112.6 kDa protein Regl and is the only
targeting subunit of Glc7, which was shown to display
partial functional redundancy with Regl (Frederick and
Tatchell 1996; Jiang et al. 2000). Overexpression of REG2
suppresses growth defects caused by Aregl; however,
does not directly suppress defects in glucose repression
(Frederick and Tatchell 1996). SSB1-mediated suppres-
sion of the phenotype as well as abnormal protein expres-
sion was significantly less efficient in the AreglAreg?
compared with the Aregl strain (Fig. 7D,E). The mecha-
nism thus seems to involve the Glc7 targeting subunit
Reg2. Possibly, when Ssb concentrations are high in a
Aregl mutant dephosphorylation of Snfl by Glc7/Reg2
becomes a more likely event. However, other, more
indirect functions of Ssb in SNF1 signaling are possible.
Most importantly, Ssb might affect folding or stability of
one or more intrinsically labile or aggregation prone com-
ponents of the SNF1 signaling pathway. These would
then be present in higher concentrations when Ssb is over-
expressed. Alternatively, a Aregl strain may suffer from
folding defects, which can be suppressed by high levels of
SSB1. As suppression by SSBI is affected by REG2, we
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regard this as a less likely scenario. Future experiments
will have to analyze and define interactions between Ssb
and the SNF1 signaling machinery in more detail.
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Hyperphosphorylation of Snf1 is not the only cause
for growth defects of the Assbl1Assb2 strain

Snfl was hyperphosphorylated when the Assb1Assb2
strain grew on glucose and the strain suffered from
growth defects similar to that of the Aregl strain. The
results of the microarray analysis are consistent with
a transcriptional defect that at least in part is mediated
via hyperphosphorylated Snfl (Table 2; Supplemental
Table S4). However, hyperphosphorylation of Snfl does
not fully account for the growth defects of the Assbi
Assb?2 strain. Unlike defects caused by the Aregl muta-
tion, the Assb1Assb2 mutation was not rescued by si-
multaneous deletion of SNF1 or by replacing wild-type
SNF1 with the SNF1-T210A mutant (Fig. 5A; data not
shown). Also, deregulation of protein expression in the
Assb1Assb2Asnf1 strain was not reversed to wild-type
level (data not shown). The finding is not very surprising;
chaperones are versatile devices and serve multiple
functions. This holds true also for Ssb, which is expected
to play a role in de novo protein folding (Craig et al. 2003;
Albanese et al. 2006; Dragovic et al. 2006).

In respect to the folding function of Ssb, a question
arises: What are its client proteins and why did we not
detect any via 2D-DIGE? Our data strongly suggest that
the reduced steady-state levels of the proteins identified
(Table 1) was not directly related to a folding defect
displayed by the Assb1Assb2 strain. However, the 2D-
DIGE approach only detects abundant cellular proteins. If
Ssb was essential for the folding of, e.g., a transcription
factor, or other cellular proteins expressed at only low
concentrations, these would not have come up in the
analysis. Also, in the context of this study, we focused on
the analysis of the soluble proteome. Based on the finding
that the Assb1Assb2 strain is sensitive to a variety of
cations and cation uptake is affected, a specific role for
the biogenesis of membrane proteins has been suggested
(Jones et al. 2003; Kim and Craig 2005). The identifica-
tion of Ssb folding clients will be one of the future goals
to better understand the function of Ssb. Here we show
that the chaperone affects a pivotal post-translational
protein modification. The chaperone is required to keep
SNF1 in a state of low phosphorylation. Since dephos-
phorylation reversibly switches off the activity of SNF1,
Ssb is crucial for the regulation of the energy metabolism
of yeast.

Figure 7. Complementation of Aregl by SSB1 is dependent
on phosphorylatable Snfl, and is significantly reduced in
AreglAreg2. (A) Serial dilutions of logarithmically growing
cultures were analyzed as in Figure 5. The SNF1-T210A mutant
and SSBI were expressed from a 2 plasmid. (B) Total protein
extracts were generated as in Figure 1A. Aliquots were analyzed
via immunoblotting using antibodies specifically recognizing
the proteins indicated. (C) Northern blot analysis of CYB2 was
performed as described in Figure 1B. ACT1 served as loading
control. (D) Analysis was as in (A). SSB1 was expressed from
a 2 plasmid. (E) Total protein extracts were generated as in
Figure 1A. Aliquots were analyzed via immunoblotting using
antibodies specifically recognizing the proteins indicated.
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Materials and methods

Yeast strains and plasmids

MH272-3f a/a (ura3/ura3, leu2/leu2, his3/his3, trpl/trpl, ade2/
ade2) is the parental wild-type strain of all haploid derivatives
used in this study (Gautschi et al. 2002). Deletion strains lacking
SSB1 and SSB2 (Assb1Assb2) have been described previously
(Rakwalska and Rospert 2004). Asnf1 was constructed by replac-
ing SNF1 with the snf1::kanMX4 deletion cassette amplified by
PCR from strain Y14311 (Euroscarf). Aregl (regl::LEU2) was
constructed by replacing a 755-base-pair (bp) Clal/Ndel frag-
ment in the REGI coding region with the LEU2 *300 bp
upstream and downstream. We also constructed a Aregl strain
using the regl::kanMX4 cassette from strain Y03967 (Euroscarf).
The effect of overexpression of SSBI in regl::kanMX4 was the
same as in regl::LEU2 confirming that SSBI was a strong
multicopy suppressor of Aregl (data not shown). Both strains,
regl::LEU2 and regl::kanMX4, had a strong tendency to spon-
taneously form suppressor mutations. These regl suppressor
mutants, which are visible in the lowest dilution of Aregl plat-
ings (Figs. 5, 7), displayed a less severe phenotype than the origi-
nal Areg1 strain; however, they still failed to grow on respiratory
media at 37°C (data not shown). Areg2 was constructed by
replacing REG2 with the reg2::kanMX4 deletion cassette am-
plified by PCR from strain Y03187 (Euroscarf). The double
deletion AreglAreg2 was generated by replacing REG2 in a Areg1
strain expressing REG1 on pYEplac195 (2, URAS3). Areg1Areg2
was then generated by growth on 5-fluoroorotic acid plates,
resulting in loss of the URA3 plasmid. For a list of strains see
Supplemental Table S6.

REGI1, SNF1, SSB1, SSA1, 8§71, and SSE1 =300 bp upstream
of and downstream from the respective orf were amplified from
genomic DNA and were cloned into the multicopy plasmid
pYEPlac195 (2, URA3) (Gietz and Sugino 1988). ZUO1 =300 bp
upstream of and downstream from the coding region was
expressed from pYEPlac555, a derivative of pYEPlac181 in which
the LEU2 marker gene was replaced with the ADE2 marker
gene (Conz et al. 2007). The resulting plasmids are termed
pYEPlac195-REG], pYEPlac195-SNF1, pYEPlac195-SSB1 (Gautschi
et al. 2002), pYEPlac195-SSA1, pYEPlac195-SSZ1 (Gautschi et al.
2002), pYEPlac195-SSE1, and pYEPlac555-ZUO1 (Conz et al.
2007). Plasmids encoding SSB1-K73A and SSB1-AC are described
(Conz et al. 2007). pYEPlac195-SNF1-T210A was generated
using pYEPlac195-SNFI as a template by exchanging A at posi-
tion 628 of the SNF1 orf for G via QuickChange (Stratagene). The
single base pair exchange results in the replacement of Thr for
Ala at position 210 on the amino acid level. The mutation leads
to a constitutively unphosphorylated and therefore inactive
version of Snfl (Estruch et al. 1992). Flag-ADH1 was expressed
from the low-copy plasmid pYCPlac33 (cen, URA3) (Gietz and
Sugino 1988) under control of the ZUO1 regulatory elements.
The construct is based on pYCPlac33 containing ZUO1 +300 bp
upstream of and downstream from the ZUO1 coding region. An
Ncol site was introduced at the site of the ZUO1 start codon.
The ADHI coding region was then amplified from genomic
DNA of a Aadh?2 strain (Euroscarf) with primers introducing an
N-terminal Flag tag coding for DYKDDDDK. N-terminally Flag-
tagged ADH1 version was cloned into the Ncol/PshAl site of
pYCPlac33-ZUO1 replacing the ZUO1 orf.

Culture conditions

Mutants and transformants were selected on glucose minimal
medium containing the appropriate supplements. Growth of
strains was analyzed on rich media containing glucose (YPD:
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1% yeast extract, 2% peptone, 2% dextrose), ethanol (YPEtOH:
1% yeast extract, 2% peptone, 2% ethanol), glycerol (YPG: 1%
yeast extract, 2% peptone, 3% glycerol), or galactose (YPGal: 1%
yeast extract, 2% peptone, 2% galactose) as a carbon source.
Growth defects were analyzed either in liquid cultures or on
solid media. Doubling times were determined for 100-mL batch
cultures inoculated to an ODggg = 0.1 from a preculture loga-
rithmically growing on the same medium. Liquid cultures were
incubated at 30°C on a shaker at 200 rpm. To avoid anaerobiosis,
samples for the determination of ODgyy were withdrawn with-
out interrupting agitation of the cultures. Cells were harvested
for 3 min at 16,000g and were resuspended to an appropriate den-
sity for determination of ODgqg in water. Growth defects at dif-
ferent temperatures were also determined on plates. To that end,
10-fold serial dilutions of early log-phase cultures containing the
same number of cells were spotted onto solid YPD or YPG. In-
cubation time and temperature is indicated in the figure legends.

Ribosome profiles

Ribosome profiles were generated as described (Ashe et al. 2000;
Raue et al. 2007). Cultures (250 mL) grown on YPD to an ODggp =
0.4 were harvested at 8000g for 10 min at room temperature, and
were resuspended in 200 mL of YPD or YP (1% yeast extract, 2%
peptone). After 10 min on a shaker at 30°C cultures were
transferred to precooled 200-mL centrifuge bottles containing
2 mL of 10 mg/mL cycloheximide. All subsequent steps were
performed at 4°C. Cells were collected at 8000g for 10 min, and
were washed with 50 mL of lysis buffer (20 mM Hepes-KOH at
pH 7.4, 2 mM MgAc,, 100 mM KAc, 100 ng/mL cycloheximide,
0.5 mM DTT). Cell extracts were prepared using glass beads as
described (Ashe et al. 2000). Ten A4 units were loaded onto an
11-mL 15%-55% linear sucrose gradient. Gradients were centri-
fuged for 2.5 h at 200,000g in a TH-641 rotor (Sorvall, Thermo-
scientific) and were subsequently fractionated from top to
bottom with a density gradient fractionator (Teledyne Isco,
Inc.) monitoring Ajsa.

Immunoblotting

Total yeast extract for immunoblot analysis was prepared as
described (Raue et al. 2007). Because wild-type and Assb1Assb2
cells differ in size, loading according to the ODggg reproducibly
resulted in lower overall protein content of the Assb1Assb2
sample. We thus normalized loading according to the expression
level of Ssa, the expression of which is known to be unaffected in
the Assb1Assb2 strain (Chernoff et al. 1999). Comparative im-
munoblot analysis was performed at least in triplicate. In order
to make sure that the signal on the immunoblot was within the
linear range, x and 2x of each sample were analyzed on a single
gel and doubling of the intensity of the band was confirmed via
quantification using the AIDA ImageAnalyzer (Raytest) (data not
shown). For simplicity, the figures show a gel with only one
representative sample per total extract analyzed. Phosphoryla-
tion of Snfl on Thr210 was analyzed as described (McCartney
and Schmidt 2001). In brief, cultures (12 mL, ODggg = 0.4-0.8)
were directly supplemented with NaOH to a final concentration
of 0.1 M, the mixture was incubated for 5 min at room tem-
perature, and subsequently harvested by centrifugation. Immu-
noblots were developed using ECL as described in Raue et al.
(2007). Antibodies are described in the Supplemental Material.

Northern blotting

Steady-state levels of mRNA in wild type and the Assb1Assb2
strain were analyzed in YPD-grown cultures at an ODggg of
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0.4-0.8. Total RNA was extracted according to the manufac-
turer’s instructions (RNeasy, Qiagen) after cell disruption with
glass beads. For detection of the CYB2 transcript, mRNA was
purified from total RNA according to the manufacturer’s instruc-
tions (Oligotex, Qiagen). A total of 10 pg of RNA was loaded onto
1.2% agarose gels. Blotting and hybridization was performed as
described (Sambrook and Russel 2001). Labeling of the probes
was carried out using purified DNA and the Rediprime II
Random Prime Labeling System (GE Healthcare BioSciences).
A radiolabeled 1500-bp PCR product containing the entire
coding region of ATP2 was used as a probe for the ATP2 transcript
and a 705-bp EcoRI/HindIl fragment of MET17 was used for
detection of the MET17 transcript. The probe for ACT1 was
prepared as described (Carvin and Kladde 2004). For detection of
the CYB2 transcript hybridization was carried out using a labeled
1200-bp BamHI/BgIII fragment of the CYB2 orf (Lodi and Guiard
1991).
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